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RIASSUNTO

L’analisi dei metalli pesanti ha grande importanza all’interno della comunita scientifica a causa del
loro impatto sulla salute e sull’ambiente, nonché in ambito di economia circolare. Un uso efficiente
delle risorse, il riciclo dei rifiuti e il monitoraggio delle emissioni a camino di termovalorizzatori sono
questioni importanti da considerare. La normativa di riferimento sulle emissioni di metalli ¢ la
EN14385:2004, in cui sono definiti i limiti di emissione a inceneritore di As, Cd, Cr, Co, Cu, Mn, Ni,
Pb, Sb, Tl e V. Per monitorare e valutare la concentrazione in emissione di tali elementi ¢ importante
un’analisi in loco e in continuo, e la tecnica Laser Induced Breakdown Spectroscopy (LIBS) ¢
promettente per questo scopo, dato che non necessita la preparazione del campione, a differenza di
altre tecniche come ICP e TXRF. La tecnica consiste nel focalizzare un opportuno fascio laser
producendo un micro-plasma; le specie presenti all’interno del volume di misura vengono vaporizzate
ed eccitate. Il segnale LIBS ¢ il risultato dalla radiazione emessa dalla diseccitazione di queste specie.
Lo scopo del lavoro di tesi di questo PhD, finanziato da TCR Tecora s.r.l. e dal Consiglio Nazionale
delle Ricerche (CNR) all’interno di un progetto Europeo di innovazione (ROP ERDF 2014 — 2020 -
F.ANN.G.H.I), ¢ lo studio della tecnica LIBS per sviluppare un prototipo strumentale per condurre
misure online di concentrazione di metalli pesanti all’emissione.

E stato sviluppato un apparato sperimentale da laboratorio per misure LIBS su aerosol,
successivamente ottimizzato per I’acquisizione del segnale e la seguente analisi. La scelta opportuna
dei parametri di raccolta del segnale (ritardo di acquisizione rispetto all’impulso laser e tempo di
integrazione del segnale) ¢ importante nella prospettiva di discriminare le linee di emissione atomica
rispetto alla radiazione continua di fondo. Le migliori condizioni sperimentali sono state valutate per
migliorare la sensibilita del segnale e un appropriato programma di analisi ¢ stato sviluppato in
Matlab. In questo contesto, ¢ stato eseguito ed ampiamente discusso un interessante studio sull’effetto
matrice dovuto alla presenza di gas o di differenti analiti all’interno del volume di misura.
L’apparato sperimentale da laboratorio € stato riassemblato in una configurazione trasportabile,
ottenendo un prototipo adatto alle misure a campo. In queste condizioni sono state costruite le curve
di calibrazione degli elementi di interesse e i limiti di rivelabilitd ottenuti sono stati descritti e
comparati con i dati presenti in letteratura.

Inoltre, con I’obiettivo di ridurre 1 limiti di rivelabilita, € stato raccolto 1’aerosol su filtro per eseguire
misure direttamente sul deposito. A tal fine, sono state eseguite delle opportune modifiche al prototipo
tanto quanto alle condizioni di acquisizione del segnale, per renderle adatte alle analisi su filtro. Sono

state costruite le corrispondenti curve di calibrazione e sono stati valutati i limiti di rivelabilita.



Infine, sono stati presentati differenti casi studio. Sono stati analizzati dei filtri carichi di sedimenti
raccolti sulla superficie nevosa della Cordillera Blanca. Questi campioni all’apparenza rossastri, come
dimostrato dalle misure LIBS, erano carichi di ferro ossidato, di cui grazie alla calibrazione ¢ stato
possibile valutarne la concentrazione superficiale.

Infine, ¢ stato condotto uno studio qualitativo e quantitativo su polveri provenienti dal consumo di
freni fornite da TCR Tecora. Le analisi su queste polveri hanno permesso di valutare il contenuto di
alcuni metalli.

Gli esempi riportati hanno lo scopo di sottolineare il potenziale della tecnica in diverse applicazioni.
Inoltre, il lavoro complessivo condotto durante il periodo di PhD ha raggiunto uno stato di

avanzamento con risultati significativi che sono alla base per analisi future su questo tema.



SUMMARY

Heavy metals analysis is of great interest to the scientific community for their impact on human health
and the environment, as well as in the framework of circular economy. An efficient use of resources,
recycling waste, and emissions monitoring in waste-to-energy plants are challenging issues to be
considered. The reference standard on metal emissions is EN14385:2004, which defines the
incinerator emission limits of As, Cd, Cr, Co, Cu, Mn, Ni, Pb, Sb, T1, and V.

In-situ and continuous analysis are important to monitor and evaluate emission concentrations of
these metals, Laser Induced Breakdown Spectroscopy (LIBS) technique is promising for this purpose,
since no sample preparation is needed compared to other standard techniques, such as ICP or TXRF.
The technique consists of focusing an appropriate laser beam producing a microplasma; the species
present in the probe volume are vaporised and excited. LIBS signal results from the radiation emitted
by the de-excitation of these species.

The aim of this Industrial PhD thesis, financed by TRC-TECORA s.r.l. and the National Council of
Research (CNR) within a European project of innovation (ROP ERDF 2014 — 2020 - F.A.N.G.H.I),
is the study of the LIBS technique to develop an instrumental prototype to carry out qualitative and
quantitative metals emission concentration measurements.

An experimental laboratory apparatus for LIBS measurements on aerosol has been developed and
optimized for signal acquisition and processing. In fact, a proper choice of the detection parameters
(delay with respect to the laser pulse and integration time of the detector gate) is important in the
perspective of discriminating the emission atomic lines with respect to the background continuum
emission.

The best experimental conditions have been tested to increase signal sensitivity and a suitable
processing Matlab software has been developed for signal analysis. In this context, an interesting
study on matrix effects due to gas species and /or concomitant presence of different analytes in the
probe volume is also performed and widely described.

The laboratory experimental arrangement has been reassembled in a portable configuration, obtaining
a suitable prototype for field measurements. In these conditions, calibration curves of the elements
under analysis have been built up, and the results concerning the limit of detection are presented and
compared with literature data.

Moreover, to improve the detection limits, an accumulation of aerosol particles on filters was
performed for LIBS measurements directly on particles-loaded filters. To this purpose, proper

changes in the prototype apparatus have been built as well as in the experimental detection conditions,



resulting more suitable for filter analysis. The corresponding calibration curves have been calculated
and the limit of detection retrieved.

Finally, different case studies are presented. Particles-loaded filters obtained from snow superficial
sediments of Cordillera Blanca are investigated. These samples exhibited a reddish colour, which was
proved to be due to iron oxide thanks to LIBS measurements. Iron was then quantified thanks to a
proper calibration.

In the end, a qualitative and quantitative study was carried out on brakes powder supplied by TCR-
TECORA in the framework of a field campaign on brakes analysis. LIBS measurements on these
powders allow us to evaluate the presence of metals in the powder.

The examples reported are particular and aimed to underline the potential of the technique in different
applications. Furthermore, the overall work performed during this PhD period has reached a stage of

advancement with significant results that will be the basis of future investigations on this topic.
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1 INTRODUCTION

Overview

Nowadays air pollution represents a very important health, environmental, social, and economic
issue. Aerosols play a central role in environmental challenges, such as global warming and air quality
[1]. It is only relatively recently that there has been increased awareness of the possible health effects
of vehicular pollution, and in particular submicron particles. The presence of aerosol in atmosphere
is characterised by a great background due to natural sources such as volcanoes, dust winds, bubble
bursting and erosion, and an addition of particulate matter (PM) originated by anthropogenic activities
emissions, which are the focus for pollution studies. Such PM arises prevalently from different source
categories such as combustion of hydrocarbons, industrial processes, dust suspension and
transportation activities with cars, ships, airplanes, and other vehicles. Therefore, anthropogenic
aerosols contain sulphate, ammonium, black carbon, biomass burning aerosols, non-methane volatile
organic compounds (NMVOCs) and primary organic aerosol (POA), but also nitrate, trace metals,
and water [2]. In Figure 1 the percentage contributions of the principal constituents in aerosol

emission are reported.

Average Year 2000 Emissions [Tg/yr]

m Anthropogenic NMVOCs

m Anthropogenic Black Carbon
Anthropogenic POA
Anthropogenic SO2

m Anthropogenic NH3

m Biomass Burning Aerosols

Figure 1. Global average aerosols emission of its principal constituents. Data taken from IPCC report

(2013) [2].

In order to fulfil EU standards and World Health Organization guidelines [3], in recent decades many
improvements have been made to reduce anthropogenic aerosol emissions both in industry and
transportation. Although in this way air quality in Europe has generally improved, air pollution levels
still exceed these limits in many places. PM is among the six primary pollutants in air, which

thresholds are set by the European Air Quality standards [4,5].
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Technically, the definition of aerosol is a stable suspension of liquid or solid in a gas [1]. Aerosols

dimensions span from 0.001 pm to 100 pm, with the particle size covering several orders of

magnitude, from molecular sizes up to macroscopic.

According the U.S. Environmental Protection Agency (EPA) [6], atmospheric particles can be

classified as follows:

. Ultrafine: particles with an aerodynamic diameter lower than 0.1 um;

. Fine: particles with an aerodynamic diameter in the range 0.1 — 2.5 um such as those found in
smoke and haze;

. Coarse: particles with an aerodynamic diameter in the range 2.5 — 10 um, such as those found
near roadways and dusty industries;

. Supercoarse: particles with an aerodynamic diameter higher than 10 um.

A further classification of particles performed by EPA is given as:

. Total Suspended Particulate Matter (TSP): particles ranging in size from 0.1 um to about 30
pmj;

. PM10: particulate matter with an aecrodynamic diameter less than or equal to 10 pm;

. PM2.5: particulate matter with an aerodynamic diameter less than or equal to 2.5 um;

. Nanoparticles: particles with diameters below 50 nm.

In Figure 2 the size distribution of the atmospheric PM is reported with the classification in the size

classes described.
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Figure 2. Size distribution of atmospheric particulate matter.

It is important to highlight that the properties of the aerosol are strictly related to the dimension of the

particles present, spanning from properties similar to large gas molecules to properties described by

Newtonian physics.
Aerosols present in the atmosphere can be subdivided in primary or secondary aerosol. Primary
aerosols are composed by particles that are directly emitted into the atmosphere, while secondary
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aerosols consist of particles resulting from several complex chemical-physical processes, such as
reactions with sulphur dioxides and nitrogen oxides or in situ aggregation / nucleation from gas-phase
molecules [1]. Atmospheric particles can be originated from combustion processes, re-suspensions
of soil materials (for example by the wind or the traffic) or secondary formations from chemical-
physical processes in the atmosphere.

As already observed, the interest of the scientific community in the study of PM is essentially due to
environmental aspects and adverse effects on human health. Considering climate effects, due to
scattering or absorbing solar radiation, a change in cloud properties can result, which causes rain or
snow fall. Over the past decades different studies suggest that by increasing the air pollution in the
urban area, an increasing of respiratory and cardiovascular mortality is observed [7]. In particular,
ultrafine particles are dangerous as they present a higher predicted pulmonary deposition, greater
potential to induce pulmonary inflammation, large surface area, and enhanced oxidant capacity.
Aerosol particles physicochemical properties, such as chemical composition, particle size, and
absolute particle mass density, strongly depend on the origins of the PM emissions as well as the
surrounding environment and transport conditions.

Among the wide range of pollutants heavy metals are of significant interest for their toxicity which
impacts on human health and environment. Monitoring Pb, Hg, As, Cd, and Ni is crucial, being parts
of long-range transboundary air pollution [4,5,8]. Moreover, other heavy metals are classified as
hazardous, persistent, or bio-accumulative (e.g., Cr, Cu, Zn, Pt, Rh) [9].

The interest in heavy metals analysis is becoming more stringent in the framework of a circular
economy approach. In this context, it is of primary importance an efficient use of available resources
and, at the same time, recycling waste. The management of removal and recycling of these waste
materials, as well as energy recovery from the emission in exhaust ducts of power plants, can have a
significant impact on the environment. Due to the lack of raw material in Italy, the possibility of
reusing waste, for example in substitution of natural minerals, is fundamental. In particular, the
Lombardy production of sewage is around 800 thousand tons, 500 of which are wastewater [10].
Combustion of this waste material, however, is very critical, because of the emission in ambient air,
through Municipal Solid Waste (MSW) incinerator stack, of different polluting materials. Among
these polluting materials, one of the most important contributions is given by metals, and especially
heavy metals, because of their toxicity, as already mentioned [11]. For this reason, it turns out to be
very important to have diagnostic tools and instruments able to measure in real-time the
concentrations of pollutants at the exhaust and, at the same time, able to separate, pick up and then

recycle metals.



Context and motivation

Regarding metals emission and in particular concerning short term monitoring, the regulation
EN14385:2004 has to be followed [12], in which a reference manual method is specified for the
determination of the mass concentration of specific elements emitted by incinerators of urban waste.
The regulated elements are As, Cd, Cr, Co Cu, Mn, Ni, Pb, Sb, Tl, and V. On the other hand,
concerning long term monitoring of metals emission, different techniques are categorized as Multi-
Metal CEMs (Continuous Emission Monitoring). These techniques have to respect PS-10 criteria [13]
such as response time (the CEMs shall continuously sample the stack effluent), quality assurance
standard, and relative accuracy (it must be no greater than 20 percent of the mean value of the
reference method test data in terms of units of the emission standard for each metal, or 10 percent of
the applicable standard, whichever is greater). Furthermore, a multi-metals CEMs must be able to
accurately report the concentrations of at least two metals. This can be performed by extracting a
representative sample of stack effluent and capturing the metal analytes of interest on a medium. The
CEMs must have a cycle time that is less than one third the period of the applicable standard. The
range of the instrument must be from 10 % to at least 400% of the applicable regulation as determined
by field campaigns or laboratory tests. Finally, the instrument or operator must be able to perform
daily upscale, blank, and flow quality assurance checks to ensure the accuracy, precision, and stability
of the instrument and its data [14]. In order to test the measurements of the instrument, the reported
CEMs concentration have to be plotted together with the concentration reported by the same analysis
carried on following EPA directives or a suitable alternative [15], and then compare them with a
linear regression analysis. This is the correct procedure for a CEM validation.

Different CEMs instruments have been developed and commercially available based on Atomic
Absorption Spectroscopy (AAS), Inductively Coupled Plasma (ICP) or X-Ray Fluorescence
Spectroscopy (XRF) techniques [16—18]. AAS technique consists in evaluating the absorption of light
by free metallic atoms. Each element has a typical pattern of absorbed lines through which can be
recognised [19]. ICP technique consists in vaporising and ionizing the sample inside a plasma and
then recognizing the elements through a mass spectrometer (ICP-MS) or through characteristic
atomic emission lines due to decays (ICP-AES) [20]. For AAS and ICP proper samples preparation
procedures are needed. PM is collected onto particular filters, like quartz, PTFE, PC, cellulose [21],
which are then dissolved in strong acids. Such process could lead to contamination and material loss
[22] and could also require the use of dangerous and pollutants chemicals. XRF is a promising
alternative multi-element technique that is quicker, less expensive, more environmentally friendly,
sustainable, and non-destructive compared to AAS and ICP [23-25]. The technique consists of the

emission of characteristic fluorescent X-rays from a material excited by high energy X-rays.
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However, its application to PM analysis is still challenging. Total reflection XRF (TXRF) is known
for achieving higher sensitivities due to the instrument geometrical configuration that enhances the
fluorescence emissions and collection. This technique has proved high potential for the analysis of
PM collected on quartz reflector [26] and quartz fibre filters [27].

The XRF technique has been used by the Cooper Environmental Services to build different
commercial instruments able to measure metals emitted by exhaust ducts. The XCEM (X-Ray
Fluorescence-Based Multi-Metal Continuous Emission Monitor [28]) extracts a sample of stack gas
and concentrates the metals of interest on a filter tape, then an XRF instrument is used to determine
metal mass concentration. This system is able to give concentration measurements every 10 to 20
minutes up to 19 elements. After testing this instrumentation, the XCEM met the proposed PS-10
requirements for sampling and response time and quality assurance but satisfied the required relative
accuracy only for 5 out of 9 elements tested (Pb, Cd, Cr, Sb, and Ba). Another XRF based instrument
developed by the Cooper Environmental Services is the XACT® 640 Multi-metals monitor. This
system uses reel-to-reel filter tape sampling and non-destructive energy dispersive X-ray fluorescence
(EDXRF) analysis to monitor stack HAP (Hazardous Air Pollutant) metal emissions. An isokinetic
sub-sample of stack gas passes through the stilling chamber and it is drawn through a chemically
reactive filter tape. Vapor phase metals, including mercury (Hg), are deposited along with the
particulate matter (PM) on the filter tape. It can identify and measure 23 elements simultaneously and
it is a near real-time instrument. It can provide analysis every 15, 30, 60, and 120 minutes.

There are other CEMs based on the ICP technique, but only one of the ICP units, developed by
Thermo Jarrell Ash Corporation, has been successful in meeting the relative accuracy (RA) criteria
of the PS-10. The ICP technique is based on the use of a plasma that atomize and ionize the sample
and it is used in order to detect metals in the liquid sample even in the condition of low concentrations.
However, since preliminary preparation is needed, no real time information about pollutant emissions
can be obtained. In this context, Laser Induced Breakdown Spectroscopy (LIBS) is a promising
technique for real-time qualitative and quantitative analysis of pollutant elements. As an optical
diagnostic tool, it is an interesting technique for in-situ and not intrusive analysis, which can be
performed for monitoring the presence of metals at the chimney stack and particularly of measuring
their concentration when emitted in the open air. While LIBS-based instruments are proposed in the
literature and commercially available to measure element concentration on liquids and/or solids [29—
32], very few can be found for aerosol measurements [33-36].

The technique is based on focusing a laser pulse in or on a target material, which can be a gas, liquid,
aerosol, or solid, to form a micro-plasma. The material in the probe volume is atomized and excited,

and the resulting spectral emission is collected and analysed by a detector [37]. The technique is
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particularly suited for aerosol analysis due to its capability to simultaneously detect different
elements, which aligns with the significant chemical heterogeneity present in aerosols.

The aim of this PhD thesis is the application of the LIBS technique to carry out online qualitative and
quantitative measurements of stack heavy metal concentration. This work is financed in the
framework of an innovation project (F.A.N.G.H.I) of European funding ROP ERDF 2014 — 2020,
whose main goal is the study and development of new technologies for the sewage treatment. In
particular, the project aims to optimise the management of removal, usage and the energetic recovery
of raw materials and to evaluate health and environmental impacts of different technological
solutions.

In this context, one of the objectives of this innovative project is the main goal of this thesis work.
More specifically, it is the development of an innovative instrumentation for measurements at the
exhaust of combustion systems and in a challenging prospective for monitoring atmospheric polluting
emissions and air quality. In particular, the instrumentation developed thanks to research laboratory
activity should be able to detect metals concentration with a reasonably low limit of detection in order
to meet the requirement imposed by EU Directives and National law for exhaust measurements.

The laboratory work will be mainly based on the implementation and development of the
experimental apparatus for LIBS measurements. With the purpose of recreating in laboratory the
same conditions present at the smokestack of a combustion plant, an aerosols generator will be used.
Moreover, both direct and indirect approaches are considered. Direct real time measurements are
applied when the elements concentration in the probe volume is higher than the detection limit.
Otherwise, in low concentration conditions, below the limit of detection of the analyte in direct
analysis, an indirect approach is proposed. In this case, PM is collected on filters for an off-line
subsequent LIBS analysis. [38].

Another interesting objective pursued in this thesis work concerns the fundamental critical analysis
of LIBS measurements in the context of gas and elements/compounds matrix effects. On one side,
this effect is proved to significantly affect LIBS signal for calibration/quantitative analysis, on the
other end it can be fruitful for signal enhancement. Moreover, different case studies are performed,
whose results are extensively presented and discussed, with interesting comparison with ICP and
TXRF measurements.

Finally, an interesting goal of the doctorate project has been the implementation of a LIBS
instrumental prototype for in-situ analysis. To this purpose ad-hoc components and appropriate

apparatus set-up have been realized.



Structure of the manuscript

This PhD work is composed of 8 Chapters described extensively in the following.

In Chapter 1 the fundamentals of the LIBS technique are reported with particular emphasis
on the specific physical parameters involved and affecting the analysis. LIBS measurements
on aerosols and on particle-deposited filters are considered.

In Chapter 2 the experimental arrangement for aerosol and particle-deposited filters are deeply
described, with details on each experimental part and in particular on the solutions prepared.
In Chapter 3 the acquisition approach implemented is described differently for in-situ/ex-situ
analysis, namely averaging versus conditional analysis mode.

In Chapter 4 the measurements and results obtained in aerosol are presented. In particular, the
choice of the experimental detection conditions for aerosol is motivated thanks to a parametric
study on time-scale, detection gate, delay time and laser fluence. Then, the calibration curves
are reported for each element under analysis.

In Chapter 5 the corresponding study and calibration curves for particle-deposited filters is
presented. Moreover, the substantial differences are underlined in the experimental detection
conditions applied to aerosol and particle-deposited filters.

In Chapter 6 matrix effects study due to gas and / or concomitant presence of other
elements/compounds in the probe volume is performed trying to highlight possible application
for enhancing LIBS signals. Moreover, different case studies are presented aimed to underline

the potential of the technique in different applications.

In particular, considering the last chapter, measurements on brakes powder and impurities detected

on ice samples are considered and discussed as interesting applications.



2 LASER-INDUCED BREAKDOWN SPECTROSCOPY (LIBS)

The development of LIBS follows a few years after the birth and development of the first lasers
[39,40]. Starting in 1958 with the idea by Schawlow and Townes [41] to extend the maser to optical
radiation and the first working ruby laser by Maiman in 1960 [42,43] arriving to the first air discharge
generated by a laser, obtained by Maker, Terhune and Savage in 1964 [44]. Immediately, researchers
dealt with the acquisition timing, in order to resolve the different emission lines. From the beginning
it was clear the strong presence of physical and chemical matrix effect which could not be neglected
for quantitative analysis. In the late 1970s aerosols analysis started to be object of research [37]. In
later decades with the technology improvement in situ studies and more reliable quantification
measurements and methods have been developed. In Figure 3 a sketch of a typical experimental set-

up for LIBS measurements is reported.
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Figure 3. Sketch of a LIBS experimental set-up.

