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Abstract

The formation mechanisms of combustion generatadlrogide nanoparticles were explored
in a stoichiometric laminar premixed flame dopedhwdroplets of cadmium, nickel(ll) and
lead(ll) nitrate aqueous solutions. Generated gagtiwere thermophoretically collected and
analyzed by Atomic Force Microscopy (AFM). The riésishowed that most of the particles
have sizes lower than 10nm. The size distributiorcfion shapes and time evolutions depend
on the metal salt solubility and thermal decompasitcharacteristics. By comparing the
thermophoretically collected matter and the amooihinjected metal precursors, a size
dependent adhesion efficiency of the particles mobe mica plates has been found. The
results showed that nanoparticles have a low chiyatsi adhere on a surface, regardless of
the used metal. The adhesion efficiency quicklyrel@ses for particles smaller than 10nm. As
a consequence, the smallest particles are presdaheiflame with a relative high number
concentration. This feature is of great interesemvtideveloping filtering systems able to
remove nanoparticles with size lower than 10nnhateixhaust of combustion systems.

Introduction

Combustion systems are the main sources of pateuhatter in urban areas. Particles are
released in the atmosphere in a wide size rangéyimgpa severe pollution problem since
particulate matter may contribute to climate chaage have strong adverse health effects [1].
Recent toxicological studies have shown that gartioxicity depends on particle number
density and increases as particle size decrea$gsé][Moreover, the efficiency of filtering
devices also decreases with particles size [5].réfbee, the formation of combustion
generated nanoparticles, particularly those in thieafine range, requires further
investigations.

While carbonaceous particles produced in fuel cehditions have been widely studied in
the entire size range they are released [6]-[8F &fforts have been spent to investigate metal
particles with size below 10nm. Metals, always eordd into wastes, crude oils, coals and
biomass, are introduced into combustion systemanyrforms but, after some physical and
chemical transformations, they are released a®iotrr volatile ashes in the same amount
they are introduced [1][9]. Recently we have fouhdt particles smaller than 10 nm are
generated in a large amount during pulverized coalbustion being both carbonaceous and
metals [10]-[12]. Metal nanoparticles are generdtgdburning every ash-containing fuel.
Therefore the investigation of particle formatioogagulation and collection at high
temperatures is crucial in understanding their simisfrom real combustion devices [13]-
[14].

The fate of toxic metals in combustion-like envinments has been already studied by
heating-up droplets of metal nitrate aqueous smistinto a drop-tube furnace [15]-[16] and



injecting metal salt powders in a flame [17]. Naaxjeles smaller than 10nm were not
detected, probably because of the presence ofrlpayéicles obscuring the presence of the
smaller one and because of the used diagnostinitpeds. Attempts to study metal oxide
nanoparticle formation in flame and tubular react@re performed by many authors [18].
Recently, Fennell et al. [19] have shown the foramabf particles smaller than 10nm by
feeding metal chloride water solution droplets iaane.

In this paper we report a laboratory study perfam investigate metal nanopatrticles
generated in combustion environments. We measwesite distributions, in a size range
extending down to few nanometers, of particles pced from droplets of metal nitrate
solutions in air quickly heated by exhaust gas pfeanixed flame of ethylene/air. The flame
burnt gas provides the heat transfer for the fasitihg and transformation of the droplets
containing the metal particle precursors.

The generated nanoparticles are thermophoretisalypled at several heights above the
burner (HAB) to follow their time evolution. Dimeiosal analysis is performed by Atomic
Force Microscopy (AFM) [20]-[22] whereas Scannintedfron Microscopy (SEM) with
Energy Dispersive X-ray Spectroscopy (EDXS) of edted particles was performed to get
information on their elemental composition.

A nanopatrticle formation pathway is proposed and ithfluence of precursor metal
properties on the process is discussed. Partiemahasis is focused on particle adhesion
efficiencies because of its importance on the domssf such small particles at the exhausts
of furnaces.

