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Abstract. The assessment of the climatic impacts andcreasing bounce is caused by the differences in composition
adverse health effects of atmospheric aerosol particles reand phase of large (diameters greater than 30 nm) and smaller
quires detailed information on particle properties. However,(diameters between 17 and 30 nm) particles.

very limited information is available on the morphology and
phase state of secondary organic aerosol (SOA) particles.
The physical state of particles greatly affects particulate-{
phase chemical reactions, and thus the growth rates of newly

formed atmospheric aerosol. Thus verifying the phySICaISecondary aerosol formation via nucleation of precursor va-

p_hase_ state Qf SOA parncles gives new and important In'pors and subsequent condensational growth has been re-
sight into their formation, subsequent growth, and conse-

) . : ported to produce atmospheric aerosol in a variety of envi-
quently poten.tlal at.mospherlc |mpacts. Accordl.ng to ourre- o ments (e.g., Kulmala et al., 2004; Laaksonen et al., 2005).
cent study, biogenic SOA particles produced in Iaboratory,\Iumerous modelling studies (e.g., Spracklen et al., 2006)
chambers from the oxidation of real plant emissions as well

. bient b |f h o I_ﬁ:ggest that these particles are likely to have a significant
as in ambient boreal forest atmospheres can exist in a soll pact on climate. The assessment of the climatic impacts
phase in size range 30 nm. In this paper, we extend pre-

and adverse health effects of atmospheric aerosol particles

viously published results to diameters in the range of 17_require detailed information on particle properties. Oxida-

,30 nm. The phy§|cal phase of the Pa”'c"?? S St“d'e‘E‘ bytion products of volatile organic compounds (VOC) emitted
Investigating partlcle bounce properties _““"Z”?g electrical by sources such as vegetation participate in the formation and
low pressure Impactor (.ELPI)' We also lnv_est|gate the ef'growth process of the newly formed atmospheric particles
fect of estimates of particle density on the interpretation of aaksonen et al.. 2008. Kanakidou et al.. 2005. Jimenez et
our bounce observations. According to the results presenteq, 5qq. Claeys 'ét al 2’004) These are galled s,econdary or-
?n this paper, _par'gicle bounce cIe.arIy decreases with decrea%-anic aerosols (SOA). Recent estimates on the importance of
ing particle size in sub 30pm Slze range. The comMpariSorg oA formation show that it may be as significant as primary
measur_eme_nts by_ ammonium sulphate and investigation o rganic aerosol emissions, comprising about 60-70 % of the
the particle impaction velocities strongly suggest that the de'organic aerosol mass on the global scale and regionally even
higher (Hallquist et al., 2009, Kanakidou et al., 2005). Fur-
thermore, substantial formation of biogenic SOA takes place

Correspondence toA. Virtanen over the boreal forest in northern Europe, indicating that the
BY

(annele.virtanen@tut.fi) forest is a major source of climate-relevant aerosol particles
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Table 1. Summary of plant chamber experiments. Values are determined at the beginning of trials (density during experateertard
deviation).