2.1 LIBS FUNDAMENTALS

The basis for the study of the LIBS technique starts from a definition of plasma: a plasma is a local
assembly of atoms, ions, molecules, and free electrons, overall electrically neutral, in which the
charged species often act collectively [37]. In LIBS technique the plasma is produced by focusing a
pulsed laser beam of a relatively high pulse energy. The radiation emitted from the plasma consists
of well-defined spectral lines and a continuum bremsstrahlung emission.

Generally, the process involved in the generation of the continuum emission which is the
bremsstrahlung emission which is due to the deceleration of electrons deflected by the electrical fields
of the atoms. In Figure 4 is reported a sketch of the energetic transitions occurring between different

states after energy absorption.
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Figure 4. Sketch of the energy states and related energy transitions [37].

The frequencies of free-bound transotions are obtained as [45]

1
hv=&— E + Emvz (1)

where Emvz is the kinetic energy of the free electron and ¢ is ionization energy of the atom. In this

context, the bremsstrahlung originates from the deceleration of the electrons, which is a free-free
emission transition occurring with kinetic energy loses of electrons.

In Figure 5 the typical time scale of the phenomena occurring after laser pulse is shown.

In the first hundreds of nanoseconds, ionic emission can be detected above the strong continuous
spectrum previously described. Atomic emission starts to be observed in the first microseconds,

followed by molecular emission in the scale of hundreds of microseconds.
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Figure 5. Temporal evolution of the plasma emitted radiation [46].

The key point of LIBS technique is to collect the radiation emitted from the plasma with a correct

timing, in order to discriminate each analyte signal against the background. Choosing a correct time



setting is of crucial importance since, as can be observed in the Figure 5, at early time the intensity
of the continuous spectrum is strong.

Then, when the plasma starts cooling down, the background decreases with time. At this point the
intensity of the emission lines becomes to be visible. This is the correct time window for analytical
analysis.

As an example, in Figure 6 are reported Cu emission lines, generated from the same sample, collected
into two different temporal windows, 10 us and 30 pus respectively. The difference in the background
intensities and in the lines prominence above the continuum signal is evident. The temporal evolution
of LIBS signals is also dependent on laser energy, environment pressure, analyte state (gas, liquid,

solid or aerosol) and also on the element under investigation, since each element exhibits a specific

decay time.
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Figure 6. Cu emission lines at 324.7 nm and 327.4 nm. The black one collected at 10 us of delay time and
the red one collected at 30 us of delay time, both with a gate aperture of 100 us.

In fact, changing the laser energy, a significant change in the plasma conditions occurs, related to
different physical and chemical processes involved [47].

The laser pulse energy is the amount of energy that is delivered to the sample in each laser pulse. The
higher the laser pulse energy, the more material is evaporated and the larger is the plasma. This results
in a stronger emission signal, which can improve the sensitivity and accuracy of the LIBS signal. The
repetition rate is the number of laser pulses that are emitted per second, and it defines the maximum
measurement frequency for LIBS. The higher the repetition rate, the faster the analysis can be
performed. However, the repetition rate is also limited by the time it takes for the plasma to cool
down between pulses. Typical laser pulse energies for LIBS range from 1 to 1000 mJ, depending on
the application. The repetition rate is typically 10—100 Hz for flashlamp-pumped Nd: Y AG lasers with
electro-optical Q-switching. The optimal laser pulse energy and repetition rate for LIBS will vary

depending on the specific application. The irradiance is the power of the laser per unit area. Typical
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breakdown thresholds are >107 W/cm2 for solids and >10'! W/cm? for gases. The irradiance depends
on the pulse energy, the pulse width, the beam diameter, and the beam quality at the location of
interaction with the sample.

Another important parameter is the pulse width. Usually, for LIBS analysis nanoseconds or
femtoseconds lasers are employed. The principal difference is that for nanosecond pulses the plasma
generation starts while the laser irradiation still persists, resulting in an interaction between laser beam
and plasma: the plasma can absorb energy from the pulse after its formation and can be furtherly
heated. On the contrary, in femtosecond pulses no interaction between laser and plasma occurs and
this results in a weaker and shorter line emission. Moreover, for solids there is a well-defined crater
formation. Generally, for aerosol LIBS analysis nanoseconds lasers are more suitable.

The interaction between laser and analyte depends also on the wavelength of the laser radiation. The
wavelength coupled with the material can lead to a more or less energy absorption, which can affect
the measurement sensitiveness [48—50]

As already reported, the laser beam is focused to increase the irradiance to values greater than 10’
W/cm?. The materials, solids, liquids or gases, exposed to these values of irradiance will be
transformed in the plasma state within a few nanoseconds. For this reason, the focusability of laser
radiation is of great importance and it depends on the beam quality and wavelength. In the ideal case

of a Gaussian beam, the laser beam can be focused by a lens in the following beam waist radius [47]

2fA
- 2= 2
Wo D (2
where wy is the radius of beam waist, £1s the focal length of the lens, A is the wavelength of the laser
radiation, and D is the diameter of the lens. A real laser beam is different from an ideal Gaussian

beam, and this difference is described by the standardized beam propagation ratio M? [47]

ndo
MZ — 3
172 3)
where dis the diameter of the laser beam, and 8 is the beam divergence angle of the laser beam. The

smallest possible value of M? is 1. However, for real laser beams M? is always greater than 1. For the

average irradiance at the location of the beam waist is valid the relation [47]
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where E; is the energy of the laser pulse, 7, is the temporal width (FWHM, full width at half
maximum) of the laser pulse. For typical values (EL = 80 mJ, D = 10.8mm, L = 20 ns, f =200 mm, A
= 1064 nm, M? = 2.8), an average irradiance of Iy = 10" W/cm’is obtained [47].

The intensity of spectral lines is typically dependent on two parameters: the transition probability,
that is the probability of a certain transition between two atomic levels (an intrinsic property of the
atom), and the excitation condition. This last parameter refers to the energy involved in the process,
the physical and chemical properties of the analyte, and the related environment. Generally, a line is
easily detectable when the medium is in condition to be optically thin, this means that the emitted
photons have low chance to be re-absorbed. In particular cases, these conditions are not fulfilled, and
a phenomenon called self-absorption can occur. For example, resonance lines generally generated
from the transition from the lowest excited levels to ground state, emit light that have a very large
probability to be reabsorbed before leaving the plasma. The typical effect of self-absorption is a
broadening of the line profile, as described extensively in the following, and, in some cases, the

flattening of the LIBS peak with possible intensity dip in the centre of the peak.

2.1.1 Temperature and electron density
The spectral emission lines intensity relevant in spectroscopic studies, is dependent on the specific
environment considered. Ideally for free atoms the emission lines are described by a Lorentzian trend

[45]

Io(y/4m)?
[(v —vo)? + (v/4m)?]

I(v) = )

where I is the intensity at the centre of the peak at a wavenumber vy, and y is the radiation damping
constant. The Lorentzian spreading is the natural spread around the theoretical emission line. Two
different effects can contribute to the line broadening: the Doppler and the Stark effects.
- Doppler effect. In this case, the line broadening is generated by the random thermal motion
of the emitting atom and is represented by a Gaussian shape.
- Stark effect. This effect occurs in a dense plasma, where the interaction of the atom and the
electric field has to be considered.
In this last case, a splitting and shifting of the atom energy levels can occur. The Stark effect could

be linear, for hydrogen-like atoms, and quadratic for the other atoms. The linear one exhibits a
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symmetrical broadening without any shift, while the quadratic one generates an asymmetrical
broadening and shifts the centre of the line.

The emitted intensity is also strongly dependent on the plasma opacity [37]. The emitted radiation
has to pass through the plasma without undergoing significant absorption and scattering. In this case,
the plasma is optically thin. The emission intensity can be described by the following relationship

[37]

1) = [e)/a(D](1 — e*DF) (6)

where £(A) is the emissivity, a(4) is the absorption coefficient, and L is the plasma length along the

detection line. In conditions of optical thin plasma, a(1) <« &(4), this relationship becomes
I(A) ~ e(A)L. (7)

If this condition is not respected, self-absorption effect can manifest.

Once the emitted radiation is collected, the spectral analysis can give information about the
composition of the plasma as well as its physical properties.

There are three main physical parameters that are useful to characterize and describe a plasma: the
temperature (T), the degree of ionization and the electron density (ne). As already seen, in normal
conditions the width of emission lines is affected by the Stark effect. The Stark broadening can be
used to retrieve the electron density in the plasma. To this purpose, sometimes, hydrogens lines are
used. In fact, generally high intensity lines could suffer from self-absorption and in hydrogen or
hydrogenic ions, to first approximation, the Stark effect is linear. In this context we can use a simple

relationship which links the electron density with the spectral line width, Als, [51]:
nelem™11 = C(ne, T)(A4s)™S = 8.02 x 1012(4Ay 5/ c15)"" 8)

where the coefficient a;/, is a weak function of temperature and pressure tabled by Griem [52],
Ay /7 is the FWHM in A. Due to the energy level shift introduced by the Stark effect, Griem showed

two expressions relating the shift, drora, and line width to the electron density in non-hydrogenic ions

[37]

Weotar ~ [1 + 1.75A(1 — 0.751)](n./101%)w 9)
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diota ~ [d/wW + 2.00A(1 — 0.757)](n./10®)w (10)

where W;eq; 18 the measured HWHM (half width at half maximum), 4 is a parameter that accounts
for the ion contribution, ris the ratio of the mean distance between ions and the Debye radius (radius
such that the emitting atom is shielded from the effects of all charged particles located at distances
greater than or equal to the Debye radius [37]), and wis the HWHM due to Stark effect caused by
the electron density.

The other important parameter for the physical characterization of the plasma is the temperature,
affecting the relative population of energy levels and the particles speed distribution. A correct
interpretation of the temperature can be obtained only when the plasma under analysis is in
thermodynamic equilibrium. According to this the concept of local thermodynamic equilibrium
(LTE) as an approximation is used. LTE condition is reached with plasma thermalization, which
occurs after a sufficient number of collisions. However, not all species may be simultaneously in
thermodynamic equilibrium. Generally, atoms and ions equilibrate in a different moment than
electrons, being the first heavier than the electrons. In order to verify that the plasma LTE conditions
are fulfilled, the McWhriter criterion can be applied [53], given by the following relationship between

electron density (n,) and temperature (T)

ne > 1.6 x 10 2TY2(AE)3 (11)

where AE is the energy of the upper level above the ground state. This simple criterion for LTE can
be evaluated after experimental measurements of n, and T are carried out. However, in some cases
when plasma could not be assumed homogeneous and stable this criterion is not sufficient and further
analysis needs to be considered [54].

If the experimental conditions are supposed to generate an LTE plasma, there are two principal
methods to calculate the experimental plasma temperature. The first method exploits the ratio

between two line intensities of two lines. The line intensity emitted by an analyte [37] is given as

hvAN hcN,gA E

where h is the Planck constant, v is the frequency of the emission line, A is the Einstein coefficient,

N is the number density, c is the speed of light, N, is the total species population, g is the statistical
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weight of the level, A is the wavelength of the line, Z is the partition function, E is the energy of the
level, and k is the Boltzmann constant. So, if two emission lines are taken into account the ratio will

be expressed by [37]

I'/I = (Ag'A" /A gA)exp[—(E' — E) /kT] (13)

This is called the two line method [37] and allows to retrieve the temperature measuring the intensities
of two lines with known parameters. A second way to calculate the plasma temperature, which may
result in a more accurate measurement is a graphical analysis. Considering the logarithm of Eq. (1),

the following relationship can be obtained [37]

In(IM/gA) = —E/kT — In(4nZ /hcN,) (14)

By plotting the left quantity in the equation (on the y axis) versus the energy £ (on the x axis), a
straight line is obtained whose slope (1/ kT) directly gives the temperature 7.

2.2 QUALITATIVE / QUANTITATIVE ANALYSIS

Considering a specific compound present in the probe volume, which is involved inside the plasma
generated by the laser breakdown, it is broken into its elements which are then excited. The resulting
emission consists of spectral lines of different intensities, related to each element under analysis. The
number of lines decreases if the amount of the element involved in the discharge is more diluted.
Only a few lines of that element, which are also the lines of highest intensity, persist. Therefore, the
qualitative analysis can be carried out by looking at the persistent lines of that element. If these lines
are absent, it can be assumed that the analyte concentration is below the limit of detection of the
technique. In a general case several lines of different elements will be present simultaneously. Each
line or group of lines can be identified by the use of available databases [55].

After the identification of the analyte species, quantitative analysis can be performed consisting in
associating a quantity, in concentration [ppm, pug/m’, pg/cm? or else] or amount [ng or else], to the
emitted lines detected. In the context of LIBS emission spectra analysis, quantification is possible
both without the need of calibration, calibration-free LIBS (CF-LIBS) and with a calibration,
depending on the plasma conditions.

CF-LIBS is based on the measurement of the emission line intensities of all the analytes present in
the probe volume as well as the knowledge of plasma parameters, such as electron density and

temperature and is applicable only when the plasma is in LTE conditions [54,56—58]. The acquisition
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time required to obtain an optimal LIBS signal for the analysis of low-concentration aerosols
generally exceed tens of microseconds for direct measurements and hundreds of nanoseconds for
particle-deposited filter, as described in the following. For the direct analysis, this time is too long for
a reliable analysis of plasma parameters such as electron density and temperature. Therefore, the CF-
LIBS approach is not applicable for this type of direct aerosol measurements and calibration is
needed. Generally, calibration curves are obtained by keeping the same experimental conditions for
all the measurements considered. In this context, some issues have to be taken into account, i. €. laser
variation shot by shot, electronic noise due to the instrumentation, gas matrix effect, chemical matrix

effect, linearity of the response, and uniformity of the sample are the principal ones.

2.3 LIBS ON AEROSOLS

Laser-Induced Breakdown Spectroscopy applied to aerosols represents a notably effective technique
for aerosol analysis. In particular, real-time insights into the composition and quantification of
constituent elements within the specific aerosol under analysis can be readily obtained. This spectrum
of analysis spans from environmental contaminants to the evaluation of emissions originating from
expansive production and incineration facilities. Notably, the implementation of LIBS technique
obviates the need of sample pre-processing, since the plasma can be instantaneously generated within
a measurement cell, where the sample under analysis is directly conveyed, thus avoiding any
extraneous sampling artefact. A compact instrumentation could be developed for continuous and in-
situ monitoring [35,59-61].

In aerosol LIBS, the breakdown threshold is closely related to the gas matrix in which the particles
are suspended. In comparison to solid or liquid samples, the breakdown threshold presents distinctive
characteristics. The formation of plasma in a neutral gas primarily follows some overlapping steps
over time. Initially, there is plasma ignition, involving a rapid increase of the number of free electrons
and ions subsequent to the initial interaction between the naturally present free electrons and photons
of the incident laser beam. Under common working conditions, that are ambient pressure and laser
wavelength of 1064 nm, breakdown occurs through the process of inverse bremsstrahlung, or free-
free absorption, leading to cascade generation of electrons. While the initiation of breakdown depends
on the production of the first electrons, the irradiation threshold is governed by the cascade growth
of ionization, fed by the absorption of laser radiation. In fact, electrons in a laser field gain energy to
ionize and multiply through inverse bremsstrahlung interactions. Subsequently, the plasma continues
to expand and interact with the laser beam, sustaining photoionization processes. Finally, following

the end of the laser pulse, the plasma extinguishes due to the diffusion and conduction of thermal
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energy, and ion and electron recombination, gradually returning to a neutral and equilibrium state
with the external environment.

The presence of particles within the gaseous matrix affects the absorption of laser radiation and the
threshold value for breakdown [62,63]. As soon as the focused laser pulse interacts within the
measurement volume with the particles, they absorb the radiation and begin to heat up, undergoing
phase changes until vaporization, which can be either complete or partial. This process is not uniform
within the probe volume but depends on the distribution of particles within the gaseous matrix. For
each individual particle, it also depends on its morphology and constituent components. Thus, various
hotspots can be created, corresponding to different particles or even different positions within the
same particle. In these hotspots, since the absorption of laser radiation is higher, initiation points for
plasma formation can occur: the particles heat up and lose some of their energy through vaporization
and interaction with the surrounding gas. These processes lead to the breakdown of the surrounding
gas, producing an increase in temperature and additionally in the number of free electrons. Moreover,
free electrons can be produced by different mechanisms such as the initial breakdown in the
evaporated particles, thermionic emission, electrons photoemission, and tribo-electrons. These
processes are responsible for a lowering in plasma formation threshold. In air, this threshold decreases
from approximately 10'' W/cm? to around 107 W/cm? Apart from the presence of particles, the
breakdown threshold also depends on other parameters such as pulse length, laser beam frequency,
and particles size [64-71].

In the context of spectral analysis applied to an aerosol sample, careful consideration must be given
to the discrete nature of both the dispersed particulate matter within the gaseous matrix and the laser
pulses generated at a specific frequency. This intrinsic nature gives rise to two distinct analytical
regimes for spectra processing. One regime concerns the scenarios characterized by high analyte
concentrations. In such cases, a uniform composition in aerosol of the analyte under analysis can be
considered, ensuring that the plasma generated by each laser pulse effectively interacts with the
analyte species.

Conversely, the other regime corresponds to scenarios wherein the analyte is present in significantly
low concentrations within the gaseous matrix. In this context, due to the sparse nature of the analyte
dispersion, not all laser pulses can hit the analyte.

In the first scenario, the approach employed for analysis involves the averaging of a great number of
individual spectra. This method allows enhancing signal-to-noise ratio and reducing any LIBS signal
fluctuation originating from plasma fluctuations, detector noise, and intensifier-related noise [72].
Generally, under conditions where the particulate concentration is sufficiently high to ensure a

substantial number of induced plasma events interacting with the analyte, averaging is performed
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across hundreds of spectra. Beyond this point, a reduction in analyte signal proportional to the inverse
of the sampling rate would occur [45].

Usually in building up the calibration curve for quantitative analysis, instead of considering the simple
LIBS signal, the signal to background ratio is considered. In fact, since the background depends on
laser intensity, this ratio allows correcting the LIBS signal for laser pulse-to-pulse fluctuations.
Another critical point to take under consideration is the occurrence of complete vaporization of the
particles under analysis. This ensures a linear response of the signal. The threshold for complete
vaporization depends on the specific experimental conditions and the particles size, ranging from a
few micrometres in diameter to approximately ten micrometres [59,73—75]. Lastly, in the pursuit of
analysing the ensemble-averaged spectra, careful attention must be devoted to the establishment of
an appropriate calibration curve. This necessitates maintaining concentrations within a range that
permits a favourable sampling rate and guarantees complete vaporization of particle sizes.

In the second scenario, a statistical approach must be considered. Considering the discrete nature of
the interaction of a laser pulse with the analyte, the probability of interaction is well represented by a

Poisson distribution [45,76,77]

P,=—ce™# (15)

where u is the average number of mass-equivalent particles in the plasma volume, considering that
the detected signal is the sum of contribution given by all the particles involved in the plasma

formation. In this way the particles sampling rate (PSR) is given by [76]

PSR=1— e~ (16)

In the case of low PSR, an approach called conditional analysis can be applied, in order to enhance
the analyte LIBS signal response [77]. The standard procedure consists in separating the collected
spectra into two classes, one containing the so called “Aits”, which means spectra in which the analyte
LIBS signal is evident, the other one called “misses”, in which spectra with no signals are detected.
Only hits spectra are considering in the average procedure. By using the calibration curve,
concentration measurement is derived corresponding to this average LIBS signal. Finally, this value
is corrected by the experimental PSR obtained as the ratio of the Aits spectra and the total acquired

spectra in order to retrieve the analyte concentration.
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Of crucial importance is the choice of the threshold criteria for the distinction between Aits and misses,
as reported in the literature.[77-79]. A different approach can be applied if a further analyte peak is
detected in the same LIBS spectrum. In this case, the selection threshold can be lowered by

considering the control performed on this second LIBS signal.

2.4 LIBS ON FILTERS

In the condition of extremely low concentrations of the analyte, the direct application of LIBS for
aerosol analysis is not straightforward. A notable example is the evaluation of pollutants' effects
within polar or high-altitude environments, where analyte levels are inherently low [80]. Additionally,
circumstances wherein the generation of a plasma poses safety hazards, such as when assessing
particulate matter within a gaseous matrix containing flammable gases, pose challenges for the direct
application of LIBS. In response to these difficulties, an alternative approach that has proved to be of
considerable utility involves the collection of atmospheric particulate onto a filter substrate [74,81—
84].

While this approach loses the advantage of real-time analysis, it presents distinct merits over other
measurement techniques, for example in contrast to Inductively Coupled Plasma (ICP) methods, as
it obviates the need for prior sample pre-treatment [85—88]. By manipulating filtration flow rates and
selecting optimal sampling durations in a proper way, it becomes feasible to collect a higher
concentration of analyte particles onto the filter substrate, thereby substantially enhancing the
possibility for detecting the analytes of interest.

Conversely, for environments marked by potential hazards, the practice of gathering particulate
matter onto a filter substrate prior to conducting a secure LIBS analysis subsequent to the aerosol
sampling. To ensure the efficacy of this approach, particular attention must be dedicated to the degree
of filter loading. This consideration safeguards against the problem of signal saturation, a
phenomenon that may arise due to filter saturation, detector saturation and strong self-absorption.
Moreover, there is the potential risk of incomplete vaporization of the analyte, leading to an
underestimation of its concentration. Furthermore, the accurate calibration of laser power and the
tuning of signal acquisition timing should be well organised before in order to optimize the analysis.
Undoubtedly, the selection of an appropriate filter medium stands as a paramount issue. The specific
kind of sampling environment and the nature of the analyte of interest lead the choice of filter. When
sampling is undertaken within exhausts of combustion systems, the filter must exhibit robust thermal
resilience to overcome elevated temperatures. For scenarios involving the evaluation of
environmental impacts, particularly concerning the presence of heavy metal contaminants, the filter

should exhibit minimal levels of such pollutants as contaminants, to ensure measurement accuracy.
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Additionally, the filter efficiency in collecting airborne particulate assumes great significance. This
efficiency, ideally approaching 100%, should be finely tuned to fulfil the specific aerosol size fraction
of the aerosol under analysis.

Another approach usually employed in the literature to determine the multi-elemental composition of
solid samples is the double pulse configuration [89]. The use of the second pulse absorbed by the
plasma (produced by the first pulse) can be very effective in improving the detection limit and the
sensitivity because of the re-excitation of the ablated matter by the first laser pulse by the second laser

pulse.

