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Indoor smog chamber experiments have been conducted to investigate the dynamics of sec-
ondary organic aerosol (SOA) formation from OH-initiated photo-oxidation of isoprene in
the presence of organic seed aerosol. The dependence of the size distributions of SOA on
both the level of pre-existing particles generated in situ from the photo-oxidation of trace
hydrocarbons of indoor atmosphere and the concentration of precursor, has been investi-
gated. It was shown that in the presence of high-level seed aerosol and low-level isoprene
(typical urban atmospheric conditions), particle growth due to condensation of secondary
organic products on pre-existing particles dominated; while in the presence of low-level seed
aerosol and comparatively high-level isoprene (typical atmospheric conditions in rural re-
gion), bimodal structures appeared in the size distributions of SOA, which corresponded to
new particle formation resulting from homogeneous nucleation and particle growth due to
condensation of secondary organic products on the per-existing particles respectively. The
effects of concentrations of organic seed particles on SOA were also investigated. The particle
size distributions evolutions as well as the corresponding formation rates of new particles in
different conditions were also estimated.
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I. INTRODUCTION

Secondary organic aerosol (SOA), mainly formed
from the atmospheric oxidation products of volatile or-
ganic compounds (VOCs), accounts for a significant
fraction of ambient tropospheric aerosol. It is believed
that SOA not only is of climatic interest as it can act
as cloud condensation nuclei [1] or scatters and absorbs
solar radiation [2], but also plays a key role in some en-
vironmental processes as it will lead to the formation of
photochemical smog and the increase of ozone concen-
tration in troposphere [3, 4]. Additionally, SOA may
also have adverse effects on human health through its
inhalation [5—7]. Understanding these effects requires
a greater knowledge of the SOA formation mechanism
in the atmosphere.

Numerous laboratory chamber studies and field in-
vestigations have shown that formation dynamics, yield
and chemical composition of SOA are related to the en-
vironmental complexity [8]. Generally, it is believed
that the presence of seed aerosol may offer condensa-
tion surfaces which affect the formation dynamics and
yield of SOA. And the recent modeling studies of at-

*Authors to whom correspondence should be addressed. E-mail:
huangwei@aiofm.ac.cn, wjzhang@aiofm.ac.cn

DOI:10.1063/1674-0068/26/04/484-492

484

mospheric aerosols using explicit chemical mechanisms
based on results from simulation chamber experiments
(traditionally with no background particles) have also
shown a significant under-prediction of SOA formation
when compared to measurements at the widespread
presence of pre-existing particles in the real atmosphere
[9]. Therefore, it is pivotal to learn the important role
of seed aerosol in the formation of SOA. Historically,
well-known inorganic aqueous solutions, for example,
ammonium sulphate/sulphuric acid system, were used
to produce homogeneous seed aerosol in most chamber
experiments to study SOA formation [8]. Some recent
studies have shown that the formation of SOA may also
be significantly affected when organic seed aerosol is
presented [10—12]. However, similar to the studies car-
ried at the presence of inorganic seed particles, known
homogeneous seed aerosols were used in these studies
without considering the disparity between the chemi-
cal properties of the seed used in mimic smog chamber
and that in real atmosphere. Thus, the studies with
more suitable seed particles on the formation of SOA
are imperative.

Bottom-up estimates show that the annual SOA
production from biogenic volatile organic compounds
(BVOCs) ranges from 2.5 Tg/yr to 44.5 Tg/yr, com-
prising about 60% of the organic aerosol mass on the
global scale [13, 14]. Isoprene (2-methyl-1, 3-butadiene,
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FIG. 1 Schematic of the experimental apparatus. 3: Three-way valve, E: electromagnetic valve.

C5Hg), as the largest global biogenic emissions of non-
methane VOCs, is estimated to be ~600 Tg/yr [15].
Because of its two double bonds, isoprene is highly reac-
tive and readily oxidized in the atmosphere by OH and
other oxidants, which contributes substantially to the
formation of SOA in the atmosphere [16, 17]. Surratt
and coworkers investigated the effect of particle-phase
acidity on SOA formation from isoprene, and found that
increased acidity of inorganic seed aerosol leads to en-
hanced SOA formation [18, 19]. Dommen and cowork-
ers determined the aerosol yield of isoprene oxidation
in the presence of organic seed particles using carbon
isotope analysis [11].

