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a  b  s  t  r  a  c  t

This  work  describes  the  use of  well-controlled  laboratory  flames  to produce  aerosols  of  organic  carbon
(OC) as  model  particles  representative  of  the  OC  fraction  of  combustion-generated  particulate  matter
emissions  in  fresh  exhausts.  Water–particle  interactions  are  explored  in  two  specific  cases.  In the first
case,  particles  are  exposed  to saturated  environments  and  come  into  direct  contact  with  liquid  water
by bubbling  flame  samples  through  a  column  of  water.  This  case  is  representative  of  particle–liquid
interactions  relevant  to  wet  removal  routes  by  particle  interception  by  rain  or fog droplets  or  in  biological
systems  covered  with  biological  fluids  composed  mostly  of  water.  In  the  second  case,  the  particles  are
exposed  to  sub-saturated  vapors  with  H2O concentrations  representative  of  cloud-forming  atmospheres.
C model particles
ater–particle interaction

loud condensation nuclei

The particles’  capacity  to serve  as  atmospheric  cloud  condensation  nuclei  (CCN)  by rapid  growth  to
droplets  was  measured  and  compared  to NaCl  particles,  which  are  highly  soluble  particles  with  well
known activation  diameters.  The  results  show  measureable  interactions  with  water  in highly  saturated
conditions.  However,  in sub-saturated  environments,  no  growth  by water  condensation  was  observed,
and  fresh  emissions  of  OC  nanoparticles  are  not  likely  to act  as  CCN  in  atmospherically  relevant  humidity.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Particulate matter (PM) affects human and environmental
ealth as well as the radiation balance of the atmosphere. Epidemi-
logical studies show consistent associations between exposure
o PM air pollution and a wide range of serious health problems,
ncluding increased daily mortality and reduced life expectancy
1–3]. PM affects climate both by direct scattering and absorption
nd, more importantly, by serving as cloud condensation nuclei,
amed the “indirect” climate effect [4].  Carbonaceous particles
re ubiquitous products of incomplete combustion of carbon-
ontaining fuel. Ultrafine PM smaller than 100 nm, or 0.1 �m
PM0.1), is mainly emitted from combustion sources and is mostly
omposed of organic carbon (OC) [5].

Recent results imply that the specific role of the OC fraction of
ltrafine PM may  be important in affecting cloud formation and

lbedo and in explaining health effects associated with pollution.
he discovery of large amounts of organics detected in atmospheric
louds/fogs suggests that OC PM in polluted atmospheres may  play

∗ Corresponding authors.
E-mail addresses: lasgro@yahoo.com (L.A. Sgro),

inutolo@irc.cnr.it (P. Minutolo).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.10.097
a major role (on par with sulphates) in affecting the structure, pre-
cipitation efficiency and albedo of clouds [6–8]. Ultrafine PM is
associated with premature respiratory and cardiovascular death
[9], affects heart rate variability [10,11], is more potent than fine
or coarse PM in various in vitro toxicological assays [12–14],  has
a higher oxidative stress potential [15–17],  and may  translocate
after deposition in the lung to the circulatory system and extrapul-
monary organs [18]. The observations that people with obstructive
lung disease receive a greater dose of ultrafine PM [19] and that
the amount of ultrafine PM deposited in the lung increases with
decreasing particle size [20] are consistent with a diffusion lim-
ited deposition mechanism. More specifically, the OC fraction of
ultrafine PM collected from urban Los Angeles air [21] and diesel
exhaust [14] appears to be causing the toxic responses in toxico-
logical in vitro assays. Various toxicological studies, summarized in
Table 1 of supplemental materials,  show that flame-generated OC
nanoparticles have similar or higher toxicological responses in vitro
to OC extracts from PM in urban air samples and from the exhausts
of vehicles and engines, both in prokaryotic and eukaryotic cells.
In particular, the LD50 value (the dose that causes death of half of

the test cells in an assay testing cytotoxicity) for flame generated
OC in eukaryotic cells is on the order of 10 �g/ml for several dif-
ferent eukaryotic cell lines [22–25].  Stojicic reports a similar LD50
for OC condensates collected from the exhaust of a diesel engine

dx.doi.org/10.1016/j.jhazmat.2011.10.097
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lasgro@yahoo.com
mailto:minutolo@irc.cnr.it
dx.doi.org/10.1016/j.jhazmat.2011.10.097
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Fig. 1. Relative mutagenic potencies for organic carbon nanoparticles collected in
water suspensions from flames and vehicles (solid symbols [22]) and combined
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M  + semi-volatile OC (open symbols [12]).