2.5 COMPARING LIBS IN AEROSOL AND ON FILTERS

Comparing LIBS measurements performed on aerosol with the ones on particle-loaded filter, different
experimental conditions have to be taken into account.

As for measurements on aerosol, it is already observed that an energy threshold has to be considered,
above which breakdown and plasma condition can occur. In this case, relatively high value of laser
energy is employed, resulting in high density energy in the probe volume. The resulting time
evolution of the physics is the one already considered in the previous section.

The experimental conditions are completely different in the case of LIBS performed on solid samples.
In this case, the threshold for plasma formation is lower. In fact, first of all this high laser energy
would interact with the substrate where the particles are deposited and can eventually destroy it.
Moreover, the presence of the filter with the particles deposited can substantially reduce the
breakdown threshold, even down to very low pulse energy (less than 50 mJ). Moreover, as a result
of relatively low laser energy employed, LIBS emission line can be collected in completely different
time scale after the laser pulse, compared to the signal detected from particles aerosol.

For thoroughness, in Table 1 the main experimental conditions normally applied in LIBS

measurements on aerosol and on solid samples are reported.

Table 1. Experimental conditions applied in LIBS on aerosol and on solid [59,60,84,90].

LIBS on
LIBS on solid
Aerosol
Pulse laser > 200 mJ/pulse Few mJ/pulse
Delay time > 10 ps <30 us
Gate width 100s ps <10 ps
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3 EXPERIMENTAL APPARATUS AND METHODOLOGIES

In this Section the experimental apparatus developed and employed for LIBS measurements is
presented and extensively described. In this context it is worthwhile to stress that the main goal of
this work is the time resolved analysis and measurements of metal concentration at the exhaust of
combustion system. To this purpose, two different experimental set-ups are described: one for LIBS
measurements in particle aerosol and the other on powder-deposited filter. Moreover, details on the

measurement’s methodologies employed are also reported.

3.1 LIBS SET-UP ON PARTICLE AEROSOL

In Figure 7 the experimental apparatus for LIBS measurements performed on aerosols is shown.
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computer
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Figure 7. LIBS laboratory experimental set-up.

It is essentially composed by two main parts. The first part involves the spectroscopic section, which
includes the laser that ignites the plasma, the measuring chamber, the collecting optical system and
the detection and measurements apparatus. In this work a Q-switched flashlamp-pumped Nd:YAG
laser (Quantel-Lumibird Q-Smart 450) working at its fundamental wavelength (1064 nm) is used.
The laser operates at 10 Hz repetition rate, with a pulse duration of 6 ns. Nominally each pulse has
an energy of 450 mJ. The generated laser beam is then deflected by a prism, loosing part of its energy
and assessing to 370 mJ/pulse, and directed towards a 20 mm focal length adjustable lens, which is
positioned at the entrance of the measurement chamber. The average irradiance, /, at the location of

the beam waist can be calculated using Eq. (4). In this experimental set-up EL. =370 mJ, D =0.7 cm,
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.= 6ns, f=20 mm, A = 1064 and M? = 2. Using these parameters an irradiance of 1.3-10'* W/cm?
is obtained, resulting well above the air breakdown threshold of 10! W/cm? [45].

The atmospheric pressure sample chamber comprises a PTFE six-way cell equipped with four optical
windows. The chamber internal volume is 15 cm?®, and the aerosol inlet and outlet have a diameter of
4 mm. As reported previously, one of the chamber windows is substituted by the 20 mm focal length
lens to generate the plasma in the centre of the chamber, directly in the aerosol flow. As for the optical
collection system, a double convex lens is used to collect the emitted radiation from the plasma within
a certain solid angle and focusing it on an optic fibre. This fibre is connected to a Czerny—Turner
spectrograph (Shamrock 500i, Andor Technology) coupled with an iCCD (iStar 320 T, Andor
Technology) camera, which allows the analysis of the collected data. The spectrograph is equipped
with a three gratings turret, namely 300 grooves/mm, 1200 grooves/mm, and 1800 grooves/mm, and
with a blaze at 300 nm wavelength.

Through the coupling between the spectrometer and the camera, it is possible to select the spectral
region to be analysed, which will be wider or narrower depending on the resolution of the selected
grating. To detect atomic lines, a high-resolution spectrograph grating is used (1200 grooves/mm)
resulting in a 25 nm spectral window. The intensified CCD detector is synchronized with the Q-
switch laser to change the delay time of the detection gate with respect to the laser shot.

The second part of the instrumental setup involves aerosol production. In a laboratory configuration,
this 1s accomplished using an aerosol production line consisting of a nebulizer, connected to a
flowmeter that allows controlling the compressed air flow rate needed for the aerosol droplets
production. In particular, two different nebulizers are used, namely the TSI Constant Output Atomizer
model 3076 or a medical nebulizer (UP-DRAFT Nebuliser, Hudson RCI). The previous one was used
for preliminary measurements, while the medical nebulizer was implemented for calibrations and the
case studies under analysis. More details about the two nebulizers are given in the Appendix Al.

In order to dry the droplets, a dilution chamber (40 1 volume) is connected to the nebulizer outlet.
Here 5 I/min wet aerosol flow is mixed with 20 I/min dry air flow obtained by pumping at 25 1/min
with an aspiration system (Edwards, E2M2). For LIBS measurements, by using another pumping
system (DDS Aero, Tecora), 1 I/min flow rate of aerosol is isokinetically sampled from the dilution
chamber and sent into the measuring chamber. The particles are then collected on a glass fibre filter

positioned before the pump.

3.2 METAL SOLUTIONS

The availability of controlled and well characterized aerosols and the implementation of specific

quantification procedures are fundamental to perform LIBS instrumental calibration [60,91,92]. For
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this reason, two different nebulizers were tested, as described in Appendix (A1). Their consumption
was monitored over time to verify the stability and repeatability of the measurement conditions. A
detailed study of the spray emitted from the medical nebulizer was also conducted in dependence of

the solution level, nebulizer positioning and sampling position in the nebulised spray, Appendix (A2).

Table 2. List of heavy metals under analysis, relative salt used for the solutions production and relative

principle analysed line wavelength.

Salt
Reference
Metal Chemical
Name wavelength [nm]
Formula
Copper(Il) nitrate
Copper CuN,Os - 3H,0 ) 325.03
trihydrate
Nickel(II) chloride
Nickel CL:,Ni - 6H,0 352.72
hexahydrate
Lead diacetate
Lead C4HsO4Pb - H,O 406.02
monohydrate
Manganese sulfate
Manganese MnO4S - H,O 279.74
monohydrate
. Chromium(III)
Chromium CsHoCrOg - nH>0O 358.11
acetate
Cadmium chloride
Cadmium CdCl; - H.0 229.08
monohydrate
Thallium CITI Thallium(I) chloride 535.22
Cobalt(II) sulphate
Cobalt CoSO4 - TH2O 345.63
heptahydrate
Sodium
Arsenic AsNaO» 228.94
(meta)arsenite
Sodium
Vanadium NaVOs 438.07
(meta)vanadate
Antimony(I1I)
Antimony Sb2(SO4)3 231.17
sulfate

In Table 2 the elements under analysis in this work, the related compounds employed, and the related
main emission line wavelength analysed are listed. As already observed, in fact, aerosol particles are
produced by nebulizing solutions of these salts. It is important to observe that the preparation of

proper solutions is the starting point for the aerosol measurements. To this purpose, ultra-pure
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distilled water was used as a solvent, in which these salts were dissolved with known molar
concentrations. Values changing from about 0.1 molar to about 0.000001 molar were used, in order
to obtain aerosol concentrations ranging from hundreds of nanograms per cubic meter to hundreds of
micrograms per cubic meter, and, in some cases even up to a few milligrams per cubic meter in less
sensitive cases. More details in molar concentrations and mass concentrations will be given in the

calibration curves construction.

3.3 LIBS SET-UP FOR FILTER ANALYSIS

Indirect analysis of the aerosol collected on filters was carried out in order to increase the detection
limit of the heavy metal concentration for possible application on air quality monitoring. In this
context, in order to obtain reasonably time-resolved measurements, the collection time was kept
relatively low (about 30 minutes for concentrations of about hundreds of ng/m?, more details are
reported in the results chapter). Moreover, such approach also allows performing a comparison of
this technique with Total X-Ray Fluorescence (TXRF) and Ionised Coupled Plasma (ICP) technique.
The experimental set-up used for these analyses was slightly different from the one described in the
set-up employed for aerosol LIBS measurements. In order to prepare the filter sample, the aerosol
generation part was separated from the LIBS apparatus: it was directly used for generating the aerosol
of interest and collect it on a filter. In Figure 8 the set-up for depositing the particles on the filter for

subsequent LIBS measurements are shown, respectively.
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Figure 8. a) Set-up for the preparation of particles deposited filters. b) LIBS set-up for filter analysis.
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For the aerosol generation, the same medical nebuliser was used, working with a flow rate of 5 1I/min
and generating droplets with a diameter of 3 um. The aerosol particles flowing in the dilution chamber
(aspiring 24 1/min air) are pumped out by means of an aspirating pump. To prepare the filter sample,
1 I/min flow rate of aerosol is isokinetically sampled from the dilution chamber and sent on a paper
filter positioned in a proper filter holder. In order to increase the LIBS signal sensitivity, the particles
were channelled in a 4 mm diameter tube resulting in a particle-collection area of 4 mm of diameter.

In Figure 9 a picture of the filter area is reported.

Figure 9. Sampled iron aerosol spot (right).

LIBS indirect analysis can be then performed on the sampled filter. This spectroscopic section is the
same as the one described for the direct analysis in all the optical path, from the generation of the
laser pulse to the acquisition of the spectra, except for the focusing lens and the measurement
chamber, as reported in Figure 8 (b). In fact, this last part is replaced by a larger quartz double convex
lens (focal length of 115 mm) and by a movable filter holder. As extensively reported in the previous
section, the experimental conditions normally applied in LIBS measurements performed on solid
samples are completely different than the ones in aerosol. In fact, the presence of matrix element in
solid sample measurements results in higher plasma temperature and electron density even at low
laser energy. This results also in different temporal behaviour of the LIBS signal. For the experimental

conditions employed, details are given in the next Sections.

3.4 DATA ACQUISITION AND PROCESSING

The methodology for acquiring spectra is of fundamental importance for the analysis of LIBS signals.
As described previously, the LIBS signal is collected and analysed thanks to the coupling of a
spectrometer and an iCCD camera. For that, for optimal signal acquisition, it is necessary to set the
delay time and gate width to be opened appropriately starting from the laser pulse, as depicted in
Figure 10.
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Figure 10. temporal evolution of the plasma-emitted radiation [93].

As previously described, the signal is predominantly due to the bremsstrahlung just after the
formation of the plasma. With the cooling of the plasma, the contributions due to emission from the
elements within the plasma also begin to become evident.

As an example of the temporal evolution of the signal, the graphs representing the emission signal
generated by copper aerosol are shown in Figure 11. These spectra are acquired at four different delay
times, namely 5 ps, 10 ps, 30 us, and 50 us, with a gate width of 5 ps.

As a first analysis, in all the spectra reported there is a constant background at the edges of each
spectrum, with the same intensity independently of the signal acquisition times. Actually, the sensor
is not completely covered by the intensifier: the sensor is rectangular in shape (27 mm x 7 mm), while
the circular intensifier is 18 mm in diameter. Consequently, this background is the electronic noise of
the camera and the intensifier.

Comparing these spectra, it is possible to note a decrease in the overall signal with increasing delay
time. The spectrum acquired at a delay time of 5 us has a significantly higher background than the
other spectra, due to the emission from the still hot plasma. Increasing the delay time, with a colder
plasma, the contribution to the background decreases more and more, making the emission lines of

the elements more pronounced.
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Figure 11. Example of spectra acquired at four different delay times with the same gate aperture of 5 us (a).
For clarity spectra at 10, 30 and 50 us are shown in (b), (c) and (d).

To summarise, for each specific conditions and analyte the variation of following parameters is
properly investigated: Delay time (of the detection gate width with respect to the laser shot
occurrence)

- Detection gate width

- Laser energy/pulse
The main goal is to maximize the peak-to-base value. This analysis has been performed both on

aerosol and particle-deposited filters as it will be deeply described in the results sections.
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Figure 12. Example of parameters evaluation for the copper emission line.

Taking into account the typical emission line of Cu analyte, reported in Figure 12, the parameters

considered for LIBS measurements are:

3.4.1

The peak area P, which refers to the integral of the prominent peak of LIBS emission line
subtracted for the background.

The base B, which is the background area evaluated as the area in the same region of the
analyte’s peak without the analyte.

Consequently, P/B refers to the peak-to-base ratio.

Single spectrum, accumulation and average

In order to process a large number of spectra, different data acquisition methodologies have been

performed, namely single shot, accumulation, or averaging of acquired signals depending on the

experimental conditions under analysis and in particular on the type of analyte to be studied,

specifically aerosol versus particle-deposited filter and its concentration.

Single shot measurements. This methodology has been applied on particulate matter collected
on filters. In particular, the acquisition of a spectrum generated by a single pulse may be
sufficient to provide a reliable signal for the analysis. Moreover, at low concentration, the
analysis has been performed by mapping the entire filter surface with single shot LIBS
measurement. A global analysis of the sampled aerosol has been obtained by averaging the
resulting LIBS signals from this mapping.

Accumulation mode. This methodology of signal acquisition has been applied in low-
concentration aerosols, but still above the detection limits. This strategy consists of
accumulating the spectrum collected from multiple spectra (tens, hundreds, or even
thousands), in order to reduce background noise and emphasize the signal of the analyte of

interest.
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In this context, it is important to emphasize the accumulation mode cannot be applicable in the case
of particulate matter deposited on a filter. In this condition, in fact, the first laser shot can produce a
shock wave responsible for a removal of the particles from the filter and sometimes responsible for a
crater formation around the laser spot.

To overcome this problem, as already described, an average of single shot spectra acquired at different

spatial location on the filter can be performed in order to increase signal-to-noise ratio.

3.4.2 Conditional analysis

Due to the discrete nature of the plasma volume combined with the discrete nature of aerosol particles,
typical LIBS spectra could not contain the spectral lines related to the species under analysis. This
problem is particularly effective at low concentration measurements. For this reason, conditional
analysis has been applied in the case studies reported in this thesis, consisting in extracting only the
spectra containing the line emission of the metal of interest and rejecting the others [76,79,94,95].
Compared to the averaging approach applied at low concentration measurements, this methodology
allows the improvement of the signal-to-noise ratio and the investigation of single-shot LIBS spectra
corresponding to individual aerosol particles emission. This method consists in the following steps.

- A series of 5000 single spectra were collected (in kinetic mode)

- The eventual occurrence of the specific line emission in each spectrum was evaluated. To this
purpose, a well-defined criterium for selecting the “hit” spectra was considered, tested and
subsequently applied to the data.

- Once the “hit” spectra were selected, an average value was obtained from which equivalent
concentration was calculated by applying the related calibration.

- The effective analyte mass was finally estimated taking into account the sampling rate.

The number of the series chosen for the application of conditional analysis is strictly dependent on
the concentration under analysis: the lower is the concentration the higher should be the number of
spectra collected. The value of 5000 has been selected after different preliminary measurements on
the analyte under analysis as a compromise between the signal acquisition time and the signal
improvement.

Considering the selection criterion, this parameter results to be of crucial importance. Since the LIBS
spectrum is very noisy and includes numerous structures that can hide the emission peak of the analyte
of interest, it was necessary to select spectra for which this peak can be clearly noticed above the
background structures.

Two kinds of analyses are considered for the best selection criterion. The first strategy is to evaluate
the variability of signal intensity in the region adjacent to the peak by calculating the standard

deviation (SD). Specifically, a certain number of channels is considered, symmetrically distributed
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around the peak. The mean of this signal intensity is also evaluated on the same channels, which was
used as a reference value for the background. The choice of the number of channels is strictly
dependent on the specific spectral region under analysis and possible interference with other line
emission. For this reason, particular attention has to be paid to analyse nearby peaks falling within
these selected areas. In these cases, it is appropriate to modify the analysis area and choose a clean
one that refers exclusively to the background.

A second mathematical tool that can be used to establish a selection criterion is the evaluation of the
semi-dispersion. In this case, the mean of the background signal and the related semi-dispersion are
also calculated in the same channels indicated previously. The semi-dispersion (SmD) will be used
as a discriminant threshold to establish the presence or absence of the analyte of interest.

In both cases, SD or SmD evaluation, the selection of the hit spectrum is carried out by applying the

following criterion:

Signal > mean + n * (SD or SmD) (17)

In brief, the emission line can be taken in the analysis if the intensity is higher that a certain number
n of SD or SmD.

In Figure 13 a direct comparison of SD or SmD choice is shown. The red curve refers to a “clean”
spectrum (not containing the analyte under analysis), obtained averaging 1000 miss spectra, which is
considered as a reference in the conditional analysis. In Table 3 the number of /it against miss spectra

is reported varying the multiplicative factor n.

Standard Deviation Semi-dispersion !
8000 L5
—_ 2
=
&, 6000 —25
& —s
§ 4000 —5
E
AL —7
2000 —10

323.6 324.6 325.6 326.6 323.6 324.6 325.6 326.6

e Clean
Wavelength [nm] Wavelength [nm] Spectrum

Figure 13. Spectra obtained with different selection criteria. Standard deviation (left) and semi-dispersion
(right)multiplied for a factor from I to 10 (green scale). In red is reported the averaged spectrum obtained

from measurements with no Cu signal.
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Table 3. Hit and Miss number of spectra obtained using SD or SmD selection criteria.

Multiplicative factor SP Semidispersion

Hit Miss Hit Miss

1 2867 2133 485 4515

1.5 1727 3273 45 4955

2 900 4100 11 4989

2.5 386 4614 6 4994

3 138 4862 5 4995

5 8 4992 3 4997

7 5 4995 2 4998

10 4 4996 0 5000

It is clear that taking a single SD or a single semi-dispersion, many spectra are selected, with the mean
signal very close to the reference spectrum.

Considering in the same figure the SD approach, a notable hit spectrum can be obtained starting from
the multiplicative factor 5. However, using the SD multiplied factor 5 is a very strong assumption
considering the mathematical nature of the standard deviation. Considering the non-Gaussian
structure behaviour of the background, SD cannot be considered a good choice. Analysing the graphs
reported in Figure 13, it is clear that the signal used for the background evaluation (certain number
of channels around the peak considered) exhibits a peculiar feature, which cannot be attributed to a
statistical noise, rather to well-defined structures. For this reason, the use of semi-dispersion seems
more suitable to be considered for the threshold evaluation. In fact, a detectable signal is obtained
with a multiplicative factor of 2, which can be representative of the whole background signal

amplitude. For that, 2 times the semi-dispersion will be used as discriminant criterion.
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4 RESULTS IN AEROSOL

4.1 EXPERIMENTAL CONDITIONS FOR AEROSOL ANALYSIS

4.1.1 Temporal optimization

In this section the role of the delay time of the detection gate width on LIBS signal is presented with
the aim to choose the best detection conditions for LIBS signal enhancement. Copper was chosen as
the primary element for testing these experimental conditions.

A typical LIBS spectrum of copper is reported in Figure 14, where the two copper peaks at 325 nm

and 327.6 nm wavelengths are shown, respectively.

6.4E+4

— 6.1E+4

u

5.8E+4

Intensity [a

5.5E+4

5.2E+4

324 325 326 327 328 329
Wavelength [nm]

Figure 14. Cu emission lines at 325 nm and 327.6 nm, delay time = 30 us, gate width = 1 us, 100

accumulated spectra.

Solutions of copper nitrate with molar concentrations of 0.01, 0.001, and 0.0005 were employed.
Keeping constant the aspiration and the nebulization flows, thereby operating at a constant
concentration, an assessment of the delay time was performed by varying it from 1 ps to 100 ps. In
this analysis, the detection gate width was fixed at 1 pus and 100 us for the solution with molar
concentration of 0.01 and for the other two solutions (0.001 and 0.005), respectively. In Figure 15
the P/B signal versus delay time is reported in the configuration under analysis. While the analysis
with 1 ps gate width was performed up to 100 ps delay time, in the other configurations, the analysis
was limited up to 60 us due to the longer gate aperture (100 ps). In fact, after 150 us the plasma

emission decays substantially.
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Figure 15. Cu nitrate solution with molar concentration of 0.01 versus delay time with 1 us step until 50 us
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and 5 us step until 100 us; gate width = 1 us.
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Figure 16. Cu nitrate solution with molar concentration of 0.001 versus delay time with step = 5 us until 40

Cu emission line 325 nm

us then step = 10 us, gate width = 100 us.
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Figure 17. Cu nitrate solution with molar concentration of 0.0005; delay time = 1-60 us with step = 5 us

until 40 us then step = 10 us; gate width= 100 us.
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These results highlight how a more punctual variation mapping of the delay time, coupled with a
short gate width of 1 s, results in a more efficient detection in data variability. In this configuration,
the peak signal is achieved for delay times ranging between 45 us and 60 s for both analysed peaks
at 325 nm and 327.6 nm. Moreover, for values higher than 50 s, there is a pronounced increase in
signal variability, attributed to a more distinct variability effect of the peak compared to the baseline.
This is particularly relevant for longer delay times when the plasma has nearly cooled completely,
causing the peak variability to have a greater impact due to the proximity of the baseline to the
background noise. Comparing the LIBS measurements performed on copper nitrate with molar
solution concentrations of 0.001 and 0.0005 respectively and delay time intervals of 5 s, (see Figure
16 and Figure 17) a significant reduction in the signal spreading is detected due to averaging effects.
Correspondingly, also a reduction in the P/B values are obtained.

In any case, a value of delay time around 30 ps, where the maximum of P/B value is obtained, is

considered in the following for our LIBS measurements on aerosol.

4.1.2 Detection gate width analysis

In this section the dependence of the LIBS signal on the detection gate width is investigated while
maintaining a fixed delay time at 20 ps. The analysis was carried out using the same three solutions
with varying molar concentrations of copper nitrate as the ones employed in the previous paragraph
for delay time study. In Figure 18, Figure 19 and Figure 20 the results obtained in the different

conditions under analysis are reported.
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Figure 18. P/B values versus gate width (step = 5 us). Cu nitrate solution with molar concentration of 0.01;

delay time= 20 us.
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Figure 19. Cu nitrate solution with molar concentration of 0.001; delay time = 20 us, gate width = 1-100 us

with step = 5 us until 40 us then step = 10 us.
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Figure 20. Cu nitrate solution with molar concentration of 0.0005; delay time= 20 us; gate width= 1-100 us
with step = 5 us until 40 us then step = 10 us.