In the present work, the effect of organic seed aerosol,
especially its surface concentration, on the formation
dynamics of SOA resulting from OH-initialed photo-
oxidation of isoprene was investigated in a home-
made indoor smog chamber. Considering most organic
aerosol in the real atmosphere is oxidized [20, 21], ox-
idized organic aerosol may be a better candidate as
seed particle to simulate a real environment. So, in
situ, chamber generated SOA from photo-oxidation of
real atmospheric volatile organic compounds was cho-
sen as seed aerosol instead of conventional inorganic
salts aerosol or a kind of known pure organic compound
aerosol in this work.

Il. EXPERIMENTS

To investigate the dependence of the size distribu-
tions of SOA on the level of organic seed particles and
the concentration of precursor, a series of experiments
were performed in a home-made collapsible chamber.
Details of the chamber and its operation were described
elsewhere [22, 23]. Briefly, it consists of three parts, in-
cluding the sample introduction system, the main reac-
tor, and the detection system, as shown in Fig.1. The
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main reactor is a ~830 L (1.3 mx0.8 mx0.8 m) flex-
ible bag made of 50 pm FEP Teflon film, where the
photo-oxidations of trace hydrocarbons (HCs) or iso-
prene were carried out and aerosol particles were pro-
duced. Prior to each run, the chamber was evacuated
by a mechanical pump and then flushed with purified
air to full volume alternately at least 4 times to re-
move HCs, O3, NO,, moisture, and the particles. Puri-
fied air with no detectable non-methane hydrocarbons
(NMHC<1 ppb), NO,, (<1 ppb), low O3 concentration
(<3 ppb), low particle densities (<5 particles/cm3), and
<10% relative humidity (RH), is supplied by a zero air
supply (ZAS, TEI, model 111, USA) and generally used
as carrier gas or background atmosphere in smog cham-
ber. While in the experiments of investigating the effect
of the organic seed aerosol produced in situ from the
photo-oxidation of HCs in real atmospheric air, about
20% volume “semi-purified air” was introduced into the
chamber. The component of the “semi-purified air”
is almost the same as that of the purified air except
the higher HCs. It is because that the heating reactor
of the ZAS, where HCs are oxidized to CO5 and wa-
ter, was shut off when the “semi-purified air” was pre-
pared so the trace HCs from ambient atmosphere were
still kept. Methyl nitrite (CH3ONO), as OH precur-
sor, synthesized and purified prior to the experiments
[23], was evaporated into the evacuated glass system
and then flushed into the smog chamber using purified
air in the dark condition in case of photo-dissociation.
Isoprene (>99%, Alfa Aesar) was firstly injected into
a 250 mL temperature-controlled glass bulb vaporizer
(50—300 °C), and then flushed into the chamber by pu-
rified air.

Generally, each run of the experiments is typically
split into three phases. In phase 1, the “semi-purified

air” and methyl nitrite were well mixed in the main
chamber, and then hydroxyl radicals were generated
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TABLE I Summary of the experimental conditions and the results.

Exp. Isoprene/ppb CH3ONO/ppm Organic seed T/°C RH/% New particle
Surface/(um?/cm®)  Number/cm ™  D,*/nm FRmax” GNPF©
R1 16.9 4.30 28.7 3.90x103 39.0 25.0 115  4.7x10° 76
R2 12.4 4.50 <1.0 <5.0 N/AY 250 150 2.0x10° 100
Ul 31.0 4.30 613.0 3.25x10* 69.5 26.0 140 N/A¢ 0
U2 624.7 4.30 613.0 3.28x10* 69.5 26.1  13.7 1.8x10° 45
S1 179.5 4.30 389.0 2.50x10% 57.3 245  16.9 N/A¢ 0
S2 183.4 4.70 314.0 1.06x10% 81.7 26.0 16.0 8.2x10% 44
S3 179.6 4.80 122.0 4.89%103 75.6 26.0 14.8 1.3x10° 81
S4 186.1 4.30 25.8 659.0 87.8 25.6  14.7  1.3x10° 91

# D, indicates particles mobility diameter.

P FR (in em~3s7!) indicates the formation rate of new particles.
¢ Gnpr (in %) is defined as the ratio of volume concentration of new particles to total volume concentration.

