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Abstract

The assessment of the climatic impacts and adverse health effects of atmospheric
aerosol particles requires detailed information on particle properties. However, very
limited information is available on the morphology and phase state of secondary or-
ganic aerosol (SOA) particles. The physical state of particles greatly affects particulate-
phase chemical reactions, and thus the growth rates of newly formed atmospheric
aerosol particles. Thus verifying the physical phase state of SOA particles gives new
and important insight into their formation, subsequent growth, and consequently po-
tential atmospheric impacts. According to our recent study, biogenic SOA particles
produced in laboratory chambers from the oxidation of real plant emissions as well as
in ambient boreal forest atmospheres can exist in a solid phase in size range >30 nm.
In this paper, we extend previously published results to diameters in the range of 17—
30nm. The physical phase of the particles is studied by investigating particle bounce
properties utilizing electrical low pressure impactor (ELPI). We also investigate the ef-
fect of estimates of particle density on the interpretation of our bounce observations.
According to the results presented in this paper, particle bounce clearly decreases
with decreasing particle size in sub 30 nm size range. The decreasing bounce can be
caused by the differences in composition and phase of large (diameters greater than
30 nm) and smaller (diameters between 17 and 30 nm) particles.

1 Introduction

Secondary aerosol formation via nucleation of precursor vapors and subsequent con-
densational growth has been reported to produce atmospheric aerosol particles in a va-
riety of environments (e.g., Kulmala et al., 2004; Laaksonen et al., 2005). Numerous
modelling studies (e.g., Spracklen et al., 2006) suggest that these particles are likely
to have a significant impact on climate. The assessment of the climatic impacts and
adverse health effects of atmospheric aerosol particles require detailed information on
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particle properties. Oxidation products of volatile organic compounds (VOC) emitted
by sources such as vegetation participate in the formation and growth process of the
newly formed atmospheric particles (Laaksonen et al., 2008; Kanakidou et al., 2005;
Jimenez et al., 2009; Claeys et al., 2004). These are called secondary organic aerosol
(SOA). Recent estimates on the importance of SOA formation show that it may be
as significant as primary organic aerosol emissions, comprising about 60—-70% of the
organic aerosol mass on the global scale and regionally even higher (Hallquist et al.,
2009; Kanakidou et al., 2005). Furthermore, substantial formation of biogenic SOA
takes place over the boreal forest in northern Europe, indicating that the forest is a ma-
jor source of climate-relevant aerosol particles (Tunved et al., 2006). SOA formation
and properties are widely studied to clarify the role of SOA in radiative forcing and
climate. In spite of their importance, the exact species and mechanisms that are re-
sponsible for the formation and growth of SOA is still not known. This is especially true
for sub-30 nm diameter particles, for which the Kelvin effect predicts that a relatively
small subset of available aerosol precursors participate in gas-particle partitioning due
to their volatility.

It is well known that inorganic salts such as NH,(SO,), and NaCl can be found in lig-
uid droplets or solid crystals in the atmosphere depending on the surrounding humidity
and temperature (e.g., Martin, 2000). However, very limited information is available
on the morphology and phase state of SOA particles. According to our recent study,
biogenic SOA particles produced in laboratory chamber from the oxidation of real plant
emissions as well as in ambient boreal forest atmospheres can exist in a solid phase
(Virtanen et al., 2010). In addition, the results of Cappa and Wilson (2010) indicate that
the SOA particles formed through a-pinene ozonolysis might be in a solid amorphous
state rather than liquid. The physical state of particles greatly affects chemical reac-
tions in the particles, and thus the growth rates of newly formed atmospheric aerosol.
For highly viscous and solid particles, chemical reactions are typically surface-limited
(i.e., heterogeneous reaction on particle surfaces). Zobrist et al. (2008) and others
(Murray, 2008; Mikhailkov et al., 2009) also suggested that the water uptake of the
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particles is diminished or even fully inhibited for highly viscous or glassy aerosols. In
gas-to-particle partitioning models developed for SOA particles, it is generally assumed
that particles are in liquid state (Pankow, 1994; Odum et al., 1996). Thus verifying the
physical phase state of SOA particles gives new and important insight into their forma-
tion and growth process and essential information on their atmospheric impacts.