# Experiment VOC @ SO TME RH T density
(pPb)  (ppb)  (ppb) (pPb) (%) °C) gent3
1 Pine+Q 16.8 35 - - 34 22 1.060.06

2 Pine+OH+S@ 1076 35 22 352 31 22 1.1D.07

(Tunved et al., 2006). SOA formation and properties areprobability as RH influences the viscoelastic properties of
widely studied to clarify the role of SOA in radiative forcing hygroscopic aerosol particles (Stein et al., 1994). Generally,
and climate. In spite of their importance, the exact specieharder materials, larger particles or greater impact velocity
and mechanisms that are responsible for the formation andill lead to a higher bounce probability, although the rough-
growth of SOA is still not known. This is especially true ness of the collecting surface also plays a significant role
for sub-30 nm diameter particles, for which the Kelvin ef- (Dahneke, 1971, Chang et al., 1991). In our recent paper
fect predicts that a relatively small subset of available aeroso(Virtanen et al., 2010) we showed that biogenic SOA parti-
precursors participate in gas-particle partitioning due to theircles bounce in impactor stages, indicating that the particles
volatility. are solid in their physical phase. Based on electron diffrac-
It is well known that inorganic salts such as NSO)2 tion analysis and bounce measurements of liquid, crystalline
and NaCl can be found in liquid droplets or solid crystals in and amorphous solid laboratory-generated aerosol, we con-
the atmosphere depending on the surrounding humidity andluded that biogenic SOA particles larger than 30 nm in di-
temperature (e.g., Martin, 2000). However, very limited in- ameter are amorphous solids. In this paper, we extend these
formation is available on the morphology and phase state ofesults to diameters in the range of 17-30 nm. Furthermore,
SOA particles. According to our recent study, biogenic SOAwe investigate the effect of estimates of particle density on
particles produced in laboratory chambers from the oxidationthe interpretation of our bounce observations.
of real plant emissions as well as in ambient boreal forest at-
mospheres can exist in a solid phase (Virtanen et al., 2010).
In addition, the results of Cappa and Wilson (2011) indicate2 Methods
that the SOA patrticles formed throughpinene ozonolysis
might be in a solid amorphous state rather than liquid. The2.1 Chamber experiments
physical state of particles greatly affects chemical reactions
in the particles, and thus the growth rates of newly formedThe SOA experiments were performed at the Kuopio aerosol
atmospheric aerosol. For highly viscous and solid particlesyesearch chamber using living Scots pine trees as a natu-
chemical reactions are typically surface-limited (i.e., hetero-ral source of VOCs. The experimental setup has been de-
geneous reaction on particle surfaces). Zobrist et al. (2008%cribed in detail by Hao et al. (2009). Briefly, the system
and others (Murray 2008; Mikhailkov et al., 2009) also sug- consists of a plant enclosure (fluorinated ethylene propylene
gested that the water uptake of the particles is diminished of(FEP) bag), a reaction chamber (made also of FEP film with
even fully inhibited for highly viscous or glassy aerosols. In a volume of 6 M), and gas and particle measurement sys-
gas-to-particle partitioning models developed for SOA parti-tems that are described in greater detail below. All branches
cles, it is generally assumed that particles are in liquid statewith green needles on a 10-yr-old Scots pine seedling were
(Pankow, 1994; Odum et al., 1996). Thus verifying the phys-enclosed in an FEP bag, which was sealed on the stem bark.
ical phase state of SOA particles gives new and importanPlant-emitted VOCs were transported by purified and dried
insight into their formation and growth process and essentiahir into the separate reaction chamber in order to achieve
information on their atmospheric impacts. the desired concentration of VOCs. To simulate herbivore
The physical phase of the particles can be studied by inattack on tree bark and to activate the chemical defence of
vestigating particle bounce properties (Virtanen et al., 2010) seedlings, thereby enhancing VOC emissions, 1 ¢m long and
When an aerosol particle collides with an impaction surface,1 mm deep cuts were made on the base of the main stem by
one part of its kinetic energy is dissipated in the deforma-a knife.
tion process, and another part is converted elastically into Table 1 summarizes the experiments conducted in this re-
kinetic energy of rebound. If the rebound energy exceedsearch. The experiments are the same described in Virtanen
the adhesion energy, the particle will bounce from the sur-et al. (2010). In experiment (#1) ozone-initiated chemistry
face. Thus both the elastic properties and surface propemas explored, whereas in experiment (#2) tetramethylethy-
ties of particles affect their bounce probability (Rogers andlene (TME) was added to the chamber to produce additional
Reed, 1984). Relative humidity (RH) also affects the bouncehydroxyl radicals (OH) and increase the OH:@itio (i.e.,
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oxidation conditions) in the reaction chamber (Lambe et al. ticle bounce occurs in an ELPI, a significant excess current
2007). In experiment (#2) 1ppm of $0n nitrogen was is measured in the lowest impactor stages resulting from the
also added to the chamber. After injecting the plant-derivedcharges carried by the bounced particles.