25]. Hiura et al. report an LD50 about an order of magnitude higher
or PM collected on filters from diesel exhaust, but they found that
he refractory, black or elemental carbon fraction of these samples,
as completely non-toxic after an organic fraction was removed by
ashing the PM with methanol [14]. Although they are on differ-

nt cell lines and use different collection and testing methodologies,
hese results, taken together, paint a picture, which implies that the
C fraction of PM is the more toxic fraction responsible for observed

oxicological responses, and the EC fraction, which accounts for a
arge portion of the particle mass, essentially dilutes the measured
oxic potency.

Fig. 1 compares relative mutagenic potencies reported from
wo independent studies [12,22] that were calculated by the slope
f the dose–response curve for mutagenicity measured with the
ame mutagenic screening assay (Ames test) on two  different
almonella Typhimurium strains, TA 98 and TA100. One study col-
ected OC nanoparticles isolated from soot or black particles and
as phase organics from flames and vehicles. The other study col-
ected PM on filters and semivolatile organic species extracted from
artridges downstream of the filters, and tested the mutagenic
otency of PM + SVOC. Comparing the two studies, OC nanopar-
icles appear to have mutagenic responses similar to semivolatile
rganic extracts + PM collected from filters. The mutagenic potency

f flame generated OC nanoparticles is 1.5–5 times higher than that
f particles collected from vehicle exhausts, which implies that the
ehicle samples contained relatively less toxic materials.
terials 211– 212 (2012) 420– 426 421

One hypothesis to explain the higher toxicological
potential of combustion generated carbonaceous macro-
molecules/nanoparticles with a more organic rather than black
or elemental carbon structure is that their ability to catalyze the
formation of reactive oxygen species (ROS) is related to free-radical
species within the particle structure or adhered on its surface. The
toxicological mechanism is that small particles penetrate the lung
and cause oxidative stress that can overwhelm antioxidant defence
mechanisms of lung parenchyma. The ROS-forming potential of
diesel exhaust particles and organic extracts on these particles
has been measured with non-cellular assays in the presence of
a reductant, and is correlated with their toxicological potential
[21,26–28]. Electron paramagnetic (EPR) spectrometry has been
used to measure the presence of free-radicals, and EPR signals
in combustion generated particles and organic extracts [29] are
similar to those reported for semiquinone radical species in PM2.5
(particulate matter with aerodynamic diameter <2.5 �m)  [29,30]
and tar extracted from cigarette smoke [31].

Impacts of nanoparticles on the environment depend strongly
on interactions between particles and water in the vapor or liquid
phase. Particle interactions with H2O critically affect transporta-
tion, storage and the general fate of PM in the atmosphere and
ecological systems. The hygroscopic nature of PM and its various
components also critically affect particle deposition and translo-
cation within and beyond the human respiratory system as well
as sample stability, dispersion, and dose delivery in cell culture
mediums and in vitro work.

Various forms of carbon particles can be produced by combus-
tion synthesis. The most widely studied form of PM produced by
hydrocarbon combustion is soot, which contributes to the black or
elemental fraction of atmospheric carbon. By controlling combus-
tion parameters, also other forms of carbon may be produced, such
as tar-like organic compounds, fullerenes, nanotubes, and graphitic
or diamond structures [32–35].  Complex combustion conditions
often produce aerosols composed of mixtures of various forms of
carbon particles [33,36,37].  Laboratory premixed flames can be
operated in controllable, repeatable conditions [37]. Depending on
the operative combustion conditions, particles with different char-
acteristics are formed; in particular it is possible to produce organic
nanoparticles which are a model of the combustion-generated frac-
tion of the atmospheric OC without the presence of soot or other
carbon species with higher three dimensional order [35,37].  This
flame synthesis method provides a means for studying the effect
of carbonaceous PM formed in high temperature combustion reac-
tions entirely separated from additional effects, which may be due
to lube oil and metal additives also present in applied combustion
systems burning complex fuels. Recently, several research studies
have been conducted to characterize flame-generated OC nanopar-
ticles [37]. These species have a broad light absorption spectrum
peaked in the UV, quite similar to those reported for humic-like
substances in environmental waters and soils. The fluorescence
spectra present bands typical of aromatic moieties with 1–4 rings
[37], time-resolved fluorescence polarization anisotropy showed
that this fluorescence is emitted by nanoparticles with a diameter
of 1–3 nm [38]. The particulate nature of OC produced in flames was
confirmed by the on-line measure of their size distribution function
by means of differential mobility analysers (DMA) and by atomic
force microscopy (AFM) [37,39]. Additionally, AFM topography has
showed that such particles have a flat shape when deposited on
mica plates because of their high plasticity or liquid-like structure
[40].