The physical phase of the particles can be studied by investigating particle bounce
properties (Virtanen et al., 2010). When an aerosol particle collides with an impaction
surface, one part of its kinetic energy is dissipated in the deformation process, and
another part is converted elastically into kinetic energy of rebound. If the rebound en-
ergy exceeds the adhesion energy, the particle will bounce from the surface. Thus both
the elastic properties and surface properties of particles affect their bounce probability
(Rogers and Reed, 1984). Relative humidity (RH) also affects the bounce probabil-
ity as RH influences the viscoelastic properties of hygroscopic aerosol particles (Stein
et al., 1994). Generally, harder materials, larger particles or greater impact velocity
will lead to a higher bounce probability, although the roughness of the collecting sur-
face also plays a significant role (Dahneke, 1971; Chang et al., 1991). In our recent
paper (Virtanen et al., 2010) we showed that biogenic SOA particles bounce in im-
pactor stages, indicating that the particles are solid in their physical phase. Based on
electron diffraction analysis and bounce measurements of liquid, crystalline and amor-
phous solid laboratory-generated aerosol, we concluded that biogenic SOA particles
larger than 30 nm in diameter are amorphous solids. In this paper, we extend these
results to diameters in the range of 17-30nm. Furthermore, we investigate the effect
of estimates of particle density on the interpretation of our bounce observations.
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2 Methods
2.1 Chamber experiments

The SOA experiments were performed at the Kuopio aerosol research chamber using
living Scots Pine trees as a natural source of VOCs. The experimental setup has
been described in detail by Hao et al. (2009). Briefly, the system consists of a plant
enclosure (fluorinated ethylene propylene (FEP) bag), a reaction chamber (made also
of FEP film with a volume of 6m3), and gas and particle measurement systems that
are described in greater detail below. All branches with green needles on a 10-year-
old Scots Pine seedling were enclosed in an FEP bag, which was sealed on the stem
bark. Plant-emitted VOCs were transported by purified and dried air into the separate
reaction chamber in order to achieve the desired concentration of VOCs. To simulate
herbivore attack on tree bark and to activate the chemical defence of seedlings, thereby
enhancing VOC emissions, 1 cm long and 1 mm deep cuts were made on the base of
the main stem by a knife.

Table 1 summarizes the experiments conducted in this research. Two experiments
were performed in the current study. In experiment (1) ozone-initiated chemistry was
explored, whereas in experiment (2) tetramethylethylene (TME) was added to the
chamber to produce additional hydroxyl radicals (OH) and increase the OH : O3 ratio
(i.e., oxidation conditions) in the reaction chamber (Lambe et al., 2007). In experiment
(2) 1 ppm of SO, in nitrogen was also added to the chamber. After injecting the plant-
derived VOCs, 700 ppb of ozone generated by a UV lamp O5 generator was added
to the chamber at a flow of 40 Lpm for approximately 8 min. In all experiments, the
temperature (T) was 22 + 1°C and relative humidity (RH) was controlled in the range
of 30 £ 5% (measured with Vaisala Humidity and Temperature Probe HMP50). Ozone
(DASIBI 1008-RS Oj analyzers, Dasibi Environmental Corporation), NO, (AC 30M
NO, analyzer Environment s.a.), SO, (AF21M SO, analyzer Environment s.a.) and
VOC concentrations were measured inside the chamber during experiments. VOC
samples were collected on Tenax-TA adsorbent and the samples were analyzed by
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gas chromatography-mass spectrometry (Vuorinen et al., 2004). The initial VOC con-
centrations inside the chamber before ozone addition were 18.8 ppb and 107.6 ppb for
the ozone O; (exp. #1) and OH + SO, (exp. #2) experiments, respectively. To increase
aerosol mass loading in the experiment (1), two extra ozone injections were made at
two hours after the first ozone addition.

The particle size distributions were measured by two scanning mobility particle siz-
ers (SMPS) comprised of a Differential Mobility Analyzer (DMA; model 3081, TSI, Inc.)
coupled to a condensation particle counter (CPC; model 3022, TSI, Inc.) and a nano
DMA (model 3085, TSI, Inc.) coupled to a ultrafine CPC (model 3027, TSI, Inc.) with
mobility diameter ranges of 10—700 nm and 3—60 nm, respectively. Furthermore, chem-
ical composition and mass size distributions of aerosol particles formed during the ex-
periments were measured with a quadrupole-based Aerosol Mass Spectrometer (AMS,
Aerodyne Inc.). The average density of particles was determined by comparing the
SMPS volume and AMS mass size distributions (De Carlo et al., 2004).

The size distributions and bounce behaviour of particles, which is related to particle
physical phase state, were determined with an electrical low pressure impactor (ELPI).
In ELPI, particles are charged by a unipolar corona charger and after the charger, the
particles enter a twelve stage cascade impactor (Keskinen et al., 1992), where the
particles are classified according to their aerodynamic size, depending on both the
physical size and the density of the particle. In a conventional ELPI set-up, the cut size
of the lowest stage is approximately 30 nm, however for these investigations the ELPI
was equipped with an additional impactor stage with a cut-off size of 17 nm. In addition,
a back-up filter was used to measure particles smaller than the lowest impactor cut-off
size.