VOCs, 700 ppb of ozone generated by a UV lampden- Hence, particle bounce can be quantified by analyzing the
erator was added to the chamber at a flow rate of 40 Ipndifference in bounce-affected measured currents with ideal
for approximately 8 min. In all experiments, the temperaturenon-affected currents. To calculate the ideal currents the
(T) was 22t1°C and relative humidity (RH) was controlled measured SMPS number distribution as a function of particle
in the range of 3@5% (measured with Vaisala Humidity diameternsvpdd),), is converted to ELPI current response
and Temperature Probe HMP50). Ozone (DASIBI 1008—RSi'd(dp) by first multiplying the measured SMPS distribution
O3z analyzers, Dasibi Environmental Corporation), N®@C by the ELPI charger efficiency curv&gn(d,) (Ristimaki et
30M NGOy analyzer Environment s.a.), 3QAF21M SG, an- al., 2002)

alyzer Environment s.a.) and VOC concentrations were mea:;q

sured inside the chamber during experiments. VOC sample§ (dp) =nsmpsldp) Ecn(dp) @)
were collected on Tenax-TA adsorbent and the samples were Next, the resulting current distribution® is passed
analyzed by gas chromatography-mass spectrometry (Vuorigrough the ELPI impactor kernel functions ko mimic

nen et al., 2004). The initial VOC concentrations inside thethe particle collection within the impactor (Ristiki et al.,
chamber before ozone addition were 18.8 ppb and 107.6 ppb02). The kernel functions are carefully calibrated for cho-
for the ozone @ (exp. #1) and OH+S@(exp. #2) experi-  sen impactor units and substrate types. The current irthhe j

ments, respectively. To increase aerosol mass loading in thgnpactor stage can be calculated from the following equa-
experiment (#1), two extra ozone injections were made atjgn:

two hours after the first ozone addition.

o
The particle size distributions were measured by two scan- ;4 id
ning mobility particle sizers (SMPS) comprised of a Differ- Ij= /kl' (dp, p)iT(dp)dd)y @
ential Mobility Analyzer (DMA; model 3081, TSI, Inc.) cou- 0

pled to a condensation particle counter (CPC; model 3022g,ch calculations result in idealized ELPI currents. In the
TSI, Inc.) and a nano DMA (model 3085, TSI, Inc.) cou- ghove calculations, the average particle density i re-
pled to a ultrafine CPC (model 3027, TSI, Inc.) with mobil- quired. For pine derived SOA particles measured in the smog
ity diameter ranges of 10-700 nm and 3-60 nm, respectivelyehamber we use densities obtained from AMS — SMPS mea-
Furthermore, chemical composition and mass size distribugrements (density value of 1.1 gch). Note that the parti-
tions of aerosol particles formed during the experiments were|e density was determined for particle diameters larger than
measured with a quadrupole-based Aerosol Mass Spectromroo nm due to low mass loadings in the chamber and the
eter (AMS, Aerodyne Inc.). The average density of particles|oy particle transmission efficiency of the AMS for particles
was determined by comparing the SMPS volume and AMSsmajler than 40 nm. In the following section we shall ex-
mass size distributions (De Carlo et al., 2004). plore relationship between particle bounce observations and
The size distributions and bounce behaviour of particles density for particles smaller than 100 nm in diameter.
which are related to particle physical phase state, were de- When the measured and ideal currents are compared, the
termined with an electrical low pressure impactor (ELPI). fraction of excess current in the back-up filter can be esti-
In ELPI, particles are charged by a unipolar corona chargeimated. This fraction is called the bounce factor (Virtanen
and after the charger, the particles enter a twelve stage cagt al., 2010). In the measurements reported by Virtanen et
cade impactor (Keskinen et al., 1992), where the particlesy|. (2010), the bounce factor was determined reliably only for
are classified according to their aerodynamic size, dependingarticles having GMD larger than 30 nm. This was due to the
on both the physical size and the density of the particle. Infact that the lowest cut size of the impactor set-up used in at-
a conventional ELPI set-up, the cut size of the lowest stagenospheric measurements was 30 nm. If the ELP!I is equipped
is approximately 30 nm, however for these investigations thewith additional impactor stage having cut-size 17 nm (Yli-
ELPI was equipped with an additional impactor stage with aQjanped et al., 2010), it is possible to extend the bounce

cut-off size of 17 nm. In addition, a back-up filter was used characteristic investigations down to 17 nm according to (see
to measure particles smaller than the lowest impactor cut-ofg|so Fig. 1)

size.