Several works have shown that incipient OC nanoparticles gen-
can be isolated from gas phase OC and more graphitic soot par-
ticles. These particles also remain dispersed as stable aqueous
suspensions for long periods of time (months) [22,25]. However, it
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emains to ascertain whether these particles are present in solution
r merely suspended in the hydrosols [37]. Also, we  are aware of
o prior works in the literature that have investigated interactions
etween water and flame-generated OC directly.

In this work, we use well-controlled laboratory flames to gen-
rate OC nanoparticles and explore their interactions with water
s an interactive medium in two cases relevant for understanding
he role of PM in affecting human health and the environment. In
he first case, particle–liquid interactions relevant to “wet deposi-
ion” or interception of PM by rain, snow or fog in the atmosphere,
nd deposition on biological fluids are explored. The second case
nvestigates particle interactions with sub-saturated vapors having

2O concentrations representative of cloud-forming atmospheres.
hese measurements are a first step to determining if freshly admit-
ed flame-generated OC PM may  act as CCN.

Most of the OC particles are smaller than 10 nm,  which is signif-
cantly smaller than a typical CCN “activation diameter” (dactivation),
r the diameter at which 50% of the particles are activated as
CN and grow rapidly by water condensation into droplets. For
xample, highly soluble particles like NaCl are reported to have

 dactivation = 26 nm when exposed to a humid environment with
upersaturation, S = 0.8 [41,42]. In this work, to test the CCN-
orming ability of flame-generated OC nanoparticles, we  increased
heir size by coagulation in an undiluted section of sampling line,
nd measured activation curves in comparison to those for NaCl
hich is often used as the soluble-particle standard [41,42]. We

lso reduced their concentration to less than 104 to compare our
esults with earlier works reported in the literature.

. Experimental methods

OC nanoparticles have been produced in laminar flames fueled
ith premixed mixture of ethylene and air. The mixture is reported
n terms of equivalence ratio, i.e. the fuel/air ratio normalized by
he stoichiometric one.

Particles were sampled by means of two different types of sam-
ling systems sketched in Fig. 2. The first sampling system (Fig. 2a),

Water-C
bubbler/c

condenser

flamePremixed

water added
bubblerto

Cooledsample 
probe

flamePremixed

Particle-free
Ndiluent 2

Dilute

Sample flow

Fig. 2. Dilution systems used to sample flame-generated OC 
aterials 211– 212 (2012) 420– 426

collects samples of fresh flame-generated OC particulate matter
by bubbling undiluted combustion products through laboratory
water added to the bubbler. Undiluted products are drawn through
the sampling system (bubbler/condenser) at a flow rate of 4 l/min.
Combustion-generated water condenses on the cool walls of the
bubbler/condenser and accumulates over time at a rate of a few
ml/hour depending on the flame condition. The resulting sampled
material is an aqueous dispersion of combustion products that dif-
fuse to the bubble surface and are captured in the bubbler and
those that are scrubbed out by heterogeneous condensation. Down-
stream of the bubbler/condenser, the sampled flow was diluted by
two  ejector pumps and sent to a DMA  to measure throughput of
particles. The overall dilution ratio of the ejector pump dilution
system was 1:20, calibrated by direct flow measurement.