2.2 Particle bounce analysis

In the normal operation of a cascade impactor, particle bounce perturbs the measure-
ment as larger particles are transferred to lower stages following bounce thus biasing
the inferred size distribution towards smaller sizes. When particle bounce occurs in an
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ELPI, a significant excess current is measured in the lowest impactor stages resulting
from the charges carried by the bounced particles. An example of a bounce-perturbed
distribution is shown in Fig. 1b (black lines), where the measured ELPI currents are
shown for SOA formed from OH oxidation products of pine emissions in the presence
of SO, (Virtanen et al., 2010). The average particle size was 100 nm and the geomet-
ric standard deviation of the unimodal distribution was 1.27 during the measurement,
i.e. there were no small particles (<30 nm) present in the aerosol, see Fig. 1a. Nev-
ertheless, a significant excess current was measured in the lowest impactor stages
when the smooth impactor substrates were used (black histogram in Fig. 1b). When
the smooth substrates were replaced by porous substrates thus reducing the bounce
(Chang et al., 1991), no excess current was measured in the lowest stages (red bars
in Fig. 1b).

As shown in Fig. 1b, particle bounce perturbs the measurement as a result of the
transfer of particles to lower impactor stages. Hence, particle bounce can be quanti-
fied by analyzing the difference in bounce-affected measured currents with ideal non-
affected currents. To calculate the ideal currents the measured SMPS number distri-

bution as a function of particle diameter, ngyps(dp), is converted to ELPI current re-

sponse iid(dp) by first multiplying the measured SMPS distribution by the ELPI charger
efficiency curve, E,(d,) (Ristimaki et al., 2002)

7(dp) = Nsmps (0p) Ech(dp) (1)

Next, the resulting current distribution i is passed through the ELPI impactor ker-
nel functions k; to mimic the particle collection within the impactor (Ristimaki et al.,
2002). The kernel functions are carefully calibrated for chosen impactor units and sub-
strate types. The current in the jth impactor stage can be calculated from the following

equation:
id rid
o= / k,(dy, 0)i(d)d @)

0
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Such calculations result in idealized ELPI currents. In the above calculations, the av-
erage particle density (o) is required. For pine derived SOA particles measured in the
smog chamber we use densities obtained from AMS-SMPS measurements (density
value of 1.1g cm'3). Note that the particle density was determined for particle diame-
ters larger than 100 nm due to low mass loadings in the chamber and the low particle
transmission efficiency of the AMS for particles smaller than 40 nm.

When the measured and ideal currents are compared, the fraction of excess current
in the back-up filter can be estimated. This fraction is called the bounce factor (Virtanen
et al., 2010). In the measurements reported by Virtanen et al. (2010), the bounce fac-
tor was determined reliably only for particles having GMD larger than 30 nm. This was
due to the fact that the lowest cut size of the impactor set-up used in atmospheric mea-
surements was 30 nm. If the ELPI is equipped with additional impactor stage having
cut-size 17 nm (Yli-Ojanpera et al., 2010), it is possible to extend the bounce charac-
teristic investigations down to 17 nm according to (see also Fig. 2)
/filter - /fli?ter

bounce factor =

3)
impactor stages > 17 nm

where /¢, is the current measured in back-up filter, /fii‘i'ter is the simulated ideal current

in back up filter, and 2/iig1padorstagesz17nm is the sum of the ideal currents calculated
from the impactor stages (excluding the back-up filter). Here the cut size of the last

impactor stage is 17 nm.

3 Results and discussion

For comparison, the normalized bounce factors for 17 and 30 nm size limits are shown

in Fig. 2 for particles produced by the OH dominated oxidation of pine emitted VOCs

(in presence of added SO, in the chamber). The results shown in Fig. 2 are calculated

using particle density of 1.1 gcm'3 derived from the AMS-SMPS measurements and
9321
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they are shown as a function geometric mean mobility diameter (GMD) of SMPS size
distributions. It should be noted, that the absolute value of bounce factors for size limits
17 nm and 30 nm differs because in the 30 nm case, the bounce factor is calculated
according to the equation presented in Virtanen et al. (2010) instead of Eq. (3). The
size limits of 17 nm and 30 nm are marked with grey vertical lines in the figure. As can
be seen, the particle bounce factor clearly decreases in size range below 30 nm.