In all conditions, starting from a gate aperture of 35 — 40 ps, the signal reaches a plateau and remains
stable until 100 pus aperture, consistently with a stable value of the peak. Considering the timeframes
employed for acquiring these spectra, it can be inferred that beginning from approximately 55-60 pus
(20 ps of delay time plus 35-40 ps of gate width) after the discharge, the signal contribution computed
as P/B remains constant. This persistence is actually due to a reduction of both the LIBS signal and

the base. Such behaviour can be essentially attributed to globally less plasma emitted radiation.

4.1.3 Comparative analysis for Cu, Ni, Mn and Cr

In order to extend this temporal evaluation to a generic unknown element that may be a constituent
of a real aerosol analysis, the same evaluations were performed on three additional elements: nickel,
manganese, and chromium. These elements were chosen as representative examples to assess
temporal differences, with the aim of subsequently determining optimal acquisition conditions that
include favourable temporal settings for elemental analysis in a general context. In Figure 21, Figure
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22 and Figure 23, Ni, Mn and Cr analysis concerning the delay time and the detection gate width are

reported.
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Figure 21. Ni chloride solution with molar concentration of 0.01. Left: delay time = 1-60 us with step = 5 us
until 50 us then step = 10 us, gate = 100 us. Right: delay time = 20 us, gate = 5-100 us with step = 10-15-

20 us.
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Figure 22. Mn sulphate solution with molar concentration of 0.005. Left: delay time = 5-100 us with step =
5-10-20 us; gate = 100 us. Right: delay time = 30 us; gate = 5-150 us with step = 10-15-20-50 us.

Regarding nickel analysis, a nickel chloride solution with a molar concentration of 0.01 was used.
The emission signal was evaluated at the peak centred at 362.2 nm wavelength. As reported in Figure
21, it is evident that with a fixed gate aperture of 100 ps, the signal reaches its maximum within delay
time intervals of 35 pus to 50 pus. Moreover, when the delay time is set at 20 us, the signal achieves its

maximum value at a gate aperture of 40 pus, maintaining a plateau until 100 ps gate width.
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Figure 23. Cr acetate solution with molar concentration of 0.004. Left: delay time = 5-100 us with step = 5-
10-20 us; gate = 100 us. Right: delay time = 30 us; gate = 5-150 us with step = 10-15-20-50 us.

For manganese analysis, a manganese sulphate solution with molar concentration of 0.005 was
nebulised, and the emission line centred at 403.4 nm was acquired. The evaluation of the signal
concerning variations in delay time and gate settings, as shown in Figure 22, highlights a constant
signal increase as the delay time is extended, while keeping the gate fixed at 100 pus. The maximum
value is obtained at a delay time of 100 ps, which however is the last delay time considered. In
contrast, by fixing the delay time at 30 us, the optimal gate aperture for signal maximization is 100
us, and the signal remains stable up to 150 ps. Lastly, for the analysis of the final element, a solution
of chromium acetate with molar concentration of 0.004 was nebulised. The analysed emission line
was centred at 425.6 nm wavelength. From the graphs in Figure 23, it is evident that with a fixed gate
aperture of 100 us, the signal reaches its peak value at 70 us and remains constantly at a plateau level
until a delay time of 100 us. Moreover, with a delay time set at 30 us, the variation in gate aperture
reveals that the maximum of the signal is achieved starting from a gate aperture of 90 ps.
Considering the comparative analysis of the temporal responses exhibited by the four distinct
elements under analysis, it is evident that Cu and Ni exhibit similar temporal behaviour. In particular,
with these two analytes, the LIBS signal changes more significantly at longer delay time than Mn and
Cr. On the contrary similar trend is obtained for the gate width in all conditions under analysis.
Taking into account these comparative evaluations, a set of acquisition parameters to be applied for
all the not a priori known elements were chosen, which are a delay time of 30 us and a gate aperture
of 100 ps. The motivation behind this is to ensure that the beginning of signal acquisition is aligned
with temporal windows where the maximum intensity signal occurs for elements characterized by
short temporal emissions. Furthermore, the gate width of 100 ps allows also to detect the maximum
intensity of LIBS signal for elements with a slower temporal emission. The choice to avoid extending

the gate aperture beyond the 100 ps threshold is due to an average consideration. This perspective
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takes into account the potential signal suppression due to such an extension, since the spectra obtained
for both element typologies (with a rapid / slower emission) could result in a general lowering of P/B,

due to the addition of lower global intensity to the spectrum.

4.1.4 Fluence evaluation

The energy available for the generation of the plasma for LIBS measurements primarily depends on
the type of laser used, as well as from the energy dissipation along the optical path. Generally, the
higher is the pulse energy generated by the laser, the larger are the dimensions and costs of the laser.
In the perspective of creating a compact instrument for the measurement of heavy metal aerosols
using LIBS technology, it is necessary to find the best compromise between costs and dimensions.
For this reason, the signal was analysed for different laser pulse energies. This study was carried out
on the same two copper emission lines used in the previous paragraphs (324.7 nm and 327.4 nm
wavelengths), and on the manganese peak (403.1 nm wavelength) to find the lower limit of pulse

energy that allows the emission to be reliably analysed.

Table 4. Power in W, energy in mJ and energy density in mJcm-2 measured in correspondence of the number

of glass filter used.

# glass filters  Power [W]  Energy [mJ] Energy density [mJ/cm?]

0 3.65 365 1100
1 3.11 311 937
2 2.45 245 738
3 2.19 219 660
4 1.92 192 579
5 1.61 161 485
6 1.35 135 407
7 1.14 114 344
8 0.93 93 280
9 0.81 81 244
10 0.67 67 202
11 0.59 59 178
12 0.52 52 157
13 0.45 45 136
14 0.39 39 118
15 0.30 30 90
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To perform this analysis, calibrated glass windows were used, in order to change the laser pulse
energy, which was then measured by using a power meter (ThorLabs). Taking into account the laser
working frequency of 10 Hz and the laser beam diameter of 6.5 mm, the pulse energy and the energy
density were calculated. Is reported in Table 4 the power in Watt, the pulse energy in mJ and the
energy density in mJ/cm?, changing the number of calibrated glass filters used.

Analysing the copper emission signal at 324.7 nm wavelength is possible to notice that the highest
peak intensity values are obtained for laser pulses energies between 2 W and 3 W, which means
between 200 mJ and 300 mJ of energy per pulse. On the contrary, for the 327.4 nm the maximum
peak intensity is obtained with the maximum pulse energy. This highlights that the energy range in
which is possible to have the maximum P/B is quite wide and spans from 200 mJ/pulse to more than
300 mJ/pulse. Moreover, a different response to the variation of energy is obtained for the two Cu
emission lines (at 324.7 nm and 327.4 nm), because the higher intensity of the 324.7 nm line highly

reflected the measurement fluctuation.
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Figure 24. Cu I (top) and Mn I (bottom) signal evaluation varying the laser pulse energy.

Nebulizing a manganese salt solution, it was possible to get an insight on the variation of the signal
with different pulses energies with more detail. In particular, starting from the nominal laser shot

energy, (that is 450 mJ/pulse before the prism deflection), measurements were carried out varying the
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laser energy, in the range from 365 mJ/pulse to 30 mJ/pulse. As reported in Figure 24 is evident that
for laser energies below 100 mJ/pulse the peak intensity is comparable with zero. This occurs since,
reducing the laser energy, the peak becomes less evident, and comparable with the background signal.
Moreover, decreasing the laser pulses energy the number of laser shots that do not generate
breakdown becomes greater and greater. Such condition is more significant for the lower energy
values (with 14 and 15 glass windows). In fact, measurements taken at 20 mJ/pulse and 39 mJ/pulse
are not reported in the graph, because the majority of accumulated shots have no signal, leading to a
zero-signal background. In these experimental conditions it would be correct to consider 70 mJ/pulse
as the inferior energy per pulse threshold. Looking at the signal with low variability, it is highlighted
that also for manganese the maximum signal is obtained with the maximum of energy per pulse.

The best experimental conditions defined in this preliminary analysis have been applied for the LIBS
prototype developed in this work, which is shown in Figure 25. It consists in a compact arrangement
of the experimental laboratory apparatus, with a laser beam of 450 mJ/pulse nominal output power
which is deflected by a prism to be sent into the measurement chamber. Actually, the data obtained
from this study suggest that it is possible to optimize the size of the instrument by using a laser with
a nominal pulse energy of approximately 100 mJ. Calibration curves were then obtained on this
instrument so that it could then be employed for real-time aerosol measurements, as shown in the

following chapters.

Heavy Metals Analysis

IHH

Figure 25. LIBS prototype instrument. (1) Laser, (2) Prism; (3) Measurement chamber, (4) Lens, (5) Optic
fibre; (6) Lase controller; (7) Sampling pump;(8) Spectrograph, (9) iCCD camera; (10) Laser power unit.
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4.2 CALIBRATION CURVES

Once the experimental conditions are fixed and the optical alignment to maximize the collected
incoming radiation was carried out, a calibration procedure was developed to perform quantitative
analysis on unknown aerosols. It is therefore necessary the construction of calibration curves for the
elements under analysis. In the evaluation of the calibration curve, particular attention has to be paid
to the self-absorption phenomenon, which is responsible for a loss of linearity occurring at high
concentrations. In the direct measurement configuration, although a low analyte density is present
inside the plasma, the presence of a wide number of cold atoms along the optical path in the direction
of the collecting optics is responsible for significant self-absorption of the LIBS emission signal. As
reported theoretically, different lines are affected with different strength by self-absorption. The
radiation emitted by an atom due to its decay from an excited to the ground state is more probably
reabsorbed by cold atoms because of the resonance phenomenon. Of course, with the increase number
of cold atoms the probability of radiation absorption in favour of resonance transition increases as
well [96,97,106,98—-105].

For each element, different solutions were prepared with different molarities to generate increasing
aerosol concentrations, from a few micrograms up to about a thousand per cubic meter. Each solution
was nebulised, and the resulting aerosol was sent into the measurement chamber where 5000 LIBS
spectra were acquired for each concentration.

In this way, a series of signals, each associated with its own concentration, were recorded. As for the

concentration C, it is evaluated according to the following equation:

_ MA-M-c 18
C= 0 (18)
where MA is the elemental atomic mass, M is the salt molar concentration dissolved in the aqueous
solution, c is the solution consumption inside the nebuliser and Q is the air flow rate inside the mixing
chamber and is expressed in I/min.

In Figure 26 a typical example of calibration curve of vanadium (detected at 438.07 nm) is shown,
where the P/B value is reported versus the concentration, as described in the previous paragraph. As
it can be seen, the first two points exhibit a similar P/B value, which is due to a reduction in sensitivity,

assuming value very close to the spectrum noise. Moreover, above a certain value of concentration

(about 300 pg/m? in the figure) a loss in linearity is detected related to signal saturation.
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Figure 26. Example of the calibration curve for LIBS measurements of Vanadium (438.07 nm wavelength

emission line).

For these reasons for each element the calibration curve is computed in the range of concentrations
where P/B values exhibit a linear trend, eliminating values at too low concentrations for which
sensitivity was lost and at too high concentrations for which the self-absorption occurred. The
resulting calibration curve is then obtained by means of a linear fitting. The strength of the self-
absorption effect is dependent on the element and in particular on the detected line.

An error was associated with both the concentrations (x-axis) and the signals (y-axis). The error on
the concentrations was evaluated by applying the error propagation theory to the relationship reported
in Eq.(18) and resulting in an uncertainty of 16%. The main contribution to this error is due to the
variability of the consumption in the nebuliser, as described in the Appendix Al. As for the signal
error, 9.6% of the relative error with respect to the mean signal was evaluated.

It is worthwhile to stress that the linear fitting performed by using the Origin software is obtained
taking into account both the uncertainties on x and y axis. In addition, the slope of the linear fitting
was used in order to calculate the limits of detection (LOD) of the element under analysis according

to the equation [107-110]:

3[02 + o/ + (i/s)?c?
LOD = [B LS(/) s] (19)

where s is the slope of the linear calibration curve, op is the standard deviation accounting for the
background variability, 7 is the intercept and o; is the intercept error. This parameter was calculated
on 10 spectra averaged over 1000 acquisitions each and acquired from aerosol without the analyte of
interest. Moreover, the error on the LODs was evaluated by applying the error propagation to Eq.(19),

in which the only contribution to the error is considered.
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In the following, for each analyte, an example of the emission line and the related calibration curve

is reported in Figure 27-Figure 36 for Cu, Ni, Pb, Mn, Cr, Cd, T, Co, As and V, respectively. As for

the emission line, the different peaks (red line reported in Figure 27 for example) and the related

lateral bases are highlighted. As for the calibration curve, the linear fitting is reported and the 95%

confidence area from the linear fit is highlighted between two dotted lines.
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Figure 27. Left) Cu spectra emission line at different aerosol concentrations. Right) Linear fitting for aerosol
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Figure 28. Left) Ni spectra emission line at different aerosol concentrations. Right) Linear fitting for aerosol

nickel calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 29. Left) Pb spectra emission line at different aerosol concentrations. Right) Linear fitting for aerosol

lead calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 30. Left) Mn spectra emission line at different aerosol concentrations. Right) Linear fitting for

aerosol manganese calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 31. Left) Cr spectra emission line at different aerosol concentrations. Right) Linear fitting for aerosol

chromium calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 32. Left) Cd spectra emission line at different aerosol concentrations. Right) Linear fitting for aerosol

cadmium calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 33. Left) Tl spectra emission line at different aerosol concentrations. Right) Linear fitting for aerosol

thallium calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 34. Left) Co spectra emission line at different aerosol concentrations. Right) Linear fitting for aerosol

cobalt calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 35. Left) As spectra emission line at different aerosol concentrations. Right) Linear fitting for aerosol
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Figure 36. Left) V spectra emission line at different aerosol concentrations. Right) Linear fitting for aerosol

vanadium calibration curve parameters calculation and 95% confidence interval (CI).

Finally, for all analytes, Table 5 reports the parameters of the calibration curves obtained, slope and

intercept, R? values as an index of the goodness of the fitting, together with the calculated LODs and

the corresponding ones found in the literature.

As for antimony, it was not possible to perform an accurate analysis and therefore to build a

calibration curve, since the experimental set-up was not enough sensitive to the Sb emission lines at

concentrations below one milligram per cubic meter. Moreover, high concentrated aerosols were

difficult to be produced due to the poor solubility of the antimony salt available.

As also reported in Table 5, a good improvement in detection limits was achieved in comparison to

the values reported in previous literature works.
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Table 5. In the table are reported the fitting parameters of aerosol calibration curves: slope, intercept and

R’; and the calculated LODs.

Literature

Metal Slope  Intercept R?  LOD [pug/m?]
P P LOD [ng/m?]

Cu 1.3-102 -0.181 0.99 12+4 15 [59]
Ni 8.9-10 0.035 0.98 19+6 i

Pb 4.9-10* 0.102 0.98 37412 155 [111]
Mn 8.1-10 0.033 0.99 16+5 ]

Cr 2.1-10° 0.116 0.95 10+3 30[112]
cd 5.2-10% -0.029 0.97 48 £ 16 60 [112]
Tl 1.2:10° 0.006 0.97 742 ]

Co 6.1-10* -0.037 0.98 9+3 ]

As 1.6-10° 0.004 0.92 254 + 85 400 [112]
\% 2.0-10° -0.137 0.99 20+7 ]

Taking into account the LODs obtained for the other metals and comparing them with the directive
that regulates emissions from incinerators (2010/75/UE [113]), the analytes can be divided into two
groups. One group consists of Cd and T1, and the other group consists of the remaining metals (Cu,
Ni, Pb, Cr, Co, Mn, V, As and Sb). According to the directive, which refers to a minimum sampling
time of 30 minutes and a maximum of 8 hours, Cd and TI can be emitted with a total maximum
concentration of 50 ug/m?, while for the other elements the total emission allowed is 500 pg/m?*. From
the LODs obtained, we have a total LOD for Cd and TI of 55 pg/m® + 18 pg/m® and a total LOD for
the remaining metals of 377 pg/m?® + 125 pug/m>. Since the sum of the detection limits is below or
compatible within the error with the regulated emission limit value it is possible to state that the
instrument so calibrated is able to monitor the emission level of this list of heavy metals despite of

the lack in antimony contribution.

4.3 LIBS MATRIX EFFECT STUDY

An important issue to face for the interpretation of the LIBS signal is the matrix effect, which is
essentially related to the specific matrix considered (e.g. the presence of other solid/gas-phase
elements in the probe volume) or also the different experimental conditions under analysis (e.g.,
temperature) [91,92,122,114-121]. These specific parameters are responsible for a change in the line

intensity of the analyte under study, which affects its calibration curve. Although matrix effect in gas
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phase results to be significantly lower than in solid [123], the change in the line intensity due to
specific gas matrix used has to be considered for a correct interpretation of LIBS signals in the
quantitative analysis. Different works are reported in the literature concerning the study of matrix

effects in LIBS measurements performed on aerosol particles or gas phase [91,92,125,114-120,124].

4.3.1 Aerosol matrix effect

The role of the concomitant mass present in the probe volume on the physics of the particle
vaporization as well as on the plasma conditions has been investigated, which results in a change in
the response of the analyte under analysis [126]. It is evident that for a deep comprehension of the
matrix effects, the chemical and physical processes occurring in the plasma must be considered. For
example, the heat and mass diffusion rates within laser-induced plasma could be responsible for the
presence of locally perturbed areas (in correspondence with the analyte) inside the bulk plasma. The
works reported in the literature and the interpretation of the data obtained, underline the complexity
of the processes involved in the laser-induced plasma, which are strictly related to the chemical and
physical properties of the elements present in the probe volume and their combinations [127-131].
Here the effects of the concomitant mass present in the probe volume on the CuI(324.7 nm) emission
line were studied in order to stress the role of the physical properties of the elements involved in the
plasma. To this purpose, Mg, Cr, and Na were used as matrix elements, as obtained from different
salt solutions: nitrate, chloride, and acetate. The effect on the signal was investigated by increasing
the loading of these elements with respect to copper concentration. Moreover, the effect on Cu I
emission line was investigated due to the specific matrix compounds. To this purpose, Na chloride
and Na acetate were used, and the effect was evaluated by increasing their loading in the probe
volume. In Table 10 for each element, the related compound and the concentration ratio of this

element with respect to copper concentration are reported.

Table 6. For each element, the related compounds used for the solutions, and the concentration ratio with

respect to Cu in the measuring chamber are reported.

Element mass

Element Compound concentration Ratio
Cu Cu(NO:3),-3H,0
NaCl
Na C2H31\(I:a02
1:1-1:3-1:5
Mg MgCl,-6H,O
Cr CsHCrOg
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Samples were prepared by mixing 7.5 ml Cu 0.001 M solution with 7.5 ml matrix solution of different
molar concentrations, resulting in 400 pg/m? Cu concentration and varied matrix mass concentrations
in the measuring chamber. The molar concentrations of the matrix solutions were properly prepared
in order to obtain the mass concentration ratios reported in Table 6. In particular, 1:1, 1:3, and 1:5
refer to the Cu: (Mg, Cr, Na) mass concentration ratio.

In Figure 37, LIBS spectra referring to Cu emission lines in the presence of different concentrations
of Mg (a), Cr (b), and Na obtained from chloride (c) and acetate (d) salts are reported. Spectra were
collected with a detection gate of 100 ps and a delay time of 30 us with respect to the laser occurrence,
and resulted from an average over 3000 single shots. As it can be seen, a change in the peak and base
is detected in the presence of other elements added to copper. In particular, the base decreases , while

the emission line intensity exhibits different behaviour depending on the specific element considered.
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Figure 37. Cu I emission spectra (delay time = 30 us; gate = 100 us) with the addition of Mg chloride (a), Cr
acetate (b), Na chloride (c), and Na acetate (d). In each plot, the curves refer to different concentration

ratios (with respect to Cu) of the added element.

To deeply explore such effects, the base and the peak are separately considered changing the loading
of the different matrix element under analysis. In Figure 38, these values are reported versus the

Cu:matrix concentration ratio (Cu:M in the figure). In the figures the uncertainties are also reported
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as error bars, referring to a relative error of 9.6% for LIBS signal and 4.2% for the base. These errors
were evaluated considering the semi-dispersion of five Cu line intensities obtained in pure Cu aerosol.
In this way, the variabilities due to the laser energy, the nebulization, and dilution flow rate conditions

are considered.

©—Mg —6—Cr —6— Na(chloride) —&— Na(acetate) ©—Mg —6—Cr —6—Na(chloride) —&— Na(acetate)
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Figure 38. Base intensity (a) and Peak Cu I emission line (b) varying Cu:M ratio. Error bars are added at

each point.

The base exhibits a global decreasing trend with loading, which is different for the matrix elements
under analysis (Figure 38(a)). However, close Cu base signals are reached at 1:5 Cu:M ratio in all
cases. On the contrary, Cu peak values are differently affected by each matrix element (Figure 38(b)).
It is worth noticing that Cr addition always promotes an enhancement of the Cu LIBS signal with
loading. Starting from the base and the peak, the P/B value can be obtained for the Cu LIBS signal in
all conditions. In order to underline such effect, a Cu signal enhancement is considered, defined as
the ratio of Cu emission line with and without the matrix element addition.

In Figure 39, the P/B enhancement (as percentage unit) is reported versus Cu:M ratio showing a
significant loading effect of matrix elements on P/B Cu value. A progressive enhancement is obtained
increasing the concentration, related to the element and compound considered. The addition of
chromium acetate exhibits the highest matrix effect, reaching an enhancement of 75% with 1:5
loading. Moreover, from a direct comparison of Na Chloride and Na acetate matrix compounds, we
can see that the addition of Na acetate is more effective in the enhancement produced.