Experimental

Flame reactor and operating conditions

A water-cooled porous-plug brass burner (McKennad®cts) is used to stabilize a flat
laminar premixed flame of stoichiometric ethylensdaair (cold gas flow velocity of 80
mm/s). The burner is drilled on its axis where &min ID stainless-steel tube is inserted.
Monodisperse droplets (size of about|#8) of metal particle precursors are dispersed into
600cn?/min of air to prevent coalescence. Both dropletd air are fed through the tube
coaxially to the flame reactants. The heat tranten the flame hot burnt gas to the aerosol
results in the fast heating and evaporation ofdtaplets. The droplets are generated by a
Berglund-Liu-type Vibrating Orifice Aerosol Genesat(model 3450, TSI) using a @M
orifice oscillating at a frequency of 60KHz. Therfide precursor solution flow is 1g@min

but about 30% is lost in the adduction tube, nathing the flame. This amount is properly
drained and quantified during each measurement.

Table I. Selected physical properties of metal nitratesexpobcted products.

Chemical MW Melting Boiling Solubility wt%  Density

Formula g/mol  point (K)  point (K) (25°C-100°C)  (g/cnt) Color

Cd(NGs), 236.4 633 61.0-87.4 3.6 white

Precursor Ni(NO3), 182.7 49.8-69.0 green
Pb(NQ), 331.2 743 37.4-56.8 4.5 colorless

Expected cqo 128.4 1832sub @nsoluble 8.1 _ brown
Products NiO _ 74.7 2230 !nsoluble 6.7 light green

PbO (Massicot) 223.2 1163 1750 insoluble 9.6 yellow

data form: David R. Lide, ed. (2000QRC Handbook of Chemistry and PhysBsca Raton, FL, Taylor and Francis.

Three aqueous solutions of metal salts have beatyzmd. They contain 25% mass
concentration of cadmium nitrate Cd(R)& nickel(ll) nitrate Ni(NQ), and lead(ll) nitrate
Pb(NG).. The solutions are prepared dissolving in bidedil water cadmium nitrate



tetrahydrate Cd(N€)»-4H,O, nickel(ll) nitrate hexahydrate Ni(N-6H,O and Pb(N®).
salts, respectively. These salts have been chasmEube they cover a wide range of solubility
in water. Moreover the three metals have largeffedint volatility and they are abundant in
fossil fuels and wastes [9]. Table | reports thggital properties of metal nitrate and that of
the expected products after the heating.

Metal solution droplets dispersed in air are fedwgally to the hot burnt gas of a
stoichiometric, particle-free, blue flame. The anbah of the solution droplets into the exhaust
flame gases causes the appearance of a light mgnjéti in the center of the reactor. The jet
flickering is reduced placing a 3mm thick flat stadation plate at HAB=40mm. The plate is
made of brass and it has a central 10mm hole.

Flame temperature is measured along the react@ lbyi a 12hm Pt/Pt-13%Rh
thermocouple (Type R, Omega Engineering). Duringperature measurements, bidistilled
water without metal precursors is feed through tillee. This procedure prevents metal
particle deposition on the thermocouple junctioartiele residence times in the reactor are
evaluated assuming particle velocity equal to dfidtot gases.

Thermophoretic sampling for microscopy analysis

Particles formed along the flame reactor are thehncetically collected on mica muscovite
disks (3mm diameter and 0.2mm thick) inserted perdb the gas streamline using a
pneumatic actuator that assures a quick insertidheodisk. Different sampling times have
been tested in order to find the minimum samplinget(abouiAt~30ms) to collect reasonable
amount of material for subsequent analysis. Uspalith a sampling time of 30ms, a particle
number density from 200 to 500 particlesf is collected.

The samples are analyzed by atomic force microscopgrating in tapping-mode
(Nanoscope Illa™, Digital Instruments). A topolagjicthree-dimensional image of the
deposited particles is generated with a resolutibabout 1-2 nm for x/y axes and of about
0.1nm for the z axis. This resolution allows regmjvparticles with volume as small as Thm
regardless of their shape. An advanced image psaes software (S.P..P.™,
ImageMetrology) is used to measure the particlauwals, baseline areas, and maximum
heights above the substrate. Particle equivalemteier D) and Aspect RatioAR are
calculated as the diameter of a sphere having tesured volume and the height to baseline
width ratio, respectively. AR gives information particles morphology.