The second sampling system (Fig. 2b) is used to measure the size
distribution of flame-generated nanoparticles with minimal sam-
pling artifacts. It draws a small sample flow from the flame through
an orifice (0.3 mm)  into a much larger turbulent diluent flow of
particle-free nitrogen. It has been demonstrated that this sampling
system effectively suppresses particle coagulation and condensa-
tion of semivolatile species in the sampling lines when operated to
achieve high dilution ratios (DR > 103) [43]. The dilution ratio (DR)
in this probe is a function of the sample orifice, the nitrogen flow
rate, and the slight underpressure in the probe drawing in the flame
sample. The DR was  calibrated by measuring directly CO2 in diluted
and undiluted flame products.

We  performed experiments designed to measure the CCN “acti-
vation” curves of flame-generated OC nanoparticles relative to NaCl
nanoparticles, for which CCN-activation curves are reported in the
literature [41,42].

Flame products were drawn from an ethylene air flame
operating with an equivalence ratio,  ̊ = 2.0 and cold gas veloc-
ity = 10 cm/s. This flame produces OC particles that are mostly

smaller than 10 nm [37] and we allowed them to coagulate by
drawing the particles through a 6 cm long 2 mm ID tube oriented
horizontally with its inlet centered 15 mm above the burner sur-
face. In this section of sampling line, the aerosol was  undiluted.

ooled
ondensor

pumpsEjector

exhaust

DMA
system

NParticle-freediluent 2

exhaust

DMA
system

productsflamed

P

(a)

(b)

pump

nanoparticles for testing their interactions with water.
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Fig. 3. Size distributions of diluted flame products sampled from a stoichiometric
particle-free flame (a) compared to those measured in a slightly fuel rich, transpar-
ent  blue flame (b) with either dry sampling lines (empty symbols) or by bubbling
L.A. Sgro et al. / Journal of Hazardo

uccessive dilution occurred in an ejector pump, which created the
nderpressure required to draw the particles through the initial
ube, and in a secondary dilution probe with variable dilution ratio
on the order of several hundred) required to reduce the particle
oncentration to levels that are relevant for atmospheric conditions
≤104 particles/cm3).

Particles of a specific size were selected from the test aerosol
ith a differential mobility analyzer (TapCon 3/150 DMA). The
onodisperse, size-selected aerosol flow was split to simultane-

usly measure the total particle concentration with a condensation
article counter (CPC, TSI model 3760A) and the fraction of parti-
les that grow by condensation of water-vapor using an ad-hoc CPC,
hich operates with water as the working fluid. The TSI CPC mea-

ured the total particle concentration, Ntotal, with 100% efficiency
or particles larger than 10 nm.  The water-based CPC measured only
hose particles that grow by condensing water on their surface to a
roplet with diameter larger than 300 nm,  named cloud condensa-
ion nuclei (CCN). Using the nomenclature and methods reported in
he literature [41,42],  the results are presented as CCN-activation
urves or plots of the fraction of particles that grow (CCN/Ntotal) as

 function of size-selected dry particle diameter.
For comparison, we also tested NaCl particles generated with

n electrospray similar to the one described by Chen et al. [44].
he NaCl particles were produced by pushing a 150 mM solution
f NaCl in bidistilled laboratory water through a 30 �m silica capil-
ary with a sharpened, uncoated tip. The capillary tip faced a metal
late with a 1 mm hole used to eliminate satellite drops and their
ried residues. A voltage difference ranging from about 4.2 to 4.5 kV
as applied directly to the spray solution and the flat plate. Carbon
ioxide was used as the drying gas to avoid Corona discharge. The
one-jet stable operating modes was observed through a micro-
cope and by measuring their output currents [44].

The water-based CPC is a turbulent-mixing type CPC, which
xposes incoming aerosols to a vapor concentration by mixing the
ncoming cold aerosol flow with a hot flow issued from a saturator
n a small tee. The humidified aerosol flow then travels through

 growth section and droplets that are larger than 300 nm are
ounted at the end of the growth section by an optical particle
ounter (Biotest APC plus). Previous works describe in detail the
esign of the turbulent-mixing CPC and demonstrate its ability
o grow/detect particles as small as 1 nm operating with organic
orking fluids [45,46]. In this work, we used water as the working
uid, and did not operate in optimal supersaturation conditions to
row all particles. Instead, we set the variable operating conditions
f the CPC that determine the supersaturation in the mixing sec-
ion (saturator flow, saturator temperature, and incoming aerosol
emperature) to values that enabled the measurement of CCN-
ctivation curves of NaCl particles generated by electrospray with
he same size of combustion-generated particles. It is not easy to