Fiiter — ISk
bounce factor —— , (3

Z Iimpactor stagesl7 nm

2.2 Particle bounce analysis

In the normal operation of a cascade impactor, particlewhere Iiter iS the current measured in back-up filter,
bounce perturbs the measurement as larger particles arki, is the simulated ideal current in back up filter, and
transferred to lower stages following bounce thus biasing thex Ii',% actor stages17 nm is the sum of the ideal currents calcu-
inferred size distribution towards smaller sizes. When par-lated from the impactor stages (excluding the back-up filter).
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1.0 > - W from 0.8gcnt3 to 2gent3. The results indicate that in
09 | ’ 'M spite of possible uncertainties in the density, the bounce of
§ 0.8 | (NHg50, :gg@ the sub 30 nm particles clearly decreases with decreasing par-
T 07 | “g ® ticle size. In addition, the bounce factor for particle40 nm
g 0'6 | o is insensitive to the chosen density.
;‘ 05 | 8 In the upper right corner of Fig. 2a and b, the results of
s 0 the details in bounce factor values for the smallest particle
a 04 | [ ] . R
- sizes are shown. The zero value for bounce factor is marked
g 03 o with dashed line in the figure. As can be seen, the bounce
é 0.2 1 ©17 nm limit factor gets clearly negative values when low density values
0.1 - ©30nm limit are used in calculations. Underestimating the density in the
[ ] . . .. . .
0.0 ! ! ! ! calculations results in unrealistically high simulated current
0 20 40 60 80 100 values in the back up filter compared to the measured cur-
Mode GMD rents (i.e., unrealistic high values dﬁ’ter in Eg. 3), thus the

numerator in Eqg. (3) gets negative values. The closer the
Fig. 1. Comparison of normalized bounce factors for measurementdnvestigated size is to the cut size of lowest impactor stage
having 17 nm (open circles) and 30 nm (black dots) size limitations.(in this case 17 nm) the more sensitive the calculated bounce
In addition, reference measurements by ammonium sulphate partfactor is for the chosen density values. The estimated maxi-
cles are shown (blue diamonds). mum uncertainty in the calculated bounce factor is ca. 10 %

including the noise in current measurement and the uncer-

tainty in current simulations (but excluding the effect of the
Here the cut size of the last impactor stage is 17 nm. Wegensity values used in calculations which is shown in Fig. 2a
would like to point out that the bounce factor defined by and b). It is clear that for all used density values the changes
Eq. (3) does not depend only on particle bounce propertiesn bounce factor in sub 30 nm size range in Fig. 2a and b are
but also on the charge transfer properties of the particles.  sjgnificant compared to the uncertainty in the bounce factor

In the following section, we present the results calculatedcalculations.
,by t_he Eq. (3). and compare them to the results published In the case of particles formed by ozonolysis of pine de-
in Virtanen et al. (2010) where the bounce factors were Cal'rived VOC in the absence of SQhenceforth referred to as
qul_ate_d by utilizing the same data but using the 30nm sizy, . “Os case”), the bounce factor achieved positive values
limitations. for the smallest measured mobility diameter (18 nm) when
the density used in calculations are greater than 1.3gcm
(Fig. 2a). In the case of OH initiated oxidation in the pres-
ence of SQ (referred to as the “OH+Sfcase”), the corre-
ponding density value is 1.6 g crh(Fig. 2b). This indicates
hat in the experiments with SQOH+SQ case), the density
of the smallest particles is higher than in the absence of SO
(O3 case). In Fig. 4a the ratio of 30 to organics mea-
ured by the AMS is shown for OH+S@ase. It can be seen

hat smaller particles contained higher amount oﬁsthan
larger particles. On the other hand, particles formed through