AFM analysis allows evaluating the volume fractiohthe particles. Indeed, volume
fraction is the ratio between the total volume ollected particles\(olpar) and the sampled
gas volume \Olamp. The volume of the sampled gas is calculated idensg the
thermophoretic flow due to the presence of a lammandary layer above the mica surface,
assumed at constant temperaturg=300K). It is the product of the imaged aregnjAy
the particle thermophoretic velocity {¥and the sampling time:

VOlpy _ VOl

Vol A, LV, &t

samp

fVAFM =
(1)

The thermophoretic velocity depends on the thergradient (OT) regardless of the
particle sizes, since the particles are withinfthe molecular regime [23]-[24]:

T T
V,, = 055 ot = 05507 -9
T Tfilm 5th (2)




It can be calculated by the ratio of the temperatiifference by the thicknes& of the
thermal boundary layer on a flat surface. Gas katenviscosity ¥)is evaluated at the actual
absolute temperature assumed to be equal to thedihperature (). The film temperature
is calculated as the average of gas and mica tepes.

The collected AFM data are quite repeatable. Tlodlpm of the spatial non-uniformity
of the thermal boundary layer thickness is overctyéhe small size (usually 2x#m?) and
the high position accuracy of the imaged area. Jiiestrate only slightly heats up during
sampling and a temperature increase of 100K does simgnificantly modify the
thermophoretic velocity and thus the calculatedinad fraction.

A selected number of samples are also collectemlioninum substrates (20mm diameter)
for scanning Electron Microscopy (SEM) and Energydersive X-ray Spectroscopy (EDXS)
analysis. Measurements are performed on the flamis @nserting the substrate
perpendicularly to the gas streamline. One hundrdxbtrate insertions in flame are required
to collect enough matter for the analysis. The damare examined by a Philips XL30 SEM
with a LaB6 filament equipped with an EDXS DX-4i agroanalysis device to determine
particle elemental composition.

Results and Discussion

Metal particle precursors are injected in the flamehaust gas in the form of
monodisperse droplets (40m diameter) of aqueous solutions which contain 2%5#ss
concentration of cadmium nitrate, nickel(ll) nigand lead(ll) nitrate, respectively.

The axial reactor temperature profile results frira heat transfer from the ethylene
flame hot products to the cold air transporting plagticle precursor droplets. Temperature
increases almost linearly from ambient to approxatyal200K for heights above burner up
to 20mm and it remains almost constant aroundviligse for larger heights above burner. A
scheme and a picture of the reactor and the tetuperprofile are reported elsewhere [21].
Droplets are injected at the burner mouth and dyiskaporize delivering the particle
precursors in the gas phase. The droplet evaporatmpletes at 20mm as verified both by
AFM and SEM analyses, corresponding to a residéinoe in the flame of about 20ms. In
this time interval, particle precursor reactiongwcmainly in the aqueous solutions. The
precursor compounds heating rate is of the ordetO3f/s. Thereafter, metal compounds
evolve in the high-temperature gas phase in wihely aire released.

The pure ethylene/air flame is blue colored andigarfree as determined by laser light
scattering measurements. A red colored jet apfBaeslding the Cd(N¢). solution droplets
whereas the jet color ranges from yellow to redpsupg both Ni(NQ), and Pb(NG),
solutions. Also the deposits collected on the 8adiplate placed at 40mm above the burner
change their characteristics by changing the féatisas: orange-brown powder is deposited
by Cd(NQ),, white-grey deposit is collected using Ni(jy©and white-yellow-brown residue
is generated from Pb(N{.

Table II. Calculated volume fractions of generated particles

Precursors Expected Product§v, ppm
Cd(NG;) CdO 12
Ni(NOs). NiO 1.0
Pb(NGy), PbO (Massicot) 1.0

Particle volume fractionfy) in the flame is estimated by a material balantéhe fed
metal. The particle density is supposed equal & tf bulk metal oxides expected as
products. The calculated values are reported ileTHb The estimated volume fraction of
particles generated from the Pb(R£solution agrees very well with that measured bgiin



UV-visible light extinction [21]-[22] supporting & possibility to estimate metal particle
volume fraction simply by a material balance andvehg that the most of the metal
compounds are in a condensed phase at the poiete wieasurements have been performed.
Nanoparticles generated by the precursor transfitwmare thermophoretically sampled
on the reactor axis from HAB=20mm to 35mm, stepwigeSmm corresponding to a
residence time in flame, elapsed between successwepling points, of about ~4ms.
Dimensional analysis is performed by AFM on the gleeh material whereas SEM with
EDXS is performed to get information on the chernccemposition of the sampled patrticles.
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Figurel. Typical AFM images of the particles sampled altmgreactor axis slightly
upstream of HAB=20mm (left side) and at higher slamgdocations (right side). The insert
on the left side reports a schematization of theoparticle formation inside the droplets.