easure or infer S in the mixing section of the CPC since the temper-
ture distribution within the mixing tee of the CPC is complex and
ot measured. Our approach was to measure CCN-activation curves

or NaCl at fixed operating conditions in the CPC. From our measure-
ents we infer the supersaturation by comparison with reported

ctivation curves for NaCl particles for various S in the literature,
ven though they used different particle generation methods and a
hermal diffusion-type CCN counter (model M-1  of DH Associates)
41,42].

. Results
.1. OC–water interaction: saturated conditions

The first set of experiments was done to study interaction of
C with water in highly saturated conditions. Fig. 3 compares size
through a water column (solid symbols). All measurements taken with the system
illustrated in Fig. 2b.

distributions of flame products sampled with the dilution system
in Fig. 2a downstream of a Pyrex bubbler and condenser. The size
distributions were measured with or without adding 25 ml  of water
to the bubbler, labelled “water in bubbler” and “dry” sample line
respectively. Since the sample flow through the bubbler is undi-
luted, combustion-generated water condenses on its cool walls and
accumulates over time. The concentration of water in undiluted
combustion products varies slightly with fuel:air mixture and is
approximately 10–13%.

Size distributions were measured for a stoichiometric (  ̊ = 1)
flame (a) and a slightly fuel rich (  ̊ = 1.7) transparent blue-colored
flame (b). In all of the size distributions in Fig. 3, a sub-nanometer
peak is measured, which is also measured in particle-free gasses
and is mainly due to molecular clusters formed by ion-induced
nucleation in the particle charger itself at ambient temperature
[47]. This peak is the only one measured in the stoichiometric
flame condition and remains constant with or without water in
the bubbler (Fig. 3a). This result was  expected since laminar pre-
mixed flames burning a stoichiometric fuel:air mixture produce
only water and CO2 and no particulate matter or gas phase products
of incomplete combustion. Similarly, no particles were observed
in the slightly fuel rich blue flame when the sampling line was
essentially dry (Fig. 3b squares and dotted line). However, when
water is added to the bubbler, a 2–4 nm mode appears in the size

distribution (Fig. 3a triangles) for flame conditions  ̊ > 1.5. These
2–4 nm species are not pure water droplets formed by homoge-
neous condensation or a spray mechanism in the bubbler since
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ticles (Ntotal), but the fraction of CCN/Ntotal was  constant within
n  Fig. 2b(a) and a(b) with dry sample lines (empty symbols) and bubbling through
 water column (solid symbols).

hey are not observed when water is added to the system but the
ame is off or is burning a fuel:air mixture nearer to stoichiomet-
ic conditions (  ̊ = 1–1.5). Consequently, we can conclude that in
uel rich  ̊ = 1.5–1.8 blue flames, bubbling the sample flow through
ater “activates” droplet formation on combustion products that

erve as condensation nuclei. Furthermore, the observation that the
ombustion-generated condensation nuclei are not observed in the
ondition of a dry sample indicates that their size is smaller than

 nm;  thus, they cannot be measured due to the strong interfering
ignal of molecular clusters generated in the particle charger or are
elow the instrumental detection limit.

For the rest of the figures in this work, we report only data rele-
ant to flame-generated particles and eliminate the sub-nanometer
ata.

Further increase of the fuel:air ratio produces larger particles in
igher concentration so that particles are detected also with the
dry sample line”. Fig. 4 plots size distributions measured in a rich
ame with faint orange light emission (  ̊ = 1.9) using the two  dif-

erent dilution systems illustrated in Fig. 2. Immediate and high
ilution obtained with the set up of Fig. 2b, effectively suppresses
article coagulation and heterogeneous condensation in the sam-
le lines so that the form of the size distribution does not vary
ith DR ≥ 1200 (squares and triangles in Fig. 4a). When particle

rowth in the sample lines is effectively suppressed, the size dis-
ribution measured gives the true size of particles at the sampling
oint [43,47]. At lower dilution levels, DR < 1000, particle growth
rocesses in the sample line cause the size distribution to widen
nd shift toward larger sizes. The relative humidity in the sam-
ling system of Fig. 2b is approximately equal to that of combustion
roducts (∼10%) divided by the DR, which is quite low (less than
% even for the lowest DR). As a result, particle growth observed in
he lowest dilution case (DR = 25) is due to particle coagulation and
ondensation of combustion products on particle surfaces and not
ater condensation.