4 N/A: not applicable.

from the photolysis of methyl nitrite in air at wave-
lengths longer than 300 nm when the black lights were
switched on [24], and the photo-oxidation of the trace
HCs was initiated almost at the same time. As the
reaction proceeded, aerosol formation from the photo-
oxidation of trace HCs in the “semi-purified air” was
investigated. In phase 2, when the size distribution of
the aerosol in the chamber is stabilized (generally about
2 h later), the radiation lights were turned off. Then
the concentration of the aerosol inside the chamber was
diluted to a desired value (25.8—613.0 pm?/cm?) by pu-
rified air, which will act as the organic seed aerosol in
the following experiment. No change in seed particle
size was seen during dilution. In phase 3, after a cer-
tain concentration of isoprene has been injected into the
chamber, the lights were turned on again to allow for
the photo-oxidation of isoprene [25]. The effect of the
organic seed aerosol on the formation dynamics of SOA
from photo-oxidation of isoprene was studied by investi-
gating the time evolution of isoprene and the formation
of SOA as a function of time.

Isoprene, the precursor of SOA, was monitored by
gas chromatography-flame ionization detector (GC-
FID, Agilent 7820A, USA). The calibration of the con-
centration of isoprene was performed prior to each ex-
periment by vaporizing some microliter volumes of a
sample solution into an 80 L Teflon bag filled with a
determined volume of purified air [26]. The aerosol
size distributions from 14 nm to 673 nm were measured
using a scanning mobility particle sizer (SMPS, TSI,
3936, USA), which consists of a TSI model 3077 ®5Kr
neutralizer, a TSI model 3081 long column cylindrical
differential mobility analyzer (DMA), and a TSI model
3775 condensation particle counter (CPC). The temper-
ature and RH in the smog chamber are detected con-
tinually by a temperature and humidity sensor (Vaisala
HMT333, Finland), and the concentrations of ozone and
NO-NO2-NO, are measured by ozone analyzer (TEI,
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model 49i, USA) and NO-NO5-NO, analyzer (TEI,
model 42i, USA) respectively.

As shown in Table I, three types of experiments were
carried out to investigate SOA formation from the OH-
initiated isoprene photo-oxidation under pre-existing
organic seed aerosol conditions. In experiments R1 and
R2, SOA formations under remote rural atmospheric
conditions were measured. In experiments Ul and U2,
the formations of SOA under simulated urban atmo-
spheric particulate conditions were studied. While in
experiments S1—S4, the effects of concentration of or-
ganic seed aerosol on the formations of SOA were in-
vestigated. In all the experiments, temperature and
RH was 25.6+0.6 °C and 14.5+1.7% respectively, and
6 black lamps were used to irradiate the photochemical
reactor.

I1l. RESULTS AND DISCUSSION

A. SOA formation from the OH-initiated photo-oxidation
of isoprene under remote rural atmospheric conditions

The near ground-level concentrations of measured
isoprene were from 0.3 ppbv to 10.2 ppbv in rural
regions [27]. In the typical rural simulation experi-
ment R1, following near complete reaction of the trace
HCs from the “semi-purified air” with OH radicals, the
chamber was diluted to leave the organic seed aerosol
background of 28.7 um?/cm?, and then 16.9 ppb iso-
prene was injected. The corresponding time-resolved
number-weighted size distributions of SOA are illus-
trated in Fig.2(a), in which the left vertical red dot-
ted line shows the end of phase 1 and the beginning
of phase 2, while the right one shows the end of phase
2 and the beginning of phase 3, as discussed in exper-
imental section. It was shown that firstly the size of
SOA increased immediately following the injection of
isoprene (indicated by the green arrowhead), and the
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FIG. 2 Typical time-resolved number-weighted size distributions of experiment (a) R1 and (b) R2 under remote rural
atmospheric conditions. The vertical red dotted lines show the division of the 3 different phases of the experiment and the
green arrowheads indicate the injection of isoprene. Cpvy is particle volume concentration.
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well as the formation rates of new particles of experiment (a) R1 and (b) R2.

distribution of which mainly presented in the size range
of 60—100 nm, forming the Aitken mode. It is be-
lieved that this mode is related to the condensational
growth of seed particles resulting from the partitioning
of the oxidation products of isoprene onto the organic
seed aerosol. While about 9 min later, another mode
appeared. As this new mode starts in the nucleation
mode, whose sizes are lower than our instrumentation’s
detection limit (14 nm), and keeps growth over a long
time span, it is supposed this nucleation burst is a new
particle formation (NPF) [28]. In order to validate this,
the experiment R2 has been performed roughly by the
same procedure and at the same condition, except that
purified air are introduced into the chamber instead of
“semi-purified air” in phase 1 of this run. As shown
in Fig.2(b), it is obvious that there are no aerosol par-
ticles produced in phase 1, which means there are no
seed organic aerosol particles in this run. And after the
injection of isoprene, a clear nucleation burst is still ob-
served, which validates the new particle formation of
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the second mode in R1.