By considering the results reported in Figure 38 and Figure 39, we can infer that the increase in P/B
with Cu:M is mostly due to the decrease in the base, although the entity of the enhancement is

dependent on the matrix element.
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Figure 39. Enhancement of the 324.7 nm Cu I emission signal with the addition of Mg chloride (a), Cr
acetate (b), Na chloride (c), and Na acetate (d).
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Figure 40. Temporal analysis of the 324.7 nm Cu I emission line from 10 us to 60 us delay time, with a

To further explore the impact of matrix compounds on plasma conditions, time-resolved LIBS
measurements were performed for pure Cu and 1:5 Cu:Cr , which corresponds to the highest
enhancement investigated. In Figure 40 the base and the peak of Cu without and with Cr are reported

versus delay time. We can see that the base with Cr addition is lower than pure Cu, especially at early
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delay times (from 10 ps to 20 us), which is consistent with the previous analysis reported in Figure
38. As for the peak, with Cr addition, an increase in the Cu emission line is detected, with the
maximum shifted from 40 ps delay time (for pure Cu) to 30 pus delay time (with Cr addition). The
behaviour observed, namely the decrease in the background and the corresponding increase of the
emission line at short delay times, accounts for a change in plasma conditions essentially due to
plasma cooling.

Interestingly, at 60 ps, the peak values are close, suggesting that the matrix effect can be considered
negligible at long delay time.

As a further analysis, the plasma temperature is evaluated from the slope of the Boltzmann equation
(14). The analysis was performed on pure Cu and 1:5 Cu:M conditions. Unfortunately, with our
experimental set-up only two Cu lines can be detected, which, belonging to the same doublet, are not
sufficient for temperature measurements. Therefore, N I lines are considered, namely 410.0, 410.9,
746.8, 821.1 and 821.6 nm. Due to the substantial decrease of N I lines with delay time and the
necessity to be in LTE conditions, these measurements are carried out from 5 ps to 15 ps delay times.
In Figure 41 (a), a typical example of Boltzmann plot is shown, with the related linear fitting used to
retrieve the temperature value. In Figure 41 (b) this temperature is reported versus delay time for pure
Cu and Cu:M conditions. In presence of matrix elements, a decrease in plasma temperature is detected
in the range of delay time considered. This is consistent with the base behaviour previously reported

in Figure 38 (b), although in the previous analysis data are collected at longer (30 ps) delay time.
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Figure 41. a) Example of Boltzmann plot (Na:Cu(5:1)). b) Temperature versus delay time. Temperature
values are obtained using N I emission lines (delay time: 5—15 us; gate: 5 us) for pure Cu and 1:5 Cu:M. Na

chloride was used for these measurements.

The decrease in plasma temperature can be related to an enhancement in collisions and subsequent
recombination between electrons and ions. As a result of these processes, an increase in Cu LIBS
neutral lines can be obtained. Such behaviour can be attributed to the chemical and physical properties
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of the elements and/or compounds involved [132,133]. The combination of the heat of vaporization
(HV), binding energy (BE), and ionization energy (IE), these last related to the volatility are crucial
in the comprehension of the different behaviour observed.

For clarity, in Table 7 HV, BE and IE values are reported for the species (elements and compounds)

under analysis as taken from literature.

Table 7. Elements and salts physical parameters.

HV [kJ/mol] BE[eV] IE [eV]
Na(acetate) 34 [134]  8.58 [135] ]
Na(chloride) 284 [135]  7.98 [135] 8.92[135]

Na 98 [135] - 5.14 [135]
Mg(chloride) 33 [136] - -
Mg 128 [135] - 7.65 [135]

Considering Figure 38-Figure 39, similar trend can be detected for MgCl, and Na acetate, in the base
and the LIBS peak signal, as well as in the loading enhancement. This trend can be attributed to their
close heat of vaporization (of the compounds and atoms) and volatility (see Table 7, HVmg(chloride) =
33 kJ/mol [136]; HVNa(acetate) = 34 kJ/mol [134]; HVmg = 128 kJ/mol [135]; HVNa = 98 kJ/mol [135]).
Comparing the two sodium compounds (chloride vs acetate), the relative binding energy and heat of
vaporization accounts for the different effect on Cu LIBS signal. In fact, although both the compounds
have similar binding energies (see Table 7, BENa(chloride) = 7.98 €V [135]; BENacacetate) = 8.58 €V [135])
Na acetate has HV = 34 kJ/mol [134], which is much lower than the value of NaCl (HV = 284 kJ/mol
[135]). In this case, a large part of the energy is needed to break the molecular bond and only a small
quantity is left for ionization (IEna = 8.92 eV [135]). Therefore, few free electrons are available for
the recombination with Cu ions, resulting in a slight change in the atomic line intensity.

These measurements highlight the complex mechanisms at the basis of the matrix effect. Matrix
physical properties affect plasma conditions, changing temperature and plasma temporal evolution,
substantially affecting the LIBS signal. As a final remark, in line with these observations, performing
LIBS measurements at a relatively long delay time, when these chemical and physical processes
triggered by matrix effects are quenched, could be a possible strategy to be adopted.

The data reported in this paragraph are collected in a paper published in Spectrochimica Acta part B,
reported at the end of this thesis.
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4.3.2 Gas matrix effect

As already observed, several works can be found in the literature, concerning the role of different gas
matrices on LIBS signal collected in different experimental conditions. In particular, the investigation
of oxygen effects was performed by different authors and the quenching effect of oxygen species on
different analytes is well known [116,137—139]. In the works [91,92], LIBS measurements performed
on Cu analyte were carried out, by comparing measurements in N> and air carrier gas. Two
competitive phenomena have been observed in presence of oxygen: an enhancement of the LIBS
signal at short delay time and a signal quenching at long delay time. Since no significant differences
are detected in the plasma temperature and electron density, the authors excluded the role of thermal
effects and attributed the behaviour detected to chemical kinetic mechanisms triggered by oxygen in
the carrier gas.

In this thesis work, Helium and Argon are used as dilution gases and the effect on Cu I emission line
at 324.7 nm is investigated. For this analysis it was used the solution containing copper nitrate and
He flow rate was varied between 0.1 1/min and 0.7 1/min and Ar flow rate between 0.2 1/min and 0.6
1/min.

LIBS measurements were collected at 30 ps delay time and 100 us detection gate width. Since the
addition of He or Ar results in a dilution effect on the analyte under analysis, measurements are
corrected for the related dilution ratio. In Figure 42 the peak (P), base (B) and corresponding peak-
to-base ratio (P/B) are shown versus the percentage of He added to air. The peak signal refers to the

maximum LIBS line intensity after subtracting the base signal.
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Figure 42. Peak LIBS signal (a), base signal (b), and signal-to-base ratio (P/B) (c) of Cu I emission line at
324.7 nm versus the percentage of He added to air.

As can be seen in the figure, a fast decrease of the peak intensity is observed with a minor addition
of He (12%). However, with the further increments of the gas percentages, the rate of decrease
becomes more gradual. As for the base, a uniform decrease is observed in increasing He percentage.
Such behaviour of the base highlights the fast-cooling effect of the plasma due to He addition [137].
This is confirmed by an evident change in the plasma shape as also highlighted by a muffled acoustic
signal. The combination of the slightly different decreasing behaviour of peak and base with He
addition results in a bell-like shape in the peak/base trend, with a maximum value occurring at about
40% He. The same analysis was carried out with the addition of argon, as reported in Figure 43. As
for the peak, the presence of Ar in the percentage between 30% and 50% range results in an increase
of this value compared to the signal in air. Different behaviour is obtained for the base: the values

with Ar addition are almost comparable with the ones in air.

55



1E+6 1 T T 9.0E+4 T 1 T

— a) % —8.0E+4 &) ]
5 1E+6 5 ¢ 37.0e+4 | %3 5 o .
0, = 0]
> 8E+5 @ $ : ~6.0E+4 | 1
3 q ) ‘Z5.0E+4 | E
goE> r 5 1 ca0e+a | .
< 4ES5 | 1 E3.0E+4 | |
© 92.0E+4 | .
82845 1 S1oee4 | ]
OE+0 ' ' ' 0.0E+0 ' ' '
0 25 50 75 100 0 25 50 75 100
Ar [%] Ar [%]
18 T 1 1

P/B
©
S

O 1 1 1
0 25 75 100

50
Ar [%]
Figure 43. Peak line emission (a), base (b), and Peak/Base ratio (c) of Cu I emission line at 324.7 nm versus

the percentage of Ar added to air.

Combining the two behaviours in the P/B ratio an enhancement for Ar addition above 30% is
obtained.

To study the combined effect of the two gases, we fixed the Ar percentage at 35% and we vary the
He percentage. Such value of Ar percentage was chosen to avoid a further increase in the dilution for

He addition in the measurement volume.

56



1E+6 T T T T 8.0E+4 T T T T

a) | b)
3 S 6.0E+4 | B
< <
= SES T %ﬁ ¢ = 5.0E+4 | :
2 6E+5 | - 2 4.0E+4 | .
8 8
8= .S 3.0E+4 .
Eupes | 1 = 3.0E+4
3 2 2.0E+4 | .
T2ELS 1 " 1oew | .
0E+0 . ' ' ' 0.0E+0 : ' ' '
0 12 24 36 48 60 0 12 24 36 48 60
Ar 35% + He [%] Ar 35% + He [%]
21 T T T T
C
18 ) .

‘| it

P/B

S W O O
T

0 12 24 36 48 60
Ar 35% + He [%]

Figure 44. Peak line emission (a), Base (b), and Peak/Base (c) Cu I emission line at 324.7 nm versus the
percentage He added to Ar (35%) and air.

In Figure 44 peak, base and peak/base are reported versus He percentage, keeping constant Ar at 35%
in air. While the base signal is not affected by He addition, the peak line emission exhibits a slight
increase, which results in a corresponding increase in P/B ratio. The maximum enhancement was
obtained with the following conditions: 35% of Ar and 15% of He in air.

A time-resolved LIBS signal study was performed with the different gases under analysis in the probe
volume, namely with 15% of He, 35% of Ar, and the mixture 35% Ar/ 15% He. In Figure 45 peak,
base and peak/base are reported versus delay time. The same trend is detected for all gas conditions:
increasing the delay time, a significant decrease of both peak and base is detected, which corresponds

to an increase in peak/base ratio.
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Figure 45. Peak (a), base (b) and P/B ratio (c) behaviour versus delay time in air and in 15% He, 35% Ar
and 35% Ar / 15% He mixture in air.

For all delay times, the peak and the base are lower with He addition than in the other configurations.
This effect is due to the expansion of the plasma and the resulting faster cooling in the He environment
[140]. Moreover, the significant decrease in the base accounts for an increase in P/B compared to the
values in air. Different behaviour is detected with the other gases, Ar, He +Ar mixture and pure air.
While the base exhibits almost the same values at any delay time, an increase in the peak is observed
with the addition of Ar and 35% Ar/ 15% He mixture to air. This corresponds to an enhancement in
the P/B value in the presence of Ar especially with Ar + He. As shown before this behaviour can be
attributed to a faster cooling in He atmosphere and a corresponding slower cooling in Ar atmosphere
(with respect to pure Air) [140,141]. The mixture of the two gases results in a more evident
enhancement thanks to the background suppression observed in He atmosphere, and emission line
enhancement due to Ar. A more detailed temporal analysis of the mixture configurations is reported
in Figure 46, where it is highlighted a higher peak intensity and a lower base at all delay times in

presence of the mixture of gases compared to the values in air.
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Moreover, in the case of gas mixture configuration P/B trend exhibits a maximum higher than the
value in air of about 50% and shifted at a longer delay time (occurring at 55 us vs 45 ps in air). This
P/B value continues to be significantly higher in the He / Ar mixture than in air up to about 200 ps.
These results might suggest an interesting approach to apply for enhancing the LIBS signal, which is
extending the integration time (detection gate width) to a longer delay time in the He/Ar mixture

condition compared to air condition. Such behaviour can be attributed to some properties of Ar and
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He such thermal conductivities and ionization potentials [140]. In brief:

- the higher value of He increases the cooling rate, which reflects in a reduction in the spectral

noise level.

- The enhancement in the LIBS signal with Ar addition can be attributed to a slight increase in
the thermal conductivity of Ar with respect to air, and also to the substantial reduction of

oxygen percentage in the probe volume, and consequently to the reduction in the quenching

effect of O2 on LIBS signal [92,116].
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4.3.3 Combined particles and gas matrix effects

To investigate the combined effect of the gas matrix and the concomitant presence of another element
in the probe volume, the presence of Cr in the probe volume was also considered on the Cu LIBS
emission line. In Table 8 the concentration used for Cu and Cr are shown, where the Cu:Cr ratio of

about 1:5 is considered due to the highest enhancement detected.

Table 8. Element concentrations inside the measurement chamber.

Element Concentration [pg/m3]
Cu 500
Cr 2700

In Figure 47 the time-resolved trend of the peak/base value related to the Cu emission line is shown

in air, with the addition of Ar/He mixture to air, and with the further addition of the Cr compound.
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Figure 47. Peak/Base versus delay time of Cu emission line in air, with Ar/He mixture in air, and with the
Sfurther addition of Cr compound. Concentration ratio of Cu:Cris 1:5. Error bars are reported in each

condition.

In this figure it is evident the concomitant effect of the mass and gases matrix on Cu analyte in the
probe volume.
- The addition of the He/Ar mixture results in an increase in the maximum P/B value and in a
shift of this maximum occurrence at a higher delay time, which is the same trend already
shown in Figure 46.
- The further addition of Cr in the probe volume is responsible for a further enhancement of

P/B value and a shift of this peak to lower delay time.
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As it can be seen in the measurements reported in Figure 47, the concentration of Cu analyte is half
than the value shown in Figure 46. This choice is due to the need of further adding Cr compound for
this specific study.

We can conclude that the effect of the concomitant mass present in the probe volume is independent
from the effect of the gas matrix and actually, the two contributions can be considered in the final
P/B trend of the Cu emission line.

These data are presented in a paper which is being prepared for submission on a peer review journal.
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5 RESULTS ON FILTER

In order to improve the detection limits and thus be able to perform measurements at lower
concentrations, an accumulation of aerosol particles on filters is performed for subsequent LIBS
measurements directly on the particulate collected on the filter, as shown in the experimental setup

reported in the previous section.

5.1 EXPERIMENTAL CONDITIONS FOR FILTER ANALYSIS

In this section, the experimental conditions employed for LIBS analysis on filter are reported,
underlining their significant difference from those used for direct aerosol analysis. To this purpose,
the experiment set-up reported in the previous section is used where the aerosol with the element
under analysis is deposited on 3 mm diameter spot filter. Differently from aerosol measurements,
lower laser energies are sufficient to achieve breakdown, and acquisition times are significantly
reduced. In this case, the laser energy was set at 23 mJ/pulse, which was the upper limit of energy
before the filter was damaged by the laser pulse. Moreover, a significant damaging also in the region
outside the area under analysis is obtained, more important with higher laser energy. Decreasing the
laser energy and consequently limiting the ablation area, multiple LIBS measurements were carried
out on the same deposit avoiding possible interferences between close measurements. The analyses
were initially performed using a laser beam with a wavelength of 266 nm, in order to explore possible
differences in employing different laser wavelength. The laser pulse parameters (energy and
wavelength) were fixed and the gate width for signal acquisition was set at 100 ns, since the LIBS
signal was no longer visible for shorter gates and tended to background noise for too long gates. Five
measurements were performed on iron aerosol deposited on a paper filter, varying the signal
acquisition delay time at the values of 200 ns, 300 ns, 500 ns, 750 ns, and 1000 ns, as shown in Figure

48. In particular, Fe II emission line at 260.1 nm is reported.
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Figure 48. Typical LIBS spectra of iron (Fe Il at 260.1) varying the delay time.
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Figure 49. Peak, base and Peak (-B) to base ratio of iron LIBS intensity versus delay time.

It is evident that, although peak and base decrease with increasing delay time, a resulting enhancement

in P/ B is obtained. However, at delay times of 750 ns and 1000 ns, base values very close to the

electronic background noise are detected, indicating the occurrence of a cold plasma, far from LTE

conditions. For this reason, in this work 500 ns was chosen as delay time for LIBS measurements on

particle-loaded filter.

In order to investigate the effect of the use of different excitation wavelength or different filter type

in LIBS measurements, in Figure 50 I report a comparison of the iron LIBS spectra obtained at 1064

nm and 266 nm excitation wavelength and paper/quartz filter. In particular, measurements are

performed with 500 ns delay time and 100 ns gate width.
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Figure 50. LIBS spectra of iron varying the excitation wavelength (266 nm / 1064 nm) and the filter type
(quartz/paper).

As highlighted in this figure, using the same laser pulse energy and performing measurements on
deposits with the same surface concentration, very similar spectra are obtained, showing that the
excitation wavelength effect and the filter matrix effects can be considered negligible. According to
these analyses, 1064 nm laser beam with an energy of 23 mJ and samplings performed on quartz fibre

filters are considered for the analysis reported in the following.

5.1.1 Calibration curves on filters

For the calibration, single shot measurements were carried out varying the probe volume position on
the filter spot. In particular, 9 different points in the spot were considered and the LIBS signal was
evaluated by averaging on these 9 single shot measurements. The corresponding surface particle

concentration Cs was calculated as follows:
m CF

where m is the elemental mass deposited on the filter, 4 is deposited surface spot, Qs is the sampling
flow rate, ¢ is the sampling time and C is the aerosol concentration expressed in ug/m’. Each surface
concentration was associated with an error derived by applying the error propagation theory to
Eq.(20). The relative errors of A and Qs result to be less than 1 % each, which can be considered
negligible compared to the relative error of the aerosol concentration C measurement which is
assessed to 16 %. Therefore, 16 % results to be also the relative error of the surface concentration. In
this case, no error is associated to the signal because the variability in single shots is mostly due to

inhomogeneity of the pollutants' concentration onto the filter more than intrinsic measurement errors.
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Differently from aerosol measurements, for filter analysis other lines are employed for manganese
and cadmium, both referred to ion emission lines. In particular, Cd emission line was detected at
223.7 nm wavelength, and Mn emission line at 257.9 nm wavelength. These ion lines, in fact, allowed
a better signal evaluation and consequently a better limit of detection.

Theoretically, this collecting procedure allows the measurement of any concentration of a given
analyte by simply adapting the collection times to the related aerosol concentration. For this reason,
filters with different surface concentrations of the analyte were sampled, and by performing LIBS
measurements, the calibration curves were obtained. In Figure 51 a typical example of the calibration
curve for manganese is shown, where the P/B is reported versus the surface concentration. While at
low surface concentration, a linear trend can be detected, a loss in linearity is present above a certain
surface concentration threshold, which is different for each element. This effect is due to self-
absorption effect, which is particularly evident when comparing the calibration curves of lead and
manganese. It is important to stress that the line emitted by manganese (Mn I 257.9 nm) results from
the decay to the ground state, while the line emitted by lead (Pb I 406.2 nm) comes from a decay to
a higher energy level, only slightly more than 1 eV. As described previously, the radiation emitted by
a decay to the ground state exhibits a significant probability of being absorbed by resonance by
another atom of the same species, while this probability decreases for radiation emitted from decays
on other energy levels. This is confirmed in our measurements: for high surface concentrations, there
is no evident filter or detector saturation on lead, while in the case of manganese this phenomenon
starts already at 10 pg/cm?, with a loss in linearity between the mass of the analyte and the intensity
of the emitted signal. In this case as well, the calibration lines for the different elements were

calculated in the range of linearity between surface concentration and collected LIBS signal.
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Figure 51. Self-absorption effect on Mn Il 257.9 nm emission line.

In Figure 52-Figure 60 results obtained for Cu, Ni, Pb, Mn, Cr, Cd, Tl, Co and V are shown

respectively. In particular, for each element the spectra are reported at each concentration on the left,

65



while on the right the corresponding calibration plot. These calibration curves are obtained by means

of a linear fit, with 95% confidence area highlighted using two dotted lines.
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Figure 52. Left) Cu spectra emission line at different surface concentrations. Right) Linear fitting for

deposited copper calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 53. Left) Ni spectra emission line at different surface concentrations. Right) Linear fitting for

deposited nickel calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 54. Left) Pb spectra emission line at different surface concentrations. Right) Linear fitting for

deposited lead calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 55. Left) Mn spectra emission line at different surface concentrations. Right) Linear fitting for

deposited manganese calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 56. Left) Cr spectra emission line at different surface concentrations. Right) Linear fitting for

deposited chromium calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 57. Left) Cd spectra emission line at different surface concentrations. Right) Linear fitting for

deposited cadmium calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 58. Left) Tl spectra emission line at different surface concentrations. Right) Linear fitting for

deposited thallium calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 59. Left) Co spectra emission line at different surface concentrations. Right) Linear fitting for

deposited cobalt calibration curve parameters calculation and 95% confidence interval (CI).
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Figure 60. Left) V spectra emission line at different surface concentrations. Right) Linear fitting for

deposited vanadium calibration curve parameters calculation and 95% confidence interval (CI).
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No LIBS signal was detected for arsenic, which was instead reported for direct aerosol measurements.
In fact, even at high concentrations and long deposition times, no emission signal was obtained. The
problem is likely due to a combination of factors, including a weak instrumental response in that
wavelength range and a weak sensitivity of the analyte to the LIBS technique.

Table 9 reports the parameters of the calibration curves obtained, slope and intercept, the R? as an

index of the goodness of the fitting, and the calculated LODs.

Table 9. In the table are reported the fitting parameters of aerosol deposited on filter calibration curves:

slope, intercept and R’: and the calculated LODs.

LOD
Metal Slope  Intercept R?

[ng/em?|
Cu 1.93 0.86 0.99 0.05+0.02
Ni 0.98 -1.35 0.99 09+03
Pb 0.20 0.01 0.99 1.4+0.5
Mn 2.64 0.17 0.92 1.6 +0.5
Cr 0.57 0.73 0.99 1.5+0.5
Cd 0.89 6.33 0.69 4+1.2
Tl 0.31 0.36 0.92 34+1.1
Co 0.29 0.48 0.99 1.0+0.3
As - - -
A% 0.30 -0.20 0.99 1.0+0.3

In order to relate the LODs obtained from direct and indirect measurements, a table of the minimum
sampling time required to obtain the same analyte concentration on samples as the one corresponding
to LODs in aerosol is shown in Table 10. In particular, these time values refer to a sampling flow rate

of 1 L/min and a spot area of 0.07 cm?.