AFM images of the material collected close to thenker mouth, namely slightly
upstream of 20mm above the burner, show some iniebetyp evaporated droplets deposited
on the substrate resulting in large flat entitdanoparticles (hanometric protrusions) emerge
from such entities, as evidenced in the AFM imagmorted on the left side of Fig.1. SEM
images of the samples collected at these heighissilow large objects whose EDX analysis
reveal to be composed of the injected metal, neinognd oxygen. These objects shrink under
the effect of the electron beam. It appears thalhmetrates nucleate close to the droplet
surface as the solution approaches saturation beaazuwater vaporization, as suggested by
Limaye and Helble [25]. Nuclei can slightly growdaooagulate in the liquid medium before
being released in the gas-phase because of fast wagtorization. Conversely, AFM images
obtained at higher sampling locations (startingnfrdOmm) show the presence of isolated
particles (left side of Fig.1). At these heightsMbEnages do not show isolated particles due
to the longer total sampling time, but they sholayger of particles whose size are below the
instrument resolution.

The statistics on the results of AFM dimensionahlgses are performed only on the
images of samples containing isolated particledleCied particle number is converted in the
normalized frequency distributions of the diametdise latter are fitted by the sum of two
log-normal distributions allowing data easily handl
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The number fraction of particles in the first mqd@ and the median diameteidD; and
MD;) and the widthsdi and o) of the two modes are the parameters used to dapeothe
experimental data. N is the total number of thdyarea particles.
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Figure 2. (left side) particle size distribution functioasd (right side) aspect ratios measured
along the flame axis when injecting cadmium nitr&®m the bottom to the top: 20, 25, 30
and 35mm.



Figure 2 (left side) shows the size distributiofgarticles collected at different heights
above the burner when cadmium nitrate containirgpléts are injected in the flame. Points
are obtained by AFM analysis and the dotted lines their best fit with the parameters
reported in Table Ill. At HAB=20mm, particles arenast monodisperse with 2.2nm mean
diameter €D>). AlImost the same size distribution (2.0rD>) is obtained at HAB=25mm.
The appearance of a second mode in the size distnibhaving a<D> of 6.3nm, is observed
at HAB=30mm. The patrticles into the second modeesmt just 0.5% of total number while
the first mode still haveD> of 2.3nm. At HAB=35mm the first mode slightly grey3.2nm
<D>). The relative number of particles into the secomate (1%) is doubled with respect to
the previous height and also the mean diamete7 (. increases.

Table Ill. Parameters to fit the size distribution functiobsained by the AFM image

analyses.
Precursor HAB[mm] w  MD;[nm] MDjnm] o (o7}
20 1 2.1 - 125 -
25 1 1.8 - 130 -
CdN®): 55 pgo5 22 6 135 1.40
35 0.99 3.1 12 1.35 1.40
20 0.97 3.3 12 1.30 1.40
. 25 0.95 3.1 10 1.30 1.50
Ni(NOs)» 30 0.85 3.2 5.4 1.30 1.30
35 1 4.1 - 125 -
20 0.75 5.8 14 1.50 1.60
25 0.75 5.8 14 1.50 1.50
Pb(NQ). 30 0.80 4.1 14 1.40 1.50
35 0.80 2.8 12 1.30 1.40

Figure 2 (right side) also shows the aspect rdtiihh® collected particles as a function of
their diameter. Particles belonging to the firstd@af size distributions hav&R lower than
0.03. The second mode partid® range from 0.03 to 0.2. The observed low valudgate
a liquid-like behavior of the nanoparticles. Théase shows an almost circular shape
suggesting they could be spherical into the flamietivey deform impinging on the substrate
[20]-[21],[26]-[27].