Instead, with the sampling set up of Fig. 2a the dilution gasses

re introduced 10 cm downstream of the bubbler/condenser
ystem. As a result, rapid particle growth occurs in the initial
ndiluted section of the sampling system where concentrations of
aterials 211– 212 (2012) 420– 426

particles and semivolatile/volatile species that may condense on
their
surfaces are high. With this set up and DR = 15, particles in
the size range 5–35 nm are measured both with and without water
in the bubbler (Fig. 4b). When the sample flow is bubbled through
bidistilled water added to this sampling system, a significant
amount of species smaller than 4 nm is also present in the size
distribution that is not observed in the case of “dry” lines without
adding water to the bubbler (Fig. 4b). The size distribution of these
d < 4 nm has a similar form to the one observed in the blue flame
condition of Fig. 3b. The d < 4 nm species measured when bubbling
combustion products through a column of water are thought to
be flame-generated species with sizes lower than DMA  detection
limit, that grow to detectable sizes (>1 nm)  by condensational
growth in the saturated sampling system. Water addition to the
sampling line also results in an observable growth of particles
larger than 5 nm,  which are shifted toward larger diameters (solid
circles) compared to the size distribution measured with “dry
sampling lines” (empty circles).

The combined results of Figs. 3 and 4b show that flame-
generated OC nanoparticles effectively interact with water since
noticeable growth is observed when water is added to the sam-
pling lines compared to the “dry sampling lines” case. A slight but
detectable increase in particle size is observed when combustion
products were drawn through water added to the bubbler (Fig. 4b).
Also, a “new” inception mode is observed when water is added
to the sampling line that is not observed by on-line DMA  with-
out water addition to the sampling system (Figs. 3b and 4b) for
flame conditions with  ̊ > 1.5, and this mode appears to be due
to sub-nanometer combustion products that act as condensation
nuclei.

Since OC particles effectively interact with water, and remain
dispersed in water samples, as discussed in Section 1, we per-
formed some tests to investigate their ability to act as CCN in less
saturated conditions, representative of atmospheric conditions in
cloud-forming environments.

3.2. CCN testing of flame-generated OC and
electrospray-generated NaCl nanoparticles

To test the CCN-forming potential of fresh combustion-
generated OC, OC nanoparticles were collected from a C/O = 0.67
flame using the sampling system depicted in Fig. 2a without the
dilution system to allow particle growth. Monodisperse particles
were then selected by a DMA. The value of particle concentration
was  chosen to avoid particle–particle interaction while study-
ing particle–vapor interactions. Similar particle concentrations
are used in the CCN-activation studies reported in the literature.
Electrospray-generated NaCl particles were also used as a calibra-
tion standard to ensure that the experimental set up for measuring
activation curves effectively grows soluble particles by comparison
with activation curves reported in the literature using commer-
cially available cloud condensation nucleus counters.

The calibration test was performed by selecting monodisperse
NaCl particles at the exit of the DMA. Particle concentration was
changed by varying the spray from the stable operating condition
of cone-jet mode by reducing the electrospray voltage, and then
increasing it back to the original value corresponding to stable
cone-jet mode. The concentration of particles that grow to droplets
larger than 300 nm,  or CCN activated by condensation of water
vapor, changed simultaneously with the concentration of total par-
experimental uncertainties. Almost all of the particles were acti-
vated by water condensation in the case of 35 nm NaCl particles
while only about 10% grew in the case of 25 nm NaCl particles.
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[5] G.R. Cass, L.A. Hughes, P. Bhave, M.J. Kleeman, J.O. Allen, L.G. Salmon, The chem-
n their surface to lager than 300 nm as a function of the diameter of the monodis-
erse test particle.

The average value of the fraction of activated CCN/Ntotal from
epeated measurements was used to generate an activation curve
s a function of the particle diameter of the test aerosol.