Table 10. Sampling time required to reach the surface concentration LODs, sampling aerosols at

concentrations equal to air concentration LODs.
Metal Cu Ni Pb Mn Cr Cd Tl Co v
Time [min] 0.3 33 2.7 7.1 106 59 343 79 3.5

Considering direct aerosol measurements obtained with 5000 acquisitions and working with a laser
shot repetition rate of 10 Hz, it takes approximately 9 minutes for a single measurement. Therefore,
in conditions of concentrations close to the LODs in air for elements such as Cr and TI, a direct
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measurement is convenient in terms of time, while for the others an indirect measurement is preferred.
Obviously, in the case of higher concentrations, the collection times would be reduced for all
elements. On the other hand, for air concentrations below the LODs obtained for direct measurements,
it would be mandatory to perform samplings of longer duration than the times reported in Table 10,
depending on the presumed concentration.

Considering as standard a sampling of 5 min at 1 1/min flow rate, the above superficial LODs span
from 1 pg/m? for Cr to 48 for Cd pg/m*. Comparing these values with literature [36,59,84,142], they
are generally higher, this because a prevalent improvement of the instrument for direct on-line
measurements, but these values can be lowered by extending the sampling time or increasing the

sampling flow-rate.

70



6 CASE STUDY

In this chapter matrix effects study due to gas and / or concomitant presence of other
elements/compounds in the probe volume is performed trying to highlight possible application for
enhancing LIBS signals. Moreover, different case studies are presented aimed to underline the

potential of the technique in different applications.

6.1 LIBS AND TXRF MEASUREMENTS COMPARISON (MULTIELEMENT)
It is important to stress that these analyses were performed with known elemental percentages. In this
paragraph a direct comparison between LIBS and TXRF measurements were performed for
calibration purposes.

Table 11. LIBS vs TXRF experimental parameters both varying the collection time (1° to 5" columns) and

sampling repeating with a fixed time (6" to 10™ columns): sampling time, element aerosol concentration,
element ratio.

Time Conc. Ratio [%)] Time Conc. Ratio [%]

[min] [pg/m’] Cale. LIBS TXRF [min] [pg/m’] Cale. LIBS TXRF Flement

99 10 5 10 239 10 23 18 Cu

12 792 78 89 77 45 726 54 58 52 Pb

124 12 6 13 370 28 18 29 Ni

109 10 7 10 217 10 19 19 Cu

20 875 78 86 77 45 660 54 64 50 Pb

137 12 7 13 336 28 18 31 Ni

97 10 6 10 217 10 20 18 Cu

30 780 78 88 77 45 659 54 62 51 Pb

122 12 7 13 335 28 18 30 Ni

101 10 6 10 223 10 20 19 Cu

45 823 78 87 77 45 676 54 61 49 Pb

129 12 7 13 344 28 19 32 Ni

219 10 19 19 Cu

45 664 54 62 48 Pb

338 28 19 33 Ni

Using LIBS as a real-time monitoring technique, several filters were sampled and subsequently

analysed by TXRF. In particular, relative concentrations of multi-element samples, namely copper,
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nickel, and lead obtained with the two techniques were compared. Two different series of samplings
were performed following the parameters reported in Table 11.

It is important to stress that these analyses were performed with known elemental percentages. In this
paragraph a direct comparison between LIBS and TXRF measurements were performed for
calibration purposes.

Table 11 are also shown in Figure 61 Figure 62, where different and the same acquisition time was
used respectively. The relative quantities of elements measured by LIBS are within 10% of the
calculated values, while the relative values obtained by TXRF are within 5%. Considering the relative
nature of these measurements, since no absolute concentration value was associated with the signal
obtained, these results highlight a fair calibration of the LIBS instrumentation. In fact, it was possible
to assign the correct weight to each element signal to obtain relative quantities that are comparable to

both the calculated values and the values obtained by TXRF.
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Figure 61. Relative quantities of Cu, Ni and Pb measured through LIBS and TXRF with different sampling
times. All measurements are compared to the calculated values.
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Figure 62. Relative quantities of Cu, Ni and Pb measured through LIBS and TXRF in 5 repeated
measurements. All measurements are compared to the calculated values.

These results were presented at the conference PM2022 as a poster contribution.
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6.2 BRAKE POWDER STUDY

LIBS measurements on real aerosol generated with brake wear powders were performed. To this
purpose particulate matter was used collected on filters provided by TCR Tecora s.r.1. in collaboration
with Istituto di Ricerche Farmacologiche Mario Negri-IRCCS which sampled break wear dust. In
order to perform the analysis on aerosol, such powder was again resuspended in ultrapure distilled
water using an ultrasonic bath to be further nebulized inside the LIBS analysis sampling circuit as
described in Appendix A3.

A preliminary analysis on the aerosol produced is performed in order to investigate the size
distribution of particles considered. To this purpose, an Optical Particles Counter (OPC) (Portable
GRIMM Dust Monitor 1.107) is used, through which the particulate matter can be subdivided into 31
dimensional classes from 0.25 pm to 32 pm.

A copper oxide powder (CuO) was considered as particles dimension reference, consisting of
particles with 3 um maximum diameter. In Figure 63 the size distribution of these particles as well
as the brakes powder are shown, revealing in both cases a bimodal distribution. In the case of CuO
particles, particles diameter up to 3 um are detected, with values approaching zero for the channels
at 3.5 um and 4 um. On the contrary, for brakes powder a wider dimensional distribution compared
to copper oxide is obtained. In fact, the second mode of the distribution is shifted towards higher
particle size, up to 10 um, this analysis reveals the ability of the system to aerosolize particles larger

than 3 um in diameter.
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Figure 63. OPC particles size distribution.
In Figure 64 Scanning Electron Microscope (SEM) image of brake powder is reported, where it is
possible to note the presence of particles with diameters greater than 5 um, although in a smaller
number than smaller particles. This is consistent with the low number of particles detected using OPC
with diameters greater than 5 pm. These analyses confirm a good aerosolization of the powders

without the risk of losing most of the powders before measurements.
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Figure 64. Deposited brake wear powder SEM acquired image (Image Resolution: 512 by 384, Image Pixel
Size: 0.07 um; Acc. Voltage: 15.0 kV; Magnification: 3500).

As a first analysis qualitative LIBS measurements were carried out in order to check the presence of
the metals under regulation. A wide scan from 200 nm up to 500 nm was performed, subdividing the
acquisition into 12 spectral windows of 25 nm wide each. For each acquisition 10000 spectra are
accumulated. This qualitative analysis was performed in conjunction with Energy Dispersive X-Ray
Spectroscopy (EDS) analysis on the same powders. In Table 12 the relative
Table 12
Table 12. Relative elemental mass detected on deposited brake wear powder thorough EDS analysis.
O Mg Al Si Ca Cr Mn Fe Cu Zn Mo
Weight [%] 26.32  0.17 9.27 393 033 009 067 5820 028 031 043

In this context, Cu, Cr and Mn are considered and the related emission lines are reported in Figure
65. While the emission lines of copper and the triplet of manganese are perfectly resolved, for
chromium, interferences with very intense emission lines from iron are evident. All the other scanned

regions are reported in appendix A4.
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Figure 65.10000 accumulated emission spectra of nebulised water for background analysis and subtraction
purposes (black), of brakes powder (blue), and subtraction spectra (red). Regions of evaluation: Cu (top-
left), Cr (top-right), Mn (bottom).

For the quantitative analysis, a series of 10000 single spectra for each region of interest were recorded
at 30 us of delay time and with a gate width of 100 ps. Then, the conditional analysis was applied on
these series of spectra. Measurements at four different concentrations loadings were performed, one
at “high concentration” and three at lower concentration, called “low concentration”, obtained
diluting the original suspension. Moreover, considering Cr analysis, particular attention was given in
the conditional analysis in order to avoid overestimation for the presence of high iron signals. In order
to validate LIBS measurements, the aerosol measured directly with LIBS was sampled on quartz
filters at the exit of the measurement chamber for subsequent analysis via ICP technique. In Figure 66
a direct comparison of the concentrations obtained with ICP and LIBS measurements is shown. In
particular, we refer to the four measurements as F7, F11, F14 and F17, where F14 was the highest
concentration measurement. The analysis of Cu concentration levels obtained with LIBS
measurements points out the presence of low concentration for F7, F11 and F17 and a higher

concentration for F14, which is in agreement with the sample preparation.
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Figure 66. Aerosol concentrations results for Cu, Cr and Mn and relative errors, obtained with LIBS and
ICP measurements.
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There is not accordance with ICP results for F7 and F11, also due to a low sensitivity to Cu of the
ICP instrumentation employed. Focusing on Cr and Mn results, for the measurements F11, F14 and
F17 is highlighted the high concentration for F14 and the low concentration for the other two filters.
The sample F7 was evaluated as low concentration by ICP while, especially for Cr, was higher in
LIBS results. This anomaly can be due to the presence of a greater number of Fe spectra in F7,
resulting in an overestimation of Cr. On the contrary, F7 for Mn in LIBS was measured at 280 nm
despite the other measurements at 403 nm, and this led an interference with Mg, that was rejected
from analysis but as for the Fe interference can lead to an overestimation of Mn emission line.

As a final remark, concentrations obtained with LIBS were expected to be slightly higher than those
with ICP, because of a possible loss of particle along the path before reaching the filter and also due
to the collection efficiency of the filter itself.

The data were presented to an International Conference (LIBS 2022) as a poster contribution, reported

at the end of this thesis.

6.3 LIBS ANALYSIS ON FILTERED DEPOSIT ON SNOW

Indirect LIBS analysis on filters was implemented to analyse three quartz filters on which materials
from snow superficial sediments, coming from the Cordillera Blanca in Pert, were collected. These
sampled filters were provided by Stefania Gilardoni, CNR-ISP. In this context, the aim of this analysis
is to evaluate the presence of iron in the powder collected. A preliminary qualitative analysis to verify
the presence of this element was accompanied by a more detailed quantitative analysis after
appropriate instrumental calibration. All the spectra, both for qualitative and quantitative
measurements, are acquired using the laser in a configuration able to generate pulses of 23 mJ each,
and the spectrometer set to register the signal with a delay time of 500 ns and a gate time of 100 ns,

parameters chosen after some tests on quartz fibre filter analysis.
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In Figure 67, a typical example of emission intensity of LIBS signal is reported, while in Figure 68

the theoretical spectrum computed with an on-line NIST tool is shown [143].
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Figure 67. Single spectrum collected with a delay time of 500 ns and a gate aperture of 100 ns from the

emission of a single laser pulse discharge operating at 23 mJ/pulse.
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Figure 68. Theoretical emission spectrum composed by the emission lines of Si I, Fe I and Fe Il calculated

by means of the NIST LIBS database tool [143].

Comparing the two graphs reported in Figure 67, a single shot LIBS spectrum, and Figure 68, it is
possible to establish the presence of iron from two groups of emission lines, which can be attributed
prevalently to Fe II ion emission. The pattern of the 5 emission lines at wavelengths of 260.1 nm,
260.9 nm, 261.4 nm, 262.8 nm, and 263.3 nm are all attributable to Fe II, as are the lines at 256.5 nm,
258.8 nm, and 273.0 nm, and all these lines are present in both graphs, the experimental one and the
theoretical one. Only the line at 248.5 nm is visible as an emission line from neutral Fe atoms. In
addition, two emission lines from neutral silicon at 250.9 nm and 251.9 nm are also clearly visible,
which are due to emission from the quartz filter matrix as well as the presence of natural sediments
within the deposited powders. The presence of Si lines emitted by the filtering matrix proves of the

ability of measure through the whole layer of deposited particles with a single laser shot without
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saturation problems due to the particles amount. After the qualitative elemental identification, the
second step was to construct a proper calibration curve in order to have a quantification of the iron
deposited on the filter. For this reason, filters with six different surface concentrations have been
employed. As reported in the graph displayed in Figure 69 a good linear relationship is highlighted
at lower concentrations, up to 30 pug/cm?, corresponding P/B, reaching a value of 12. Using the
obtained relationship is possible to evaluate the quantity of iron deposited onto the 3 filters (F1, F2
and F3).
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Figure 69. Calibration curve of Fe Il emission line at 260.1 nm. It is clearly visible a linear relation between
surface concentration and signal up to 30 ug/cm’, and then a plateau up to 80 ug/cm’, due to filter

saturation.

As shown in the graphs of Figure 70, for each filter a representative spectrum has been obtained by

averaging three spectra collected from LIBS measurements in three different points of each filter.
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Figure 70: Left) Fe signal detected from the 3 filters (F1, F2 and F3), each spectrum is an average of 3
spectra collected from 3 different areas of the filter. Right) calculated surface concentration for F1, F2 and

F3 by evaluating the signals with the calibration curve.
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By using the calibration curves, concentration measurements are obtained, that are 18 + 5 pug/m? for
F1,20+5 pg/m? for F2, and 21 + 5 ug/m? for F3. Here, the errors have been calculated by propagating
the errors of the curve parameters. As highlighted from the left graph in Figure 70, the 3 signals are
within the linear peak response, making possible the use of this calibration curve for the concentration

evaluation.
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7 CONCLUSIONS

The main goal of this PhD work has been the design and development of an instrumental prototype
capable to perform real-time monitoring of heavy metal emissions at the chimney of industrial
combustion systems/plants. In particular, the focus has been set on regulated heavy metals, namely
Cu, Ni, Pb, Cr, Mn, Cd, Co, T1, V, As and Sb with the aim of performing their simultaneous detection.
To this purpose, the LIBS technique has been adopted, being this diagnostic tool very sensitive to
metal detection and especially suitable for real-time monitoring since it does not require sample
preparation. However, being the metals of interest dispersed in very low concentration in aerosol
phase, effort has been spent in the optimization of the experimental condition, in particular the data
collection and processing strategy, in order to increase the signal-to-noise ratio and thus reduce the
detection limits. Moreover, the experimental apparatus has been designed to be compact and robust
for effortless employment in field campaigns other than for being more versatile, thus suitable for
different applications.
The resulting prototype has been properly calibrated for each heavy metal, in the pg/m? concentration
range, individually. Thus, the corresponding limit of detection has been retrieved, resulting to be
lower than the LOD values reported in the literature for metals measurements in aerosol. Therefore,
this prototype can be considered a valuable asset in atmospheric heavy metal monitoring.
The complexity of the aerosol samples (different types of particles + gases) also required a
fundamental study concerning the effect of a specific matrix on the LIBS signal evaluation. According
to the matrix nature (particle vs gases) different effects has been observed, which can be summarized
as follows:
- the concomitant presence of other elements in the probe volume generally produces a LIBS
peak intensity enhancement;
- the entity of the enhancement strictly depends on the element loading and the chemical-
physical properties of all the species in the probe volume.
- the effects of gas addition on LIBS signal is mostly related to the thermal conductivity of the
species considered;
- He addition promotes a rapid plasma expansion and cooling, resulting in a reduction in the
signal background;
- Ar tends to limit the expansion of the plasma and to maintain higher temperatures causing a

global increasing of the emission signal.
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- in general, the effect of the concomitant mass present in the probe volume is independent from
the effect of the gas matrix and actually, the two contributions can be added to improve the
peak intensity.

Therefore, if experimentally feasible, an environment with a controlled atmosphere of He and Ar or
the addition of a known element in the probe volume can be used to increase the LIBS emission signal
of the metal of interest, especially for those elements with a relatively high detection limit.

Another option for reducing the limit of detection is to accumulate the aerosol particles on a filter and
then perform LIBS measurements on the particle-loaded filter. This approach has been also tested in
the present PhD work and it required a modification of the prototype design to accommodate the
particle-loaded filter in the probe volume as well as a new optimization of the data collection
procedure (laser fluence, detection gate and with) and analysis. For sampling time of the order of a
few-minutes, which make these measurements comparable with the ones in the aerosol phase, the
LOD obtained on particles-loaded filters are slightly higher than the corresponding values reported
in the literature but generally lower than LODs obtained in aerosol. However, the LOD of metal-
loaded filters via LIBS can still be improved by properly tuning the sampling time or the sampling
flow rate and can be considered a valuable alternative to aerosol measurements for all those elements
which are present in very low concentration in the aerosol phase.

To emphasize the potentiality of the technique, LIBS analysis on specific applications are also
performed, as for example on brake powder in aerosol.

To conclude, it is worth underling that the application of LIBS technique for heavy metals detection
and concentration measurements in aerosol is a valuable and suitable tool for the analysis at the
chimney of industrial combustion plants. However, such application in aerosol is still challenging to
be performed for air quality monitoring. The employment of the analysis on particle-loaded filter
(obtained with relatively short-time collection) as tested in this work has proved to overcome in part

this limitation for real time monitoring.
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APPENDIX

A1 NEBULIZERS
In this work two different nebulizers were employed, the TSI Constant Output Atomizer and the
medical nebulizer (HUDSON UP-DRAFT Nebulizer). In Figure 71 a picture of these two nebulizers
is shown.
The choice of these two nebulizers was based on their different applications in the LIBS
measurements. The TSI nebulizer was used in preliminary LIBS measurements, since the
employment of a nebulizer with well controlled size and number of particles production was
mandatory for preliminary tests. Once the LIBS set-up configuration was optimized, the TSI nebulizer
was substituted with the medical one, being this last lighter and more practical to be used for on-site
measurements. This last also offers greater efficiency in terms of size and cost for field tests and
calibrations. The working conditions of the two nebulizers are also different.
- The TSI nebuliser is used with an air flow rate of 3 I/min generating droplets with a medium
diameter of 0.3 pm.
- The Hudson nebuliser is operated with a 5 1/m flow rate generating droplets with a mean
diameter of 5 pm.
Due to these different conditions and the different solution consumption of the two nebulizers,
although working with solutions having the same molar concentrations, different aerosol

concentrations are obtained in the two cases.

Figure 71. left) TSI Constant Output Atomizer, right) HUDSON UP-DRAFT Nebulizer.

Preliminary measurements were carried out in order to investigate the stability and repeatability of
the consumption of both nebulizers. In fact, this is a fundamental parameter for calculating the
concentration of the aerosol used for calibration. In Figure 72 examples of the consumption evaluated

in different measurement tests are reported for the two nebulizers. Each point refers to measurements
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performed in a wide range of times, starting from 2 minutes, the shortest one, up to 260 minutes the
longest one, with a large number of tests performed in a narrower range of times, between 10 minutes
and 30 minutes.

The consumption analysis was performed on 80 measurements, which are spread in time during the
year. As it can be seen, the two nebulizers work with different solution consumption rates, which is
due to different geometry and the working carrier gas flow rate. Considering a simple analysis of the
mean and standard deviation, a consumption values of 0.05 + 0.01 g/min for the TSI nebuliser and
0.13 £ 0.03 g/min for the HUDSON nebuliser are obtained, which also prove the different variability
for the two nebulisers. In Figure 73 the consumption values and the relative error are reported for the
two nebulizers.

Analysing the consumption trend, a central peak is visible in the consumption trend obtained with the
TSI nebulizer, corresponding to the summer months. It is likely that higher temperatures affect the
evaporation of the solution, leading to a higher overall consumption. The difference between the
minimum consumption period and the maximum is about 40 % respect to the mean value, so this
difference is valuable above the spreading of the data. Considering the HUDSON nebuliser, there is

no evident trends in the consumption measurements.
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Figure 72. 180 repetitions of solution consumption measured during the nebulization; TSI (left) and
HUDSON (right).
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Figure 73. Mean consumption value calculated over the 180 repetitions and related standard deviation.

A2 NEBULIZATION ANALYSIS VIA TXRF

As a preliminary analysis, in order to develop a proper LIBS apparatus for real time heavy metals
aerosol emission measurement, a proper study on the aerosol generation is carried on. In this context,
the creation of properly characterized aerosols for calibrating online analysis methodologies, in this
case LIBS, is of great interest, together with the creation of reference and calibration samples with
known amounts of deposited PM. The deposited samples can be used for calibration of offline
analysis methodologies considering the matrix effect due to the substrate used for the aerosol particles
deposition. This would represent an interesting new approach to produce reference materials. As a
proof of concept for the use of an aerosol generator to realize aerosol for calibrating online LIBS and
particulate deposition for offline TXRF and LIBS on filters, we designed a model experiment to study
aerosol particles dispersions and depositions. The obtained results have been published on the journal

“Aerosol Science and Technology” in 2023 [144].
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Figure 74. Experimental set-up for aerosol nebulization study.
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Concentration and size distribution of aerosol particles created by nebulization of Cu salt aqueous
solutions are determined by using an optical particle counter (OPC), changing the flow rate of the
aerosol production unit. The experimental set-up is reported in Figure 74. The best experimental
conditions to obtain a stable aerosol particles concentration in the system are retrieved and used for
further investigation of the radial distribution of the particles across the aerosol. On this purpose
particulate is collected on reflectors positioned at five different locations at a fixed distance from the
generator nozzle. Quantitative analysis of the Cu mass of particulate is performed by TXRF using Ga
as internal standard for calibration, loaded on the reflectors before starting the experiment.

It is observed that deposition increases with the flow rate, with the average flow rate (4 L/min)
resulting in a steady concentration that balance aerosol particles production and deposition. This
setting is selected for studying the aerosol spatial distribution by collecting the particulate at a fixed
position and using a radial geometry. A leftward asymmetry of the aerosol particles flow with respect
to the nozzle is evident by measuring the Cu mass deposited on reflectors, which linearly increases
with exposure time to the aerosol. Small deviations from linearity observed at higher times are
probably due to the shadowing internal standard effect by the deposited particulate. Well
characterized aerosols can be used to calibrate online LIBS instruments though, due to the asymmetry
detected in the mass distribution across the aerosol, care must be taken in considering the
concentration calculated from the solution consumption as the one measured online in a specific point
of the aerosol. A proper experimental arrangement must be considered to ensure a homogeneous
aerosol suitable for calibration purposes. For this reason, in LIBS experimental procedure, the
generated aerosol passes through a mixing chamber, in which the addition of clean air has two main
purposes. The first one is to dry the droplets and let flow only the metal particulate through the
measurement chamber, the second one is to mix droplets with air and create a uniform aerosol
concentration.

These data are part of a paper published in a peer review journal, Aerosol Science and Technology.