The particle bounce data can be used to constrain the density of sub-30 nm diame-
ter particles, for which little experimental data is available (Kannosto et al., 2008). In
Fig. 3 we show the calculated bounce factor for data obtained with the 17 nm diameter
size limit using density values varying from 0.8 g cm>to2 g cm™>. The results indicate
that in spite of possible uncertainties in the density, the bounce of the sub 30 nm parti-
cles clearly decreases with decreasing particle size. In addition, the bounce factor for
particles > 40 nm is insensitive to the chosen density.

In the upper right corner of Fig. 3a,b, the results of the details in bounce factor values
for the smallest particle sizes are shown. The zero value for bounce factor is marked
with dashed line in the figure. As can be seen, the bounce factor gets clearly negative
values when low density values are used in calculations. Underestimating the density
in the calculations results in unrealistically high simulated current values in the back up
filter compared to the measured currents (i.e., unrealistic high values of /,'i?ter in Eq. 3),
thus the numerator in Eq. (3) gets negative values. The closer the investigated size
is to the cut size of lowest impactor stage (in this case 17 nm) the more sensitive the
calculated bounce factor is for the chosen density values.

In the case of particles formed by ozonolysis of pine derived VOC in the absence
of SO, (henceforth referred to as the “O5 case”), the bounce factor achieved positive
values for the smallest measured mobility diameter (18 nm) when the density used in
calculations are greater than 1.3 g cm™3 (Fig. 3a). In the case of OH initiated oxidation
in the presence of SO, (referred to as the “OH+ SO, case”), the corresponding density
valueis 1.69 cm™ (Fig. 3b). This indicates that in the experiments with SO, (OH + SO,
case), the density of the smallest particles is higher than in the absence of SO, (O3
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case). In Fig. 4a the ratio of SOi‘ to organics measured by the AMS is shown for

OH + SO, case. It can be seen that smaller particles contained higher amount of SOi'
than larger particles. On the other hand, particles formed through ozonolysis in ab-
sence of SO, contained no SOi'. Densities of inorganic compounds containing SOi'

are typically higher compared to organic compounds, e.g., 1.84gcm'3 for sulphuric
acid and ca. 1.77gcm’3 for ammonium sulphate (Lide, 1996). This can explain the
differences in densities of the smallest particles in these two cases. When the density
values analyzed for larger particles (50—-100nm) from AMS and SMPS distributions
shown in Table 1, no clear differences are observed. As Fig. 4a shows, at these larger
sizes the ratio of SOi' to organic decreases and particles become more similar to pure
SOA.

The higher density values needed to gain the positive bounce factor (calculated from
Eq. 3) for the OH + SO, case could be explained also by the lower bounced fraction of
these particles (i.e., the lower measured current value in the filter stage (/;e,) in Eq. 3)
when compared to O3 case. In fact, when the bounce factors in Fig. 3a,b are compared
it can be seen that the overall bounce factor for OH + SO, case is lower than for the
O3. According to our earlier work (Virtanen et al., 2010) the bounce factor measured
for ammonium sulphate particles is clearly lower than for amorphous polystyrene or
SOA particles. This could be due to the difference in elastic properties of crystalline
and amorphous materials or in charge transfer characteristics of these materials. One
conclusion that one may draw from our observations that the differences in bounce
behaviour of the smallest (around 20 nm) particles in these two investigated cases are
related to the SOi' concentration in particles. The higher SOi' fraction in smallest par-
ticles can result in higher density value of the particles or the lower bounce probability
of the particles (or both of these). The effect of these differences can be seen in calcu-
lated bounce factors. The decrease of the SOi' fraction in particles in OH + SO, case
(Fig. 4a) with increasing particle size indicates also that the sulphate compounds play
a key role in initial particle formation and the organics participate strongly on particle
growth.
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According to the results presented here, particle bounce clearly decreases with de-
creasing particle size. The decreasing bounce can be caused by two reasons. Firstly
it is important to note that with decreasing particle size the velocity needed for bounce
to occur increases, since the required velocity is inversely proportional to particle
size (Dahneke et al., 1971). On the other hand, 17-30 nm particles impact on the
lowest impactor stage where the impaction velocities are generally higher than im-
paction velocities in the upper stage where, e.g., the 40 nm particle impacts for the
first time. In addition, the contact velocities of particles impacting onto specific im-
pactor stage depend on particle size: particles clearly larger than the cut point of the
impaction stage have higher velocities than particles having size close to the cut point.
Note that with two particle populations having exactly the same bounce properties
(as a function of particle size) but different size distributions in such a way that the
ratios N(17 nm)/N(30 nm) (where the N’s denote particle concentrations) differ, the
bounce from the 17-30 nm might appear different. Specifically, the population with
higher N(17 nm)/N(30 nm) would probably show less bounce. However, we do not
see any obvious effect stemming from size distribution differences in the present ex-
periments. Thus it is not straightforward to predict how the decreasing size affects
bounce. A sophisticated impactor flow field model is needed to calculate the impaction
velocity distributions for the each particle size as well as to estimate the dependence of
bounce on material characteristics of the aerosol. This kind of model is currently under
construction and these calculations are planned in the future.