Figure 3 summarizes the results reported in Figl&awing the change along the flame
axis of the mean diameters of the first and seeconade patrticles.
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SEM analyses of the particles collected on the alum substrates show that the stub is
covered by a layer of ultrafine particles with sizeell below the instrumental resolution. The



EDXS analyses reveal the presence of cadmium apgeox A small amount of nitrogen is
detected at HAB=20mm whereas nitrogen is completddgent at the other sampling
locations, indicating that cadmium oxide partickesre been synthesized. Unfortunately the
detector is not sufficiently sensitive in detectiogygen to determine the exact oxidation
degree of the powder.

Cadmium nitrate has the highest solubility in wederong the three chosen metal salts
and it nucleates inside the water droplets towlaedeind of the evaporation process. Cd{NO
nuclei have not enough time to aggregate, grow iffusé inside the droplet since the
evaporation process is almost completed and theyeeased in the high-temperature gas-
phase. Cd(Ng),-4H,O droplets dehydrates at 484K, thereafter the CdiN@uclei
decomposes to CdO at 674K [28] in the gaseous amwvient causing the shrinking of the
nuclei and the generation of particles detectedOatind 25mm. CdO evaporation can also
occur but its further thermal decomposition is albbwed at ~1200K. Along the flame axis
CdO particles slightly grow due to coagulation angarticle second mode appear at 30mm.
CdO is liquid at the flame temperature and nanapest show a plastic morphology upon
impact on the substrate as shown by the very lowegaof the aspect ratio of the collected
particles also in the whole size range. This bedragi more pronounced for smallest particles
that have the smallest ARs.

A different behavior is exhibited by Ni(Ng® and Pb(NG), which have a lower solubility
in water and different dehydration and decompasitemperatures.

Figure 4 (left side) shows the particle size dmttion functions obtained by AFM
analysis and their best fitting (parameters in &albl) when Ni(NQ), is injected into the
flame. A bimodality in the particle size distribori function is observed from the beginning
of the transformation process whereas particlesabm@st monodisperse at longer residence
times.

At HAB=20mm the size distribution function of calted particles is characterized by
3.4nm <D> for the first mode and by 12.7nmD> for the second mode, the latter
representing 3% of particles number. At HAB=25mmstfimode<D> (3.2nm) is slightly
smaller while the second mode (5% of particles nemnbhrinks significantly (10.8nmiD).

At HAB=30mm the first mode still have 3.3naD> while the second mode, subjected to a
further shrink (5.6nnxD>), is collapsing into the first mode. The seconddsmgaompletely
disappears at HAB=35mm where almost monodispensilea (4.2nmMD) are sampled.

The initial bimodal nature of the size distributipnobably depends on the Ni(N@
solubility in water and the temperatures at whiciiN®3),-6H,O thermal decompositions
occur [29]. Nickel(ll) nitrate dehydrates betweeh8K-463K so that Ni(NG), nucleates
already in the Ni(NG),-6H,O droplets. Therefore, nuclei are able to sliglgtigw and some
of them aggregate forming larger particles befonerging from the droplets.

The smallest formed particles are already largan tthose generated from Cd(R©
solution because of the lower solubility and dehyidn temperature speeding up the
nucleation in the droplet. The nuclei are quicklyated in the gaseous environment and
decomposed into NiO (573K). The shrinking of theos®l mode observed downstream in the
flame could be due to the decomposition of thedangitrate particles. Indeed, the size
reduction is compatible with the particles lossnodss involved in the Ni(N£) to NiO
decomposition. The NiO evaporation or further tharrdecomposition is not allowed at
~1200K.

The EDXS analyses on the SEM substrates confirnmptasence of nickel, oxygen and
nitrogen, the latter being more abundant at th&t fieight and completely absent only at
HAB=35mm where second mode patrticles are not ptesen
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Figure 4. (left side) particle size distribution functioasd (right side) aspect ratios measured
along the flame axis when injecting nickel(ll) ai®. From the bottom to the top: 20, 25, 30
and 35mm.

Figure 4 (right side) also show#sR plotted versus particle diameter. Particles inftis
mode have AR lower than 0.05 similar to the Cd{N@rmed particles, indicating a liquid-
like nature for such particles. The second modégbes have AR as high as 0.3, larger than
the AR for the same size Cd(M@formed patrticles, indicating a less plastic natiarethe
larger particles.