A3 SUSPENSIONS

A further different method for generating specific aerosol for LIBS analysis in the laboratory always
involves a nebulisation process, but instead of using a chemical solution can be used a suspension, in
which the target particulate matter is suspended without undergoing any chemical-physical
transformation. This procedure is adopted when the analyte cannot be dissolved in distilled water or
need to be analysed in its original form. There are some special cases where it is useful, if not even
necessary, to use this procedure, for example when the target particulate matter has been previously

collected on a filter matrix and the objective is to perform a measurement on the analyte in aerosol
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form. As an example, this could be the case of powders produced during braking, for which the
construction of a LIBS apparatus suitable for online aerosol measurement is complex, so powders are
collected on a filter matrix and then analysed. A more detailed analysis will be described later as a
case study. As usual for other techniques, such as ICP, it would be possible to carry out a digestion
process of the filter using a strong acid as a solvent and bring all the constituent elements into solution
and produce aerosol with the usual procedure. In this particular case, it is not possible to use such an
acid solution, because both in the instrumental configuration implemented with the TSI atomizer and
with the medical nebulizer, damage would be done to the instrument. The TSI atomizer would be
damaged at the micro-hole used to break the solution flow and would cause loss of control over the
size of the droplets generated and also over the consumption of solution. The medical nebulizer, being
made of plastic, would undergo to general damage on all the parts in contact with the solution. In
addition, by dissolving the particles, information about the real aerosol would be lost. The elemental
chemical information would be retained, but the LIBS signal would be uncorrelated with the particle
size and elemental distribution within them. These are very variable characteristics within a real
aerosol that would lead to significantly different signals from each other, unlike a homogeneous
solution. This different behaviour is reflected in a different matrix effect, a different evaluation of the
limits of detection and also in the greater probability of saturation and incomplete vaporization for
the larger particles of the real aerosol. Characteristics that must be taken into account for the study of

these types of aerosols.

Figure 75. Procedure steps for suspension production. 1) loaded filter, 2) filter immersion in pure water, 3)
ultrasonic bath for particles detachment and suspension, 4) suspension; 5) nebuliser tank filling; 5)

aerosolization in ultrasonic bath.
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For these reasons, when the aerosol was filtered, the particle-loaded filters were immersed in ultra-
pure distilled water and placed in an ultrasonic bath to allow the almost complete detachment of the
deposited particles. Once the filter is cleaned, it is removed from the water and the suspension
undergoes an additional ultrasonic bath process in order to keep the particles in suspension.
Depending on the size of the particles, it is possible to recreate more or less stable suspensions. To
overcome the problem of suspension instability, during the nebulization process, the tank used to
contain the suspension is kept immersed in an ultrasonic bath, in order to have a suspension as stable
and homogeneous as possible and not lose a good part of the particulate matter by deposition. This
procedure is schematically reported in Figure 75. The limit of this procedure is the impossibility to
have a complete detachment of particles from the filter and that the bigger particles will be difficultly
nebulised due to their dimensions and due to their facility to deposit on the bottom instead of

remaining in suspension.

A4 BRAKE POWDER QUALITATIVE ANALYSIS SPECTRA

Acquired spectra from 200 nm to 500 nm, in 12 different windows with a range of 25 nm each (Figure
76) are reported. For each spectrum an accumulation of 10000 spectra is recorded. In each of the
graph the emission spectrum of powders (orange) is reported, the emission spectrum of pure water
(blue), used for background reference, and the signal obtained by the subtraction of the two (black).
The subtraction is obtained by subtracting for each channel the water signal to the powder signal, in

order to emphasize the presence of some emission lines.
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ARTICLE INFO ABSTRACT

Keywords: In this work the effect of concomitant mass present in the probe volume on the Cu I LIBS signal in aerosol is
LIBS studied for a correct interpretation in the quantitative analysis. Mg, Cr and Na are considered as matrix elements
Aerasol and the effect on the emission line is investigated increasing the loading of the elements with respect to copper
Matrix effect concentration. Moreover, the role of the specific matrix compounds employed is also analyzed comparing Na
chloride and Na acetate. The peak and base of Cu I LIBS signals as well as their corresponding peak/base ratios
are detected increasing the concentration of the matrix compounds under analysis. To explore this matrix effect
on the plasma, the temporal analysis of the peak and base of the Cu I emission line is performed with and without
chromium in the highest concentration under analysis. Finally, temperature measurements are carried out in the
different matrix conditions at relatively short delay time considering nitrogen neutral lines. The results obtained
highlight the effect of the concomitant mass present in the probe volume, essentially related to the physical
properties of the compounds considered. These properties can affect plasma conditions changing the temperature

and the plasma temporal evolution, and ultimately affecting the LIBS signal.

1. Introduction

In recent decades, Laser-Induced Breakdown spectroscopy (LIBS) has
been widely studied as a diagnostic tool for qualitative and quantitative
elemental concentration measurements in different applications [1,2].

In this context, an important issue to face for the interpretation of the
LIBS signal is the matrix effect, which is essentially related to the specific
matrix considered (e.g. the presence of other solid/gas-phase elements
in the probe volume) or also the different experimental conditions under
analysis (e.g. temperature) [3-13]. These specific parameters are
responsible for a modification in the line intensity of the analyte under
study, which affects its calibration curve. Concerning LIBS analysis on
aerosol, the presence of a gaseous matrix makes these measurements
more suitable to be performed, being the matrix effect in gas phase
significantly lower than in solid [14]. However, even in this case, the
change in the line intensity due to specific matrix effects has to be
considered for a correct interpretation of LIBS signals in the quantitative
analysis.

Different works are reported in the literature concerning the study of
matrix effects in LIBS measurements performed on aerosol particles or
gas phase [3-11,15,16].

* Corresponding authhor.
E-mail address: silvana.deiuliis@cnr.it (S. De Iuliis).
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In particular, the role of the concomitant mass present in the probe
volume on the physics of the particle vaporization as well as on the
plasma conditions has been investigated, which results in a change in
the response of the analyte under analysis. In this perspective, an
interesting work was performed by Diwakar et al. [10], where changes
in sodium or magnesium analyte emission response were investigated
with the addition of concomitant mass to the aerosol. Adding copper,
zine, or tungsten the authors detected a 50% enhancement in analyte
emission, which became negligible at a longer delay time. Furthermore,
by measuring plasma temperature in the vicinity of the aerosol particles,
a difference in bulk and local temperature was observed, probably
related to the plasma energy required for vaporization and ionization of
aerosol particle mass. Similar work was performed in ref. [11], where
the matrix effect of copper in sodium and magnesium LIBS measure-
ments was investigated. In particular, an enhancement of the neutral
lines and a reduction in the ionic lines were observed. Such behavior was
related to the increased electron density observed with copper addition,
which promotes an enhancement in the recombination of ions with
electrons, consequently increasing the neutral state population.

It is evident that for a deep comprehension of the matrix effects, the
chemical and physical processes occurring in the plasma must be
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considered [17]. For example, the heat and mass diffusion rates within
laser-induced plasma could be responsible for the presence of locally
perturbed areas (in correspondence with the analyte) inside the bulk
plasma. In this context, interesting work was performed by Asgill et al.
[18], where bulk plasma and local (i.e., analyte-rich regions) tempera-
tures were measured to detect plasma non-uniformity. As a result, a
difference in these temperatures was observed, which was more signif-
icant at about 20-40 ps the delay time.

Latty and coworkers [19] recently investigated Cs and Na atomic
emissions in a binary particle matrix with Cu using nanosecond and
femtosecond lasers. An enhancement in the Na emission line and a
reduction in the Cs emission line were detected with Cu present in the
probe volume. This behavior was attributed to changes in the temper-
ature induced by different aerosol compositions and perhaps to the
upper energy levels involved. In particular, an enhancement of the
signal was obtained in the case of higher upper energy levels, while a
reduction corresponds to lower upper energy levels. Moreover, fs-LIBS
significantly reduced this enhancement in the LIBS signals.

The works reported in the literature and the interpretation of the
data obtained underlined the complexity of the processes involved in the
laser-induced plasma, which are strictly related to the chemical and
physical properties of the elements present in the probe volume and
their combinations.

In this context, the role of the specific compounds present in the
probe volume should be considered, as also suggested in the works of
Gouegel and Eppler [20,21]. In these works, LIBS measurements were
performed on soil and underwater conditions. In both cases, a significant
difference was observed in the calibration curves and, consequently, in
the detection limit of the analytes under analysis concerning the
different chemical speciation of the compound considered. In particular,
the analyte emission line intensity was proved to vary considering sul-
fate, chloride, or nitrate compounds. However, to our knowledge, no
similar data are reported in the literature regarding the influence of
chemical speciation on LIBS measurements performed on aerosol.

This work aims to further investigate the effects of concomitant mass
present in the probe volume on the Cu I emission line to stress the role of
the physical properties of the elements involved in the plasma. To this
purpose, Mg, Cr, and Na were used as matrix elements. The effect on the
signal was investigated by increasing the loading of these elements with
respect to copper concentration. Moreover, the effect on Cu I emission
line was investigated due to the specific matrix compounds. Moreover, it
was investigated the effect on Cu I emission line due to the specific
matrix compounds. To this purpose, Na chloride and Na acetate were
used, and the effect was evaluated by increasing their loading in the
probe volume. Changes in the LIBS signal and base were detected,
varying the concentration of the matrix compounds. Combining the
loading analysis with temperature measurements, the matrix effect
observed under the different conditions is discussed in relation to the
physical properties of the compounds used.

2. Experimental

The experimental setup employed for LIBS measurements is sche-
matically represented in Fig. 1.

The fundamental beam of an Nd: YAG laser (1064 nm), working at
10 Hz repetition rate and energy of 370 mJ/pulse, is focused, using a 20
mm focal length lens, in the center of the measuring chamber to generate
the plasma directly in the aerosol flow. The atmospheric pressure sample
chamber comprises a PTFE six-way cell equipped with four optical
windows. The chamber internal volume is 15 cm®, and the aerosol inlet
and outlet have a diameter of 4 mm. LIBS signal is collected at 90° and
focused using an 80 mm lens on an optic fiber. The radiation is analyzed
with a spectrometer (Shamrock 500i spectrograph, coupled with an iStar
320 T, Andor Technology ICCD). The intensified CCD detector is syn-
chronized with the Q-switch laser to change the delay time of the de-
tector gate with respect to the laser shot. To detect atomic lines, a high-
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Fig. 1. Experimental setup for LIBS measurements.

resolution spectrograph grating is used (1200 grooves/mm) resulting in
a 25 nm spectral window. Aerosol particles are produced by nebulizing
solutions of salts (listed in Table 1), which are dissolved in ultra-purified
deionized water. A medical nebulizer (HUDSON UP-DRAFT Nebulizer)
filled with 15 ml solution is used to produce aerosol particles with a
filtered air flow rate of 5 I/min. Under these conditions, droplets of
about 3 pm in diameter are obtained. The droplets are then dried in a
dilution chamber (40 1 volume) connected to the nebulizer outlet. Here
51/min wet aerosol flow is mixed with 20 1/min dry air flow obtained by
pumping at 25 I/min with an aspiration system (Edwards, E2M2) For
LIBS measurements, by using another pumping system (DDS Aero,
Tecora), 1 1/min flow rate of aerosol is isokinetically sampled from the
dilution chamber and sent into the measuring chamber. The particles are
then collected on a glass fiber filter positioned before the pump.

The role of Cr, Na, and Mg on Cu analyte LIBS signal was investigated
to analyze the matrix multi-component effects. These elements were
obtained from different salt solutions: nitrate, chloride, and acetate.

Then, samples were prepared by mixing 7.5 ml Cu 0.001 M solution
with 7.5 ml matrix solution of different molar concentrations. This
resulted in 400 pg/m> Cu concentration and varied matrix mass con-
centrations in the measuring chamber. The molar concentrations of the
matrix solutions were properly prepared in order to obtain the mass
concentration ratios reported in Table 1. In particular, 1:1, 1:3, and 1:5
refer to the Cu: (Mg, Cr, Na) mass concentration ratio. Moreover, in the
case of Na, the role of the original compound was also investigated,
namely chloride and acetate. In Table 1, the wavelengths of the emission
lines used in the present work are also reported for each analyte, which
were chosen as a compromise between the highest LIBS signal and
reduced background structures interference.

3. Results

In Fig. 2, LIBS spectra corrected for the instrumental factor are
Table 1
For each element, the related compound used for the solutions, the wavelength

of the analyzed emission line, and the concentration ratio with respect to Cu in
the measuring chamber are reported.

Compound Wavelength [nm] Element mass concentration Ratio

Cu Cu(NO3),-3H20 324.7

Na  Nadl 589

CaH3Nao, 1:1-1:3-1:5
Mg  MgCly-6H,0 285.2 Aol
Cr  CeHCrOg 4289




D. Ciniglia et al.
6 a) l ' pilre Cu
1.8x10" Cu:Mg (1:1)1
S Cu:Mg (1:3)
‘g’ — Cu:Mg (1:5)
212x10°F _
2
2
g8
6.0x10° |
0.0 . ) ‘
324 326 328
wavelength (nm)
s| ©) chloride pure Cu
1.8x10° —— Cu:Na (1:1)
2: — Cu:Na (1:3)
. —— Cu:Na (1:5)
)
% 1.2x10°
E
6.0x10’

326 328
wavelength (nm)

324

330

330

Spectrochimica Acta Part B: Atomic Spectroscopy 208 (2023) 106784

b) }Sul'e Cu
1.8x10°+ Cu:Cr (1:1)
- Cu:Cr (1:3)
g Cu:Cr (1:5)
2 1.2x10°F
g
E
6.0x10° -
O'O 1 1 1
324 326 328 330
wavelength (nm)
| d) acetate pure Cu
_1.8x10°r ——Cu:Na (1:1)
= ——Cu:Na (1:3)
f-:: ——Cu:Na (1:5)
Z 1.2x10°
8
6.0x10°

324 326 328 330
wavelength (nm)

Fig. 2. Cul emission spectra (delay = 30 ps; gate = 100 ps) with the addition of Mg chloride (a), Cr acetate (b), Na chloride (c), and Na acetate (d). In each plot, the
curves refer to different concentration ratios (with respect to Cu) of the added element.

reported referring to Cu emission lines in the presence of different
concentrations of Mg (a), Cr (b), and Na obtained from chloride (c) and
acetate (d) salts. Spectra were collected with a detection gate of 100 ps
and a delay time of 30 ps with respect to the laser occurrence, and result
from an average over 3000 single shots. The temporal acquisition is set
based on previously maximization of the signal. As it can be seen, a
change in the peak and base is detected with the presence of other ele-
ments added to copper. As an overall trend, a decrease in the base is
detected, while the emission line intensity exhibits different trend with
element addition as described in the following.

The Peak-to-Base (P/B) of the 324.7 nm Cu emission line was
considered to evaluate the matrix effect on the analyte signal. For the
peak, the maximum value of the emission line was taken, and for the
base, the root mean square (RMS) of the signal over 100 channels
located half on the left and half on the right of the emission line was
calculated. In Fig. 3, the P/B enhancement is reported as obtained from
the ratio of Cu P/B with and without the matrix elements (Mg, Cr, and
Na). As an overall trend, a significant loading effect of matrix elements is
evident on P/B Cu values. A progressive enhancement is obtained
increasing the concentration, which, however, is strictly related to the
element and compound considered. In this context, the addition of
chromium acetate exhibits the highest matrix effect on the Cu P/B value,
starting from a 1:1 concentration ratio and reaching an enhancement of
75% with 1:5 loading. Moreover, from a direct comparison of Na
Chloride and Na acetate matrix compounds, we can see that the addition
of Na acetate is more effective in the enhancement produced.

To assess the impact of the Cu peak and base on P/B enhancement
values shown in Fig. 3, the two values are separately reported versus the
Cu:matrix concentration ratio in Fig. 4 (Cu:M in the figure). In this case,
the peak is always the maximum value of the emission line, while the
base is the root mean square value of the signal in the spectral region

between 326 and 327 nm. This choice is taken to be more representative
of the plasma evolution. The uncertainties of our measurements were
evaluated considering the semi-dispersion of five Cu line intensities
obtained in pure Cu aerosol. In this way, the variabilities due to the laser
energy, the nebulization, and dilution flow rate conditions are consid-
ered. As a result, a relative error of 9.6% for the line intensities and 4.2%
for the base is obtained and reported as error bars in Fig. 4.

As already seen from the spectra in Fig. 2, the base (Fig. 4a) exhibits a
global decreasing trend with loading, which is different for the matrix
elements under analysis. However, close Cu base signals are reached at
1:5 Cu:M ratio in all cases. On the contrary, Cu peak values (Fig. 4b) are
differently affected by each matrix element. It is worth noticing that Cr
addition always promotes an enhancement of the Cu LIBS signal with
loading.

Therefore, the increase in P/B with Cu:M shown in Fig. 3 is mostly
due to the decrease in the base, although the entity of the enhancement
is dependent on the matrix element.

To further explore the impact of matrix compounds on plasma con-
ditions, the temporal analysis of the Cu line emission was performed for
pure Cu and 1:5 Cw:Cr (Fig. 5), which corresponds to the highest
enhancement. As shown in the figure, the base with Cr addition is lower
than pure Cu, especially at early delay times (from 10 ps to 20 ps). This
behavior is consistent with the previous analysis reported in Fig. 2. As
for the peak, with Cr addition, an increase in the Cu emission line is
detected, with the maximum shifted from 40 ps delay time (for pure Cu)
to 30 ps delay time (with Cr addition). The behavior observed, namely
the decrease in the background and the corresponding increase of the
emission line at short delay times, accounts for a change in plasma
conditions essentially due to plasma cooling.

Interestingly, at 60 ps, the peak values are close, suggesting that the
matrix effect can be considered negligible at long delay time.
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The plasma temperature is evaluated from the slope of the Einstein-
Boltzmann equation. [20-24]. The analysis was performed on pure Cu
and 1:5 Cu:M condition. Unfortunately, with our experimental set-up
only two Cu lines can be detected, which are not sufficient for temper-
ature measurements. Therefore, N I lines are considered, namely 410.0,
410.9, 746.8, 821.1 and 821.6 nm. Due to the substantial decrease of N I
lines with delay, these measurements are carried out from 5 to 15 ps
delays. In Fig. 6, temperature measurements versus delay time (a) and
an example of the Boltzmann plot (b) are reported. It can be seen that in
presence of matrix elements, a decrease in plasma temperature is
detected at a short delay time, consistently with the base behavior

previously reported in Fig. 4, although data are collected in different
time windows.

The decrease in plasma temperature is related to an enhancement in
collisions and subsequent recombination between electrons and ions. As
a result of these processes, an increase in Cu LIBS neutral lines can be
obtained. Such behavior is strictly related to the chemical and physical
properties of the elements and/or compounds involved [25,26]. The
combination of the heat of vaporization (HV), binding energy (BE), and
ionization energy (IE), these last related to the volatility, can play a role
in the comprehension of the different behavior observed. For example,
the similar trend of MgCl, and Na acetate, both in the base and the LIBS
peak signal, can be attributed to their close heat of vaporization (of the
compounds and atoms) and volatility (HVMg(chloride) = 33 kJ/mol
[27]; HVNa(acetate) = 34 kJ/mol [28]; HVMg = 128 kJ/mol [29];
HVNa = 98 kJ/mol [29]). Comparing the two sodium compounds
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(chloride vs acetate), the relative binding energy and heat of vapor-
ization accounts for the different effect on Cu LIBS signal. In fact,
although both the compounds have similar binding energies (BEyj,
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(chloride) = 7.98 eV [29]; BENa(acetate) = 8.58 eV [29]) Na acetate has HV
= 34 kJ/mol [28], which is much lower than the value of NaCl (HV =
284 kJ/mol [29]). In this case, a large part of the energy is needed to
break the molecular bond and only a small quantity is left for ionization
(IEna = 8.92 €V [29]). Therefore, few free electrons are available for the
recombination with Cu ions, resulting in a slight change in the atomic
line intensity. Considering Chromium acetate, to our knowledge few
physical properties are available in the literature, and it is not possible to
relate them to the enhancement observed.

These measurements highlight the complex mechanisms at the basis
of the matrix effect. Matrix physical properties affect plasma conditions,
changing temperature and plasma temporal evolution, substantially
affecting the LIBS signal. However, the relation between the LIBS
enhancement and the matrix physical properties cannot be a priori
predicted at this stage, considering that only few compounds/analytes
are here investigated. As a final remark, in line with these observations,
performing LIBS measurements at a relatively long delay time, when
these chemical and physical processes triggered by matrix effects are
quenched, could be a possible strategy to be adopted.

4. Conclusions

In this work, the effect of the concomitant mass present in the probe
volume on the Cu LIBS emission line was investigated. To this purpose,
Mg, Na and Cr were added to Cu aerosol changing the loading.

Increasing the matrix concentration, a decrease in the LIBS signal
base is detected independently from the matrix element, which however
plays an important role in the entity of the Cu P/B enhancement. Such
effect is more pronounced for Cr addition. In this case, the analysis of the
temporal behavior of both base and Cu peak reveals a change in the
plasma conditions with the presence of concomitant mass in the probe
volume. In fact, the decrease in the base, especially in the first micro-
seconds delay and a shift of the Cu peak towards short delay times
confirms a decrease in the plasma temperature probably due to
quenching processes. Physicochemical matrix properties, such as heat of
vaporization, binding energy, and ionization energy help in under-
standing the mechanism occurring in the probe volume but affect the
plasma conditions in a not predictable way. On a final note, at high
matrix loading, it is suggested performing LIBS measurements at long
delay time, when the chemical and physical processes triggered by
matrix effects are quenched.
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ABSTRACT

To prevent air pollution and achieve air quality regulations, it is essential to develop analyt-
ical techniques that can determine the concentration of metals in aerosol particles, both in
the gas phase and after collection onto filters. Total reflection X-ray fluorescence spectros-
copy (TXRF) and laser-induced breakdown spectroscopy (LIBS) are emerging as complemen-
tary techniques for determining the elemental composition of aerosol particles. The
accuracy of their results relies on calibration methods based on aerosol and multi-element
filters representative of the on-line measurement conditions and particulate collection for
off-line measurement, respectively. In this paper we propose a novel methodology for char-
acterizing nebulization generated aerosol particles dispersion and deposition by means of
TXRF to assess the use of an aerosol generator to produce calibration samples for LIBS and
TXRF analysis. Particles concentration and size distribution of the aerosol produced by nebu-
lizing a Cu salt aqueous solution are measured inside a glove box modifying the production
parameters and collecting the corresponding particulate deposited on reflectors. The most
stable conditions are observed at average flow rate and selected for studying the aerosol
spatial distribution. The Cu mass collected on reflectors positioned at a fixed distance and
radial geometry with respect to the nozzle exit is measured by TXRF and increases linearly
with time. Results suggest that this experimental configuration could be used to realize cali-
bration samples for TXRF analysis representative of particulate deposition. The use of these
aerosols as LIBS calibration samples could lead to significant errors due to the observed
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flow asymmetry.