In principle, a new particle mode appeared in the
sub-25 nm size range are considered to be caused by
formation of new particles from precursor vapor [29].
Thus, the particle formation rate in this work was de-
rived from the rate of change of the number concentra-
tion of aerosols with diameters <25 nm. The evolution
of total number concentrations and number concentra-
tions of the particles with diameters <25 nm as well as
the formation rate of new particles resulting from Fig.2
is shown accordingly to Fig.3. In Fig.3(a), the first new
particle formation was observed following the oxidation
of the trace HCs in “semi-purified air”, and the sec-
ond intensive NPF event appeared after the injection of
isoprene with rate as high as 4.7x10°% cm™3s~!, which
shows consistence with that in Fig.3(b) (see also in Ta-
ble I).

When seed particles are presented, the reaction prod-
ucts will either condense onto pre-existing particles or
nucleate to form new particles. The ratio of volume

(©2013 Chinese Physical Society
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FIG. 4 (a) Typical time-resolved number-weighted size distributions and (b) the formation rate of new particles with
diameters <25 nm of experiment Ul under simulated urban atmospheric particulate conditions.

concentration of new particles to total volume concen-
tration, defined as Gnpr, is introduced to value the sink
of the oxidation products of isoprene (see Table I). The
steady size distributions at the end of the reaction of
isoprene (the insets in Fig.2, and also see in the other
time-resolved size distribution contour in the following
text) were chosen to evaluate volume concentration of
new particles and that of total particles. In experiment
R2, almost all of the reaction products with low vapor
pressure contribute to the formation and growth of the
new particles, Gypr is about 100%. Although the con-
centration of seed particles present in experiment R1 is
3.90x10% particles/cm®, Gnpr is still as high as 76%.
It was demonstrated that NPF dominated in simulated
rural atmospheric conditions.

B. SOA formation from the OH-initiated photo-oxidation
of isoprene under simulated urban atmospheric particulate
conditions

Generally, the particulate concentration in urban at-
mosphere is the level of 10* particles/cm® with a num-
ber mean diameter of less than 100 nm. During the
experiment period, the particulate concentration and
size distribution of ambient atmosphere were measured
using a scanning mobility particle sizer (SMPS) on July
31, 2012, in urban regions of Hefei, Anhui province of
China. The temperature range of ambient atmosphere
was from 29 °C to 37 °C. The measured particulate size
range is from 14 nm to 673 nm and the sampling flow
rate of SMPS is 0.3 L/min. It was shown that the num-
ber was in the range of (0.5—3.5)x10? particles/cm3
from 8:00 to 20:00, and the peak size was around 71.0
nm, which acted as the prototype of urban atmospheric
particulate matter condition in this work. In the exper-
iments Ul and U2, following near complete reaction of
the trace HCs from the “semi-purified air” with OH rad-
icals, the chamber was diluted until the concentration
of the organic seed aerosol (peak particle size: 69.5 nm)
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was decreased to (3.25—3.28)x10* particles/cm® with
surface area of 613.0 um?/cm? corresponding to typical
urban atmospheric particulate matter conditions, and
then isoprene was injected.

In experiment Ul, following the introduction of
31.0 ppb of isoprene, only the growth of seed particles
are observed, and the size distribution always presents
narrow single mode (Fig.4(a) and the insert). It is
also shown in Fig.4(b) that there is no change of total
number concentrations and no discernible nucleation
event in phase 3 following the injection of isoprene.
As the narrowing of the size distribution, the particle
growth is a characteristic feature of condensational
growth [30], it is believed that the less volatile oxidation
products incline to the condensation on seed particles
in this case. When high level isoprene with the initial
concentration of 624.7 ppb was introduced, however,
more complicated size distributions were presented
(Fig.5). Besides the condensational growth of the seed
organic particles similar to that appeared in Ul, a
significant nucleation burst was observed about 20 min
later with the maximum formation rate up to 1.8x10°
particles/(cm?s). And the ratio of volume concentra-
tion of new particles to total volume concentration,
GnpF, is about 45% in this case. It is believed that
the surface area provided by the pre-existing particles
was insufficient to quench nucleation, which resulted
in the new particle formation. It is worth pointing
out that there is a third minor but detectable growth
mode with the diameter in the range of 60—100 nm. It
is interesting that Chen and coworkers also found the
similar mode in ambient aerosol measurements from
Atlanta, but the nature of this mode is still unclear
and further study is needed in order to characterize
this mode [31].