Secondly, the decreasing bounce can be caused by the differences in composition
and phase of larger (GMD > 30 nm) and smaller (GMD 17-30 nm) particles. In Fig. 4a,b
the ratio of mass of m44 to mass of total organics analyzed from AMS data is shown
as a function of GMD of number distribution for the OH + SO, and O3 experiments,
respectively. It should be noted, that the AMS composition data shown in Fig. 4 is
presented as a function of GMD of number distribution measured by SMPS. In the
O3 case, no SOi‘ was detected in AMS signal, as can be expected, but the particle
oxidation degree of the smallest particles, as represented by the fraction of the m/z

9324

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 9313-9334, 2011

Bounce behavior of
freshly nucleated
biogenic SOA
particles

A. Virtanen et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/9313/2011/acpd-11-9313-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/9313/2011/acpd-11-9313-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

44 fragment of the total organic mass concentration, is clearly lower than of the larger
particles (Fig. 4a). Hence we can assume that the fresher and smaller particles are
less oxidized than the larger particles. As a matter of fact, the lower oxidation degree
of the smallest particles might be related to the “less solid” nature of the particles: it
is known that the oligomers or other organic compounds with high molar mass are
more prone to glass formation than smaller molecules (Zobrist et al., 2008). Hydrogen
bonding between oxygenated compounds and functional groups may also favour the
formation of solid phases (Mikhailov et al., 2009). The potential influence of oxidation
on the phase state of organic aerosol particles should be explored in future studies.

In the OH + SO, case, the measured fraction of particulate SOi_ increases with
decreasing particles size but no clear changes in particle oxidation degree can be
observed. As mentioned above, the bounce factor for OH + SO, case particles con-
taining fraction of SOi’ is generally lower than bounce factor for O3 case (no SOi'
in particles). According to our earlier laboratory experiments (Virtanen et al., 2010)
the bounce factor measured for ammonium sulphate particles is clearly lower than for
amorphous polystyrene or SOA particles. This could be due to the difference in elastic
properties of crystalline and amorphous materials or in charge transfer characteristics
of these materials. Hence the increasing fraction of SOi_ in smallest particles might
also result in lowering bounce factor.

4 Conclusions

The results reported here give information on the bounce characteristics (i.e., physi-
cal phase state) of smallest SOA particles produced by Oj initiated oxidation and by
OH dominated oxidation with SO, added in the chamber. Results suggest that the
decrease of bounce might be caused by the differences in particle chemistry and their
phase: the smaller (diameters between 17 and 30 nm) particles having lower oxida-
tion degree or containing higher amount of SOi‘ bounced less than larger (diameters
greater than 30 nm) particles indicating different material characteristics in the case of
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fresher sub 30 nm size particles. The result might indicate that the initial nucleation pro-
cess and growth of the newly formed particle is driven by mass transfer of molecules
from gas phase to liquid phase. When particles are more aged, the solidification takes
place and the partitioning process changes. Nonetheless, we can not categorically ex-
clude the possibility that the small particle size by itself causes the decrease of particle
bounce probability. To investigate this phenomenon in more detail, the sophisticated
impactor flow field model and also estimation on particle characteristics affecting its
bounce properties should be at hand. This is the subject of future studies.
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Table 1. Summary of plant chamber experiments. Values are determined at the beginning of

trials (density during experiments + standard deviation).

# Experiment VOC  O4 SO, TME RH T Density
(pPb)  (pPb) (PPb) (PPb) (%) ('C)  gem™®
1 Pine+0O; 16.8 35 - - 34 22 1.00+0.06
2 Pine+OH+SO, 107.6 35 22 352 31 22 1.10+0.07
9330
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Fig. 1. (a) SMPS size distributions measured simultaneously with ELPI current distributions.
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Fig. 3. Calculated bounce factors for the 17 nm size limit measured for (a) O; initiated oxidation
in absence of SO, and (b) OH dominated oxidation in presence of SO,. Density values varying

from 0.890m'3 to 2gcm™ were used in calculations. Insets in the upper right corners of (a)
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