The process of particle formation is summarized=ig.5 where the change along the
flame axis of the mean diameters of the first aambad mode patrticles is reported. Large size
Ni(NO3), particles nucleate in the liquid phase; once sddan the high temperature gas-
phase they decompose into smaller NiO particleshAtend of the process only small NiO
particles remain in the reactor.
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Figure 5. Mean diameters of the particles belonging tdfitisé (I mode) and second mode
(I mode) of the particle size distribution alonigetflame axis when injecting nickel(Il)
nitrate.

Similar to nickel(ll) nitrate, lead(ll) nitrate, we¢h has even a lower solubility in water,
fast nucleates in the droplets. The particle siggridution functions obtained by AFM
analysis and their best fitting (parameters in &db) are shown in Fig.6.

At HAB=20mm a broad size distribution function extieng from 1 to 30nm is measured.
The first mode particles (75% of particles numbsaye 6.3nn<D> while a 15.6nnmD>
second mode is observed. A similar size distribut®observed at HAB=25mm whereas at
HAB=30mm the two modes are more evident with th& finode having a quite smalkeb>
(4.4nm) and containing a slightly increased pelagat(80%) of particle number. Slightly
smallerMD (15.2nm) is measured also for the second modartAdr significant reduction of
<D> of each mode (2.9nm and 12.7nm) is observed at #38Bim whereas the relative
number of particles into the first mode is almbst $ame.

Figure 6 also reports the AR versus particle dimméfalues ranging from 0.01 to 0.80, at
HAB=20mm, and from 0.01 to 0.20, at HAB=25mm anan8®, are observed showing that
the larger particles have a solid nature. The AReling for heights larger than 25mm
suggests melting of the nanoparticles along thradlaxis.

The EDXS analysis reveals, as expected, the preseiniead, oxygen and nitrogen, the
latter being more abundant at the first heights@eateasing at larger HAB.

Figure 7 summarizes the results reported in Figleaving the change along the flame
axis of the mean diameters of the first and seecnade particles.

The time evolution of the size distribution showshainking behavior similar to that
observed for the Ni(N¢). case but generated particles have larger sizeshanoimodal size
distribution function is observed at each samplipgsition. The larger sizes and
polydispersion of the generated particles are edlab the lower solubility in water of
Pb(NG). with respect to the other used metal salts. Indeelilition saturation is reached
faster and nuclei have much longer time to grow aggregate into the droplets. Therefore,
the smallest particles show larger diameter angklaparticles represents a larger fraction of
total respect to the other investigated cases.pegcles shrinking at 30mm is justified by
Pb(NGs), decomposition to PbO (690K-810K) [30] and its shgent partial evaporation.
PbO cannot further thermally decompose at 1200kenTthermal decomposition is unable to
explain the further size reduction or the prognesgielative number increase of smallest
particles. For this reason, it is possible to assuhat part of the PbO in vapor phase
homogeneously nucleates generating 2.5nm partetidarger residence times where the
temperature slightly decreases [21].
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Figure 6. (left side) particle size distribution functioasd (right side) aspect ratios
measured along the flame axis when injecting lépdifirate. From the bottom to the top: 20,
25, 30 and 35mm.
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Figure 7. Mean diameters of the particles belonging tdfittsé (I mode) and second mode
(I mode) of the patrticle size distribution alorgtflame axis when injecting lead(ll) nitrate.
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We have compared the volume fractions of the thphmcetically collected matter with
those determined by material balance. From the AStM distribution functions, the total
volume of the collected particles is determinede Thtio of the total volume of collected
particles ¥olpa) and the sampled gas voluméoamp furnishes the volume fraction of the
particles thermophoretically collected (see eqRjscrepancies between thermophoretic
volume fractions and particle volume fractions deieed by mass balance can be attributed
to the capability of the particles of different eszto remain attached on the substrate at
relatively high temperature. We have here defires ¢apability to remain attached as an
average particle adhesion efficiengyyf) on the sampling mica disk:

y - Vpart — Vpar - fVAFM
ah oy fviv, —~ fv

imp

(5)

The volume fraction of CdO nanoparticles thermophioally collected is very low with
respect to that determined by mass balance. Atodgenning of the process, when only
particles smaller than 5nm are collected, it i$ u$5% of the volume fraction of the particle
present in the flame reactor. This percentage asa® by about one order of magnitude
simultaneously with the appearance of the secontentarger particles. A similar behavior is
also shown by nickel- and lead-particles: the arnhoah the particles collected by
thermophoresis decreases by orders of magnitudartsle size decreases at larger HAB.
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Figure 8. Adhesion efficiency as a function of the meamditer of particles collected on
the substrate.