(©2013 Chinese Physical Society
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organic seed aerosol with different surface area concentrations conditions. The concentration of the injected isoprene was
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C. The effects of concentrations of organic seed particles
on size distributions evolution and formation rates of SOA
formation from the OH-initiated photo-oxidation of
isoprene

In order to measure the effects of surface area con-
centrations of organic seed particles on the formation of
DOI:10.1063/1674-0068,/26 /04 /484-492

SOA, a series of experiments (S1—S4) were carried out.
In experiments S1—S4, the concentrations of the initial
isoprene were kept almost the same (182.24+3.2 ppb),
while the surface area concentrations of organic seed
particles ranged from 25.8 um?/cm? to 389.0 um?/cm?

(©2013 Chinese Physical Society
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(see Table I). The time-resolved number-weighted size
distributions of SOA in S1—S4 are illustrated in Fig.6,
and the corresponding evolution of total number con-
centrations, number concentrations of the particles with
diameters <25 nm and the formation rates of new
particles are presented in Fig.7. In experiment S1,
when the surface area of the organic seed particle was
high to 389.0 um?/cm?, only condensational growth
of seed particles was observed and no new particles
were produced following the injection of isoprene, so
the size distribution showed unimodal with peak at
91.4 nm (Fig.6(a) and Fig.7(a)). However, in experi-
ments S2—S4, when the surface area provided by the
pre-existing particles was insufficient to quench nucle-
ation, new particles were formed and became more and
more important according to the decreasing of the sur-
face area concentrations of seed particles, which can be
seen readily from the change of the relative intensity of
the two mode as shown in Fig.6 (b)—(d). NPF along
with the changing of the surface area concentrations
of seed particles has also been demonstrated by the
evolution of total number concentrations and the for-
mation rates of new particles shown in Fig.7 (b)—(d).
As shown in Table I, when the surface area concentra-
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tions of seed particles decrease from 389.0 um?/cm? to
25.8 um?/cm?, new particle formation rates increase
from 0 to 1.3x10° particles/(cm3s) and Gypr from 0
to0 91%. Given the spherical shape of seed particles, the
surface area concentration of seed particles is a func-
tion of number concentrations and diameter of particles.
As it is difficult to control the size distribution at the
same range in different runs, we can not differentiate
the diameter-effect from the surface-area-effect. And it
is also important to note that the initial concentration
of isoprene precursor is higher than the real level in am-
bient atmosphere, which is in favor of the nucleation of
new particles. However, qualitative trend of the surface
area concentrations of seed particles on the formation of
SOA is reliable taking account of the roughly same ini-
tial concentration of isoprene. Thinking about the com-
plexity of the real atmosphere, for example, “complex
pollution” in many Chinese cities, learning the effect of
in situ produced organic seed particles on the formation
of SOA is valuable and meaningful to learn the forma-
tion and growth of SOA in real atmosphere. Actually,
some recent field measurements have demonstrated that
aerosol in haze events exhibited complicated size distri-
butions characteristics. Although the nature of these

(©2013 Chinese Physical Society
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characteristics is still unclear, it is proposed that the
size distributions of aerosol are related to the complex-
ity of the atmosphere [32—34].

IV. CONCLUSION

Rather that use a conventional seed aerosol contain-
ing ammonium sulfate or homogeneous known organic
aerosol, in situ generated SOAs from photo-oxidation of
HCs in real atmospheric air have been used as seed par-
ticles to study its effect on the formation and growth
of SOA from the OH-initiated photo-oxidation of iso-
prene in this work. Three different series of indoor
smog chamber experiments were performed to study
SOA formation and growth under typical urban atmo-
spheric particulate conditions and remote rural atmo-
spheric conditions, as well as the different concentra-
tions of organic seed particles. The effect of surface area
concentrations of organic seed aerosol on size distribu-
tions and new particle formation rates of SOA has been
demonstrated. These studies may provide important in-
sights into atmospheric aerosol dynamics, including for-
mation mechanism of aerosol bimodal size distributions
and formation rates of new particles in real atmosphere.
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