3 Results and discussion

For comparison, the normalized bounce factors for 17 an
30 nm size limits are shown in Fig. 1 for particles produced
by the OH dominated oxidation of pine emitted VOCs (in
presence of added $@h the chamber). In Fig. 1, the bounce
factors are calculated using the same data with two differen
size limitations, The results sgr%wn in Fig. 1 are calculated
using particle density of 1.1 g cm derived from the AMS- o ; .
SMPS measurements and they are shown as a function ge8;0n0I¥5|s n gbsence of Saontamgd no ng' D_ensp
metric mean mobility diameter (GMD) of SMPS size distri- {1€S Of inorganic compounds containing SCare typically
butions. It should be noted, that the absolute value of bounc&igher compared to organic compounds, e.g., 1.84g’dor
factors for size limits 17 nm and 30 nm differs because inSulphuric acid and ca. 1.77 g crhfor ammonium sulphate
the 30 nm case, the bounce factor is calculated according té-ide, 1996). This can explain the differences in densities of
the equation presented in Virtanen et al. (2010) instead ofhe smallest particles in these two cases. When the density
Eq. (3). The size limits of 17 nm and 30 nm are marked with values analyzed for larger particles (50-100 nm) from AMS
grey vertical lines in the figure. As can be seen, the particleand SMPS distributions shown in Table 1, no clear differ-
bounce factor clearly decreases in size range below 30 nm. €nces are observed. As Fig. 4a shows, at these larger sizes
The particle bounce data can be used to constrain the derih€ ratio of S@ to organic decreases and particles become
sity of sub-30 nm diameter particles, for which little exper- more similar to pure SOA.
imental data is available (Kannosto et al., 2008). In Fig. 2 The higher density values needed to gain the positive
we show the calculated bounce factor for data obtained wittbounce factor (calculated from Eq. 3) for the OH+S€@se
the 17 nm diameter size limit using density values varyingcould be explained also by the lower bounced fraction of
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17 nm cut size (red dots) and 40 nm patrticles (blue stars) impacting on the 30 nm stage and 17 nm stage.

these particles (i.e., the lower measured current value in theeen in calculated bounce factors. The decrease of tlﬁé SO
filter stage fiier) in EQ. 3) when compared togase. In  fraction in particles in OH+S@case (Fig. 4a) with increas-
fact, when the bounce factors in Fig. 2a and b are comparedng particle size indicates also that the sulphate compounds
it can be seen that the overall bounce factor for OH#SO play a key role in initial particle formation and the organics
case is lower than for theO According to our earlier work  participate strongly on particle growth.

(Virtanen et al., 2010) the bounce factor measured forammo- According to the results presented here, particle bounce
nium sulphate particles is clearly lower than for amorphousclearly decreases with decreasing particle size. The decreas-
polystyrene or SOA particles. This could be due to the differ-ing bounce can be caused by two reasons. Firstly the de-
ence in elastic properties of crystalline and amorphous macreasing bounce can be caused by the differences in com-
terials or in charge transfer characteristics of these materialgsosition and phase of larger (GMB30nm) and smaller
One conclusion that one may draw from our observations thafGMD 17-30nm) particles. In Fig. 4a and b the ratio of
the differences in bounce behaviour of the smallest (aroundnass of m44 to mass of total organics analyzed from AMS
20 nm) particles in these two investigated cases are related t@ata, which is a measure of the oxidation state of the particu-
the SG~ concentration in particles. The higher $0frac-  |ate organics, is shown as a function of the GMD of num-
tion in smallest particles can result in higher density valueper distribution for the @ and OH+SQ experiments, re-

of the particles or the lower bounce probability of the parti- spectively. It should be noted that the AMS composition
cles (or both of these). The effect of these differences can beata shown in Fig. 4 is presented as a function of GMD of

www.atmos-chem-phys.net/11/8759/2011/ Atmos. Chem. Phys., 11, 87682011
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Fig. 4. m44jtotal organics ratio of particles derived frqa) OH initiated oxidation of the pine emitted VOCs, in the presence of, %0d
(b) ozonolysis of the pine-emitted VOCs.