Fig. 5 shows the fraction of CCN/Ntotal or particles activated
y water condensation divided by the total concentration of dry
articles plotted as a function of the particle diameter of the test
erosol selected by the DMA. The CCN-activation curve measured
or NaCl particles is zero for particles smaller than 20 nm,  has a steep
ncrease for particles larger than 25 nm,  and nearly all particles
arger than 35 nm are activated. The activation diameter for which
0% of the dry particles tested grew by condensation to droplets

arger than 300 nm was  dactivation = 28 nm.  This result agrees well
ith activation diameters reported in the literature that were mea-

ured with a thermal diffusion-type CCN chamber [41,42] operating
ith S = 0.8, which is a good estimate of the saturation environment

ausing condensation in our experiment.
For the same experimental settings, changing only the particle

ource from the electrospray source to diluted combustion prod-
cts, we observed no activation by water condensation even for
articles as large as 60 nm with concentrations similar to that of
he same size NaCl particles. We  also increased the flow rate and/or
he temperature of the saturator in the water-based CPC in order
o increase S. Even under such conditions, we observed no signifi-
ant particle growth prior to homogeneous nucleation of droplets.
he conditions necessary to obtain homogeneous nucleation were
hecked by setting the voltage applied to the DMA  to zero so that
o particles were allowed to reach the DMA  exit and the CPC.

. Discussion and conclusions

In this work we have studied interaction with water of OC
anoparticles produced in flame as model particle of OC emitted

n atmosphere by combustion systems.
In particular, particle–water interactions were studied

nder highly saturated conditions, which are representative
f particle–liquid interactions relevant to wet removal routes,
y particle interception by rain or fog droplets or in biological
ystems covered with biological fluids composed mostly of water.
n a second case, the particles were exposed to sub-saturated
apors with H2O concentrations representative of cloud-forming
tmospheres, and the particles’ capacity to serve as atmospheric
CN by rapid growth to droplets was measured and compared to
aCl particles as a standard. The results have shown measureable
nteractions with water in highly saturated conditions. However,
n sub-saturated environments, no growth by water condensa-
ion was observed, and fresh emissions of OC nanoparticles are
terials 211– 212 (2012) 420– 426 425

presumably not likely to act as CCN in atmospherically relevant
humidity.

The lack of significant particle growth observed for flame-
generated OC in this study is consistent with results reported in
the literature for diesel exhaust particles that measured low or
negative growth factors in humidity conditions similar to the ones
investigated in this study (S ∼ 0.8) [48]. In spite of the results pre-
sented here, the question remains whether combustion-generated
OC PM significantly affect cloud formation in the presence of other
substances with known water solubility like sulphates and NaCl. It
remains to be verified if particle transformation under atmospheric
conditions, including exposure to UV radiation and oxidation, may
significantly increase the CCN forming potential of flame-generated
OC.

The indication from toxicological studies that the OC fraction
of PM appears to be more potent than the BC fraction collected
from urban atmospheres and combustion exhausts (see introduc-
tion) is interesting and warrants further study. More specifically,
the observation that a somewhat polar fraction of OC that can be
removed with methanol can render the washed PM totally non-
toxic is relevant to the results/observations presented in this paper.
The OC fraction collected in water remains as a stable dispersion
for relatively long time periods (months). By contrast, black carbon,
produced in soot-forming flame conditions and sampled in water
with the same procedure, quickly settles or migrates to the borders
of water suspensions within minutes to several hours depending
on the sample [22,25].  Centrifugation designed to separate parti-
cles larger than 10 nm results in the removal of black particles from
flame-generated PM samples in water suspensions without chang-
ing significantly either the total organic carbon concentration or
the toxicological potency of the samples [25]. Another interesting
observation is that stable dispersions of OC particles in bidistilled
water aggregate when cell culture medium or proteins are added
[22]. In in vitro toxicological assays testing complex mixtures of PM,
it is quite challenging to understand the actual delivered dose and
the characteristics of particles and particle–protein aggregates after
they are administered to the cell medium. Flames offer a repeatable
and controllable combustion source for particle generation of car-
bonaceous nanoparticles with specific properties (size, aggregation
state, degree of order and graphitization, etc.).
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