Figure 8 reports the mean particle adhesion effiyecalculated by eq. 5 as a function of
the mean diameter of collected particlgsy, is of the order of 18 for particle with mean
sizes below 5nm and reaches values as high asiOpaiticle with mean size of the order of
10nm. Metal vaporization and the assumption onigartiensities made to calculate their
volume fraction can affect the calculated absolutdue of the adhesion efficiency.
Nevertheless the uncertainty induced by both nobsiclering the vaporization and
hypothesizing particle density, cannot affect tffeciency variation by orders of magnitude
for different particles size. Indeed the size dsttion functions have quite different time
evolutions whereas particle density cannot chaygardbers of magnitude.



A similar behavior of the adhesion efficiency hae already observed for carbonaceous
particles in the same size range and it has beaaiegd with the simplest assumption that all
the particles with a thermal kinetic energy whishlarger than the interaction energy will
escape and rebound elastically if their residemoe tn the potential well is very short [31].
The adhesion efficiency at medium high temperase&ems not macroscopically influenced
by the chemical nature of the particles but it tiorggly affected by the sizes. The low
adhesion efficiency of very small particles is metging in developing filtering systems able
to capture a huge number of particles in the utteafange. It is worthwhile remarking that
the interaction energy of very small nanopartidesigh temperature is of the order of their
kinetic energy, which opens the way to much moneaaded modelling based on quantum
mechanism and molecular dynamics.

Conclusions

The size distributions, in a size range extendiogrdto 1nm, of nanoparticles generated by
quickly heating cadmium, nickel(ll) and lead(ll)tnaite aqueous solution droplets in a flame
exhaust gases, have been measured with the AFMiteeh

Despite the different behavior of the particlesesdistribution functions measured for the
different metals, particles smaller than 10nm amnkd and collected in each investigated
case. Results suggest that nanoparticles nucleaigei the droplets during their fast not-
uniform heating/vaporization/dehydration, and treres seem correlated with solubility in
water and dehydration temperature of the salt psecu Almost monodisperse ~2nm CdO
particles were generated using the highest solahtk faster dehydrating Cd(N@ The
bimodal nature and slight larger diameters of nantiges produced from Ni(N£», depends
on its slightly lower solubility and dehydratingriperature over Cd(N£», involving faster
nitrate nucleation. Therefore, nuclei are ablelighdy grow and some of them to coagulate
before emerging from the droplets. The smallestaiwmeere almost instantaneously heated
and decomposed to NiO ~3nm particles while largesadecomposition required longer time
because of lower specific surface area slowingdeitrrelease. Larger first mode particles and
higher frequency of second mode are obtained fimrmdss soluble Pb(N{3 because of its
faster nucleation into the droplets. This particEwink because of Pb(NJ to PbO
decomposition. This decomposition is slower resgecthat of Ni(NQ), because larger
particles were produced.

Small nanoparticles show to rebound when collidbngthe mica substrate, resulting in very
low adhesion efficiency. The adhesion efficiencyna macroscopically influenced by the
chemical nature of the particles but it is strorgfifiected by the sizes. The size dependence of
the adhesion efficiency quantitatively agree fotled investigate cases and with that reported
in literature for carbonaceous nanoparticles [J1Ljis feature is interesting in developing
filtering systems able to remove nanoparticles wgite lower than 5nm at the exhaust of
combustion systems.

The inability to remove metal nanoparticles smallen 10nm imply a not-trivial pollution
problem because, due to their small volume, thheyreleased at the exhaust of combustion
devices and persist in atmosphere in high numbeecerdration even if they represent a small
mass percentage of particulate matter.
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