number distribution measured by SMPS. In thedase, no  ence in elastic properties of crystalline and amorphous ma-
SOE{ was detected in the AMS signal, as can be expectedterials or in charge transfer characteristics of these materials.
but the particle oxidation degree of the smallest particles, asdence the increasing fraction of %Oin smallest particles
represented by the fraction of th€'z 44 fragment of the to-  might also result in lowering bounce factor.

tal organic mass concentration, is clearly lower than of the L . .
larger particles (Fig. 4b). A decreasing trend 44 with Secondly, it is important to note that with decreasing par-
' ' ticle size the velocity needed for bounce to occur increases,

decreasing .pg_rncle size can be seen in Fig. 4b mdlca.tmgsince the required velocity is inversely proportional to par-
strong possibility of similar trend also in the sub 30 nm SIZ€ . e size (Dahneke et al., 1971). On the other hand, 17—
range. Hence we can assume that the fresher sub 30nm P nm particles impact on the lowest impactor stage where

ticles are less oxidized than the larger particles. As a matte[he impactor jet velocities are generally higher than the jet

of fact, the lower oxidation degree of the smallest particles L ;
. ) i . _velocities in the upper stage where, e.g., the 40 nm particle
might be related to the “less solid” nature of the particles: . o . .
impacts for the first time. In addition, the contact velocities

it is known that the oligomers or other organic compounds ) . . P
o : of particles impacting onto specific impactor stage depend on
with high molar mass are more prone to glass formation than

smaller molecules (Zobrist et al., 2008). Hydrogen bond_particle size: particles clearly larger than the cut point of the

ing between oxygenated compounds and functional group'smpacuon stage have higher velocities than particles having

. X oo Size close to the cut point. We estimated the impaction veloc-
may also favor the formation of solid phases (Mikhailov et ities for 20 nm particles impacting the first time on the lowest
al., 2009). According to Fig. 2, the fresher particles hav- b P 9

ing GMD of 18 nm have clearly lower bounce factor than !mpactor stage (having cut size 17nm) and 40nm particles

: . : ; impacting the first time on the upper stage (having cut size of
more aged particles having GMD of 30 nm. The time differ- I;m) bs using the modeling rr?epthod p?es(entedgby Arffman
ence between these two measurements was approximately

minutes and the GMD 30 nm was measured aporoximateht al. (2011). As can be seen in Fig. 3a, where the impaction
. . : 1hp ¥elocities of the particles are presented as a function of the
25min after the first particles were detected in the cham

. X o radial distance from the center of the jet, the impaction ve-
ber. Thus, in these experimental conditions, we can make . - : . ;
L . . .. . locities for 20 nm particles in the lowest impactor stage are
a rough approximation according to which the solidification

takes place 10-25min after the beginning of the nucleatio higher on the average than impaction velocities of 40 nm par-

process. The potential influence of oxidation and the agrehdeS on the upper stage. Impaction velocities of the 40 nm

. ! articles are higher at the edges of the jet, because the slip
on the phase state of organic aerosol particles should be ex- : . . )
! X correction factor increases rapidly towards edges of the jet
plored in future studies.

as discussed by Arffman et al. (2011). Most of the particles
In the OH + SQ case, the measured fraction of partic- flow through the center parts of the impactor jet where the
ulate SG~ increases with decreasing particles size but noimpaction velocities of the 20 nm particles are much higher
clear changes in particle oxidation degree (f44) can be obthan the impaction velocities of 40 nm particles at the upper
served (Fig. 4a). As mentioned above, the bounce factostage. In addition, Fig. 3a shows the impaction velocity of
for OH+SQ case particles containing fraction of $0is  40nm particles bouncing from the upper stage to the lowest
generally lower than bounce factor fog ©ase (no S§T in stage. The impaction velocity increases as 40 nm particles
particles). According to our earlier laboratory experimentstravel from upper stage to the lowest stage resulting in higher
(Virtanen et al., 2010) the bounce factor measured for ammobounce probability. We also calculated the kinetic energy of
nium sulphate particles is clearly lower than for amorphousthe particles by assuming density 1 gt As can be seen
polystyrene or SOA particles. This could be due to the differ-in Fig. 3b, the kinetic energy of 20 nm particles at the lowest
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