1. Introduction

Air pollution represents a major health, environmen-
tal, societal, and economic burden, caused by natural
(volcanoes, dust winds) and anthropogenic (industry,
transportation, agricultural, household)
Although over recent decades air quality in Europe
has improved, air pollution levels in many places still
exceed EU standards and World Health Organization
guidelines (European Commission 2017; WHO Global
Air Quality Guidelines 2021). Particulate matter (PM)
is among the six primary pollutants in air, which
thresholds are set by the European Air Quality stand-
ards (European Parliament; European Council 2008).
Chemical composition, particle size, and absolute par-
ticle mass density all vary significantly depending on
the origins of the PM emissions as well as the

sources.

surrounding environment and transport conditions.
The monitoring of toxic metals, especially Pb, Hg, As,
Cd, and Nij, which are parts of long-range transboun-
dary air pollution (Taurino et al. 2020; European
Parliament; European Council 2008), is especially cru-
cial to avoid the negative impact those metals have on
human health and ecosystems. Additionally, some air
pollution information systems include other metals
classified as hazardous, persistent, or bio-accumulative
(e.g., Cr, Cu, Zn, Pt, Rh) (Briffa, Sinagra, and Blundell
2020). The chemical analysis of PM is typically done
using regulated analytical techniques like Atomic
Absorption (AAS) or Inductively Coupled Plasma
(ICP) Spectrometry (Kapiamba et al. 2022; Kashani
and Mostaghimi 2010; Maestre, Todoli, and Mermet
2004; EU 2004). PM is collected onto membrane
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filters made of different materials like quartz, PTFE,
PC, cellulose (Goncalves, Dominguez, and Alvarado
2008), which are then solubilized in strong acids in a
labor- and energy-intensive process that could lead to
contamination and material loss (Wang, Yang, and Ke
1996). These methods are supported by several stand-
ards for workplaces and environment air (ISO 15202,
EN14902) and they enable accurate analysis with very
low limit of detection (ng/m3). These are not sustain-
able or environmentally friendly methods, and they
cannot provide information on short time polluting
emissions. Therefore, methods and approaches that
enable complementary quantitative elemental meas-
urement both directly at the emission and indirectly
on filters or other collection media are desirable.

Laser Induced Breakdown Spectroscopy (LIBS) is a
promising simultaneous multi-elemental technique
which allows to measure PM online directly in the
aerosol and offline after collection on air filtering
media or impactor stages. If the elements concentra-
tion in the air volume is higher than the detection
limit, quick information about it can be obtained
when utilizing LIBS for online aerosol analysis. Since
significant enrichment can be accomplished with the
collecting time, lower concentration can be found by
analyzing PM offline (Fortes et al. 2013). Only few
studies compare the analytical performance of these
two approaches (Gallou et al. 2011). Although LIBS
application at the exhaust of combustion systems is
demonstrated (Hahn and Omenetto 2012), its exten-
sion to air quality monitoring is still challenging since
the detection limits achieved are above the regulatory
limits (Diaz and Hahn 2021; Carranza, Iida, and
Hahn 2003; Carranza and Hahn 2002). The availabil-
ity of controlled and well characterized aerosols and
the implementation of specific quantification proce-
dures are fundamental to perform LIBS instrumental
calibration (Redoglio et al. 2018; Palazzo et al. 2016;
Dutouquet et al. 2014).

Another promising alternative multi-element tech-
nique is X-Ray Fluorescence (XRF), which is quicker
and less expensive than the regulated aforementioned
procedures while also being more environmentally
friendly, sustainable, and nondestructive (Yatkin,
Gerboles, and Borowiak 2012; Brown et al. 2010; Niu
et al. 2010). Despite this, its applications to PM are
still scarce, especially in Europe, due to a lack of
standardized methods and reference materials, while
the American Environmental Protection Agency
developed a method (U.S. EPA 1999) for XRF analysis
of 44 elements on filters with quantification limits in
the ng/m3. Total reflection XRF (TXRF) and XRF

under grazing incidence (GI) are known for achieving
higher sensitivities, thanks to the instrument geomet-
rical configuration enhancing the fluorescence emis-
sions and collection. These techniques showed high
potential for the analysis of PM collected on quartz
reflector (Kayser et al. 2022) and quartz fiber filters
(Wadinga Fomba et al. 2020). All the commercial
TXRF instruments can be used to analyze PM filters
treated with a procedure codenamed SMART
STORE®, which consists in laminating the filter
between two sheets of adhesive polymer and cutting it
to the correct shape and size, while preserving the PM
composition preventing contamination and loss and
simplifying handling (Bacon et al. 2021).

Any analytical technique relies on instrumental
calibration and development of quantitative analysis
methods based on reference materials and calibration
samples. A few certified reference materials (CRMs)
of PM used in XRF spectrometry are available: NIST
2783, NIST RM 8786 from the National Institute of
Standards & Technology (Gaithersburg, MD 20899,
USA), and CRM SL-MR-2-PSF-01 from the
Laboratoire National de Métrologie et d’Essais (LNE)
(1 Gaston Boissier, 75724 Paris Cedex 15, France)
Currently, there is a lack of CRM for PM and it
doesn’t exist any fit-for-purpose for LIBS, TXRF, and
XRF under GI. Reference materials and calibration
samples are used to determine the linear calibration
relationship between the element signal and the concen-
tration for quantification purposes, as demonstrated in
recent studies of XRF under GI (Cirelli et al. 2022;
Borgese et al. 2020). The need for this kind of material
is also stressed for metrology reasons. The recent
European EMPIR (European Metrology Program for
Innovation and Research) project AEROMET (www.
aerometproject.com/about), is indeed aiming to improve
the measurements of particulate mass, size, and concen-
tration of atmospheric aerosol particles by TXRF.
Among the project main objectives there is the establish-
ment of traceable validated methods to determine major
components of PM collected directly on X-ray reflectors
by means of cascade impactors and, on this purpose,
reference materials are required. Indeed, the stages of a
cascade impactor typically contain arrays of nozzles and
thus produce test samples where PM is non homoge-
neously distributed over a large surface, and in such
conditions a correct quantification is a difficult task. In
TXRF analysis, quantification is mostly performed by
internal standard (IS) calibration and rarely by external
calibration. Yttrium is commonly used as IS element for
quantification (Wastl et al. 2013), as not widely present
in the atmospheric PM. To ensure a uniform IS element
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distribution, a nanoliter deposition unit is sometimes
used and the spot patterns produced by the cascade
impactor are re-pipetted (Prost, Wobrauschek, and
Streli 2017).

In this context, the creation of properly characterized
aerosols for calibrating online analysis methodologies as
well as for the creation of reference and calibration sam-
ples with known amounts of deposited PM is of great
interest. The latter samples can be used for calibration
of offline analysis methodologies considering the matrix
effect due to the substrate used for the aerosol particles
deposition. This would represent an interesting new
approach to produce reference materials. As a proof of
concept for the use of an aerosol generator to realize
aerosol for calibrating online LIBS and particulate
deposition for offline TXRF, we designed a model
experiment to study aerosol particles dispersions and
depositions. Concentration and size distribution of aero-
sol particles created by nebulization of Cu salt aqueous
solutions are determined by using an optical particle
counter (OPC), changing the flow rate of the aerosol
production unit. The best experimental conditions to
obtain a stable aerosol particles concentration in the sys-
tem are retrieved and used for further investigation of
the radial distribution of the particles across the aerosol.
On this purpose particulate is collected on reflectors
positioned at five different locations at a fixed distance
from the generator nozzle. Quantitative analysis of the
Cu mass of particulate is performed by TXRF using Ga
as internal standard for calibration, loaded on the reflec-
tors before starting the experiment.

2. Materials and methods

The 400 L-sized glove box (dimensions 90 cm x 64 cm
x 7lcm, L x W x H) contains the experimental
setup. The arrangement is as illustrated in Figure 1
and roughly scales the actual distribution of the appa-
ratus’s parts.

In the center of the glove box is the aerosol gener-
ator (Aerosol Generator 7.811 GRIMM Aerosol
Technick GmbH & Co). A solution of copper nitrate
hydrate salt (Cu(NOs), x H,O) in ultra-pure deion-
ized water with a molar concentration of 0.01 yields
0.64 g/L is nebulized to create the aerosol. An optical
particle counter (OPC) is used to measure the size
distribution and production of aerosol particles (OPC
model EDM 107 GRIMM Aerosol Technick GmbH &
Co) If you're looking at the aerosol generator from
the back, the OPC is inserted inside the chamber
glove box, 15cm to the right of the aerosol generator’s
output (see Figure 1). With a measurement frequency
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Figure 1. (a) Experimental set-up for generation and collection
of aerosol particles, located inside a glovebox; (b) samples pos-
ition on the cardboard, with number 1 positioned at the same
height as the exit nozzle; (c) samples masks (light blue), with
the central area available for deposition and TXRF analysis.

of 6seconds, the OPC samples aerosol particles at
1.2L/min and splits them into 31 dimensional classes
ranging in diameter from 0.25pm to >32 pm.

Three flow rate values of the aerosol nebulizer are
tested: 2.5, 4 and 5.5L/min, respectively. These values
are chosen in accordance with the manufacturer’s rec-
ommended flow rate range. In the provided flow rate
range, 4 L/min is selected as the average value, while the
minimum and maximum flow rate values are 2.5L/min
and 5.5 L/min, respectively, which are inferred from the
flow rate vs. pressure graph in the instrumental manual.
One may anticipate that the flow rate under study
would increase as the particle concentration increased.
In each condition, 90 min measurements are carried out
consisting into three sets of 30 min each, namely: with
the aerosol generator switched on, with the aerosol gen-
erator switched off and the particulate let deposit, and
finally with the aspiration system under operation to
clean the glove box before the following test. For the
first two parts, the aspiration in the glove box is turned
off. It was confirmed that the particle concentration in
the glove box was lower than the background level fol-
lowing each 90-min testing. Because the goal of these
tests was to determine the aerosol nebulizer settings to
utilize in the study of the radial distribution, the experi-
ment was run just once for each flow rate. The experi-
ment’s goal was not to find average or median values,
therefore repeating it would simply have confirmed the
trends that were already established under the three flow
rate settings.

Details of the experimental conditions are reported
in Table 1.
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Table 1. Aerosol generator setting conditions investigated:
pressure, air flow and nebulized solution in 30 min.

Low Medium High
Pressure (mbar) 160 340 660
Air flow rate (I/min) 25 4 5.5
Nebulized solution (ml) 0.25 1.0 25

Table 1 displays the flow rates, pressure, and
amount of solution nebulized in 30 min. The aerosol
particles generation, deposition and aspiration are
continuously analyzed through the OPC, monitoring
the number of particles per unit volume (N/I) present
in the measurement glove box and for each dimen-
sional class.

To monitor the particulate deposition after disper-
sion in the glove box without being influenced by the
largest droplets or the coagulated droplets departing
from the nozzle and dropping down along the axis,
the reflector was placed 30 cm in front of the nebu-
lizer and out of the axis 10 cm lateral from the nozzle
exit. The polycarbonate reflector is covered with a
Parafilm mask to select the deposition area with a
diameter of 6 mm (see Figure 1), which is the active
area for TXRF measurements. A standard gallium
solution with a Ga mass of 87 ng is deposited on the
TXRF measurement region of the reflector. Particles
rebouncing is thought to be minor, thus nothing fur-
ther is put to the surface to prevent it.

The radial distribution of the particulate in the
glove box at 15cm from the exit nozzle of the aerosol
generator is investigated, assuming a cone distribution
of the aerosol particles coming out from the nozzle
(Beale and Reitz 1999). Figure la depicts the location
of the 5 reflectors on a cardboard piece that was posi-
tioned perpendicular to the aerosol flow. Figure 1b
depicts the collection’s relative position. The four add-
itional reflectors are on the left, above, to the right,
and below the center one. The central reflector is
positioned at the same height as the nebulizer nozzle.
By gathering the particulate for impact to the surface
of reflectors in this manner, the radial distribution of
the aerosol particles may be determined. To sample at
30s, 60s, 90s, 120, 240s, and 360 s, the same reflec-
tors are employed. The samples are set up on the
cardboard to catch the particulate for 30s. The sam-
ples are taken out for TXRF measurements and then
put back in place for another 30s. This process is
cumulatively repeated for the other collecting times
(for a total exposure of 60s).

For TXRF analysis a S2 Picofox Bruker is used,
equipped with a Mo anode x-ray tube operating at
50kV and 750 pA, multilayer monochromator, silicon
drift detector (SDD) with 30 mm?® area and energy

resolution was 165eV at 5.9keV. Samples were irradi-
ated for 120s for the radial distribution investigation
and for 600s for the deposition studies. Qualitative
analysis and spectra deconvolution are performed
with the spectrometer software (Spectra 4.0, Bruker).
The software database is used to manually iden-
tify elements.

3. Results and discussion

Figure 2 shows the evolution of the total number of
aerosol particles for the various flow rates under con-
sideration, 2.5 (low), 4.5 (medium) and 5.5 (high)
L/min, over the whole 31-dimensional classes.

The three conditions of generation (a), deposition
(b) and aspiration (c) are highlighted. The background
mean value of (3.93+0.42)-10° N/L was determined
outside the glove box before the experiment began
and is displayed in the same figure for comparison.

It is clear from analyzing the three plots shown in
Figure 2 that the medium and high flow rates exhibit
the same trend in time with a marked increase in the
concentration of aerosol particles during the gener-
ation stage, in contrast to the trend seen with the low
flow rate. At the medium flow rate of 4L/min, the
concentration grows in the production region and
reaches a plateau value of 2 x 10° N/L. It may be
inferred that with these settings it is possible to have a
constant aerosol particles concentration in the glove
box. A noticeable reduction
observed during deposition and aspiration, being
more pronounced with the latter. There is evidence
that it is impossible to achieve stable concentration
conditions in the glove box when the aerosol gener-
ator operates at its maximum flow rate of 5.5L/min
because a steep increase in the number concentration
of the aerosol particles (from 5 x 10° N/L to 5 x 10°
N/L) is observed until the generator is turned off at

in concentration is

30 min. When it comes to the medium flow rate, it is
seen that the concentration decreases significantly
during the deposition and aspiration stages, becoming
much more pronounced during the aspiration. It is
difficult to say whether aerosol particles are produced
at the low flow rate. Once the glove is closed, the
aerosol particle concentration does indeed fall below
the background level. This might be as a result of the
effect of deposition persisting into the experiment’s
second phase. Finally, a portion of the deposited par-
ticulate was re-suspended by the aspiration system,
slightly increasing the concentration of total aero-
sol particles.
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Figure 2. Aerosol particles number concentration versus time during the generation, deposition, and aspiration for the low,
medium, and high flow rates (see Table 1). The dashed line represents the external background mean value.

Figure 3 depicts the aerosol particle size distribu-
tion for the three flow rate tests during the experi-
ment’s generation phase. In all the size ranges under
consideration, except for those larger than 1pm,
which invariably go to zero, a size distribution with
three clearly defined band modes is found for medium
and high flow rates. The medium flow rate presents the
smallest mode shifted at lower diameters. The low flow
rate exhibits a single mode with a center frequency of
0.28 um, supporting the idea that no aerosol particles
would be produced under these circumstances. These
results are consistent with the size distribution provided
by the manufacturer for a specific salt concentration in
the solution as described in the user manual. In fact,
even if the three modes detected for medium and high

flow rates are not given in the size distribution provided
by the manufacturer, the maximum at 03pm is
obtained in both sets of measurements.

Figure 4 depicts the TXRF spectra of the particles
deposited on the reflectors. Qualitative analysis reveals
the presence of Ca, Ti, Fe, Cu, Zn, Ga (added as IS)
and the scattering of Mo -X-ray source. The contam-
ination of disposable reflectors is likely the cause of
elements other than Cu as examination revealed no
evidence of Cu contamination in the solution. They
do not match the Cu signal proportionally, in fact.
After a 90-min experiment, the total amount of Cu
that had accumulated on the reflectors in the bottom
of the glove box was measured. For low, medium, and
high flow rates, the

deposited masses were,
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respectively  (0.08+0.03) ng, (1.6+0.2) ng and
(10.8+£0.8) ng. The error bars, represent extended
uncertainties, pertaining to three TXRF measurements
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Figure 3. Aerosol particle size distribution for low, medium,
and high flow rates. Dimensional classes above 2pum are
excluded as no particles are detected.

Pulses

made on the same sample while it was rotated around
its axis. The contributions of the internal standard
concentration uncertainty, sample preparation uncer-
tainty, and instrumental repeatability uncertainty were
considered while calculating the values.

As can be seen, while a decrease of one order of
magnitude in the Cu mass is observed going from
high to medium flow rates, a significant decrement of
Cu mass is observed at low flow rates, confirming the
hypothesis of the formation of minor amounts of
aerosol particles. Starting with the concentration of
Cu in the solution and the volume of the nebulized
metal, it is possible to calculate the mass of the pro-
duced aerosol particles. Figure 5 depicts the relation-
ship between the Cu mass calculated for 30 min
nebulization and the Cu mass measured by TXRF on
the deposited reflector.

There is a difference of five orders of magnitude
between these values, which is likely caused by the
limited deposition and the small region on the
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Figure 4. TXRF spectra of aerosols collected by deposition at the bottom of the glovebox at low (red), medium (green), and high

(blue) flow rate.
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Figure 5. Comparison between the deposited Cu mass on the reflector measured by TXRF (y-axis) and (a) the nebulized Cu mass,

and (b) the flow rate on the (x-axis).
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Figure 6. Cu mass with respect to deposition time and dotted line represents linear fitting. Error bars represents expanded

uncertainties.

masked reflector (6 mm diameter), though a positive
correlation is observed. The same trend is seen
between the Cu mass measured by TXRF and the flow
rate, showing that the deposited increases with the
aerosol particle formation.

To investigate the distribution of radial aerosol par-
ticles, the medium flow rate is used. Indeed, as was
already said, under these circumstances, the concen-
tration of aerosol particles gradually stabilizes. The Cu
mass measured by TXRF with respect to the depos-
ition time are shown in Figure 6.

The plots are spatially structured to reflect the
actual radial distribution of the aerosol particles at
each place. This simple model experiment is built on
the assumption that all liquid aerosol particles will

deposit onto the reflector upon impact, supported by
the observed linearly increasing Cu mass deposits over
time on the reflector at constant deposition rate.
Based on the geometry of the nozzle itself, the flow
rate, and the viscosity of the utilized solution, the
results demonstrate how Cu aerosol spreads out from
the nozzle in a cone geometry (Beale and Reitz 1999).
The linear fittings shown in Figure 6 are obtained
imposing the intercept to zero, after verifying statistic-
ally that the intercepts are compatible to zero within 3
standard errors, and R* values lie between 0.92 and
0.99. The linearity of the curves demonstrates the
repeatability of particulate deposition by impact on
the reflector surface and the validity of the measure-
ment based on TXRF, with higher deviation with
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increasing mass, particularly at the lower times. The
center of the flow, or point 1, on the vertical axis, has
the greatest amount of deposition. When looking at
the horizontal distribution, position 5 (to the left of
the aerosol generator exit) has the highest value of Cu
mass, and position 3 (to the right of the nebulizer
nozzle) has the lowest value of Cu mass. We can draw
the conclusion that, in this configuration, the aerosol
particles cone is not uniform, showing a stronger flow
to the exit’s left.

Considering the residuals from linear fitting, data
above 4 min show higher deviation. Indeed, as it can
be seen in Figure 6, an overestimation of Cu mass
results, which is more significant for the most loaded
position. The possible presence of absorption effects
causing a decrease in the fluorescence intensity, is
investigated. Indeed, in TXRF analysis it is important
to ensure that the mass of the sample under study is
limited, to avoid strong selective X-ray absorption of
the matrix for the analyte element (Klockenkamper
and von Bohlen 2015). The intensity deficit caused by
the absorption remains below a permissible level (usu-
ally 5%) if the mass deposition [pug/cm?] is lower than
a maximum depending on the layer matrix here rep-
resented by the copper nitrate salt. Following the
approach reported by Cirelli et al. (2022) it is possible
to calculate the maximum mass loading to ensure
negligible absorption effects equal to 2.84 ug/cm?, cor-
responding to 0.802pug for the exposed area of the
carrier. This value is much higher than the loading of
the sample under study, ensuring that the thin-film
approximation is respected for all our samples. Thus,
the variation of data may be due to the other effects
such as crystals aggregations, resulting in higher mass
deposition. In addition, Cu mass overestimation may
be also due to the non uniform shadowing effect of
the deposited gallium internal standard by the depos-
ited particulate and a resulting lower accuracy for
quantitative determination (Fittschen et al. 2006).

4, Conclusions

In this paper, we provide a novel method for charac-
terizing nebulization-generated aerosols by TXRF ana-
lysis. An OPC measures the size distribution and
particle concentration of the aerosol produced by neb-
ulizing a Cu salt aqueous solution inside a glove box.
Three nebulizers flow rate were tested to assess differ-
ences in particulate deposition at the bottom of the
glove box, analyzing the Cu mass on reflectors by
TXRE. It is observed that deposition increases with
the flow rate, with the average flow rate (4L/min)

resulting in a steady concentration that balance aero-
sol particles production and deposition. This setting is
selected for studying the aerosol spatial distribution
by collecting the particulate at a fixed position and
using a radial geometry. A leftward asymmetry of the
aerosol particles flow with respect to the nozzle is evi-
dent by measuring the Cu mass deposited on reflec-
tors, which linearly increases with exposure time to
the aerosol. Small deviations from linearity observed
at higher times are probably due to the shadowing
internal standard effect by the deposited particulate.
These results confirm that it is possible to study the
spatial distribution of aerosol particles generated by
nebulization from salt-based water solutions, and par-
ticulate depositions by means of TXRF, thanks to its
incredible sensitivity to very low mass amounts. In
addition, being the concentration detected on the
aerosol axis the most reliable in terms of deposition
versus time, this can be used to realize calibration
samples for TXRF analysis representative of particu-
late deposition, modulating the deposited mass
amount with exposure time. Well characterized aero-
sols can be used to calibrate online LIBS instruments
though, due to the asymmetry detected in the mass
distribution across the aerosol, care must be taken in
considering the concentration calculated from the
solution consumption as the one measured online in a
specific point of the aerosol. A proper experimental
arrangement must be considered to ensure a homoge-
neous aerosol suitable for calibration purposes.
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