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� Alumina seeds lead to a slight reduction in SOA yield due to O3 decomposition.
� Suspended aerosol size depends on mass loading of alumina seeds.
� Condensation of SVOCs onto seeds with low concentration leads to aerosol size growth.
� Dispersion of SVOCs by seeds with high concentration results in aerosol size decrease.
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a b s t r a c t

Although it is a significant contributor to atmospheric particles, the role of mineral dust in secondary
organic aerosol (SOA) formation has not been fully recognized. In this study, alumina was chosen as
the surrogate to investigate the effect of mineral dust on a-pinene/NOx photo-oxidation in a 2 m3

smog chamber at 30 �C and 50% relative humidity (RH). Results showed that alumina seeds could
influence both the SOA yield and the aerosol size in the photo-oxidation process. Compared to the
seed-free system, the presence of alumina seeds resulted in a slight reduction of SOA yield, and also
influenced the final concentration of O3 in the chamber. As an important oxidant of a-pinene, the
decrease in O3 concentration could reduce the formation of semi-volatile compounds (SVOCs) and
consequently inhibited SOA formation. In addition, the size of aerosol was closely related with the
mass loading of alumina seeds. At low alumina concentration, SVOCs condensed onto the pre-existing
seed surface and led to aerosol size growth. When alumina concentration exceeded about 5 mg m�3,
SVOC species that condensed to each seed particle were dispersed by alumina seeds, resulting in the
decrease in aerosol size.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Particulatematter (PM) is ubiquitous in the atmosphere, and can
affect the earth’s energy budget or climate by direct effect (scat-
tering and absorbing radiation) and indirect effect (affecting the
amounts and physical and radiative properties of clouds through
their role as cloud condensation nuclei and/or ice nuclei) (Lohmann
and Feichter, 2005; Pilinis et al., 1995). In addition, exposure to
aerosol particles, especially fine PM, is associated with adverse ef-
fects on human respiratory and cardiovascular systems (Davidson
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et al., 2005). Organic aerosols make up a substantial fraction of
atmospheric fine particles, accounting for 20e90% of aerosol mass
in the lower troposphere (Kanakidou et al., 2005). Secondary
organic aerosols (SOA) are the dominant fraction of total organic
particulate mass (Hallquist et al., 2009). They are produced through
the oxidation of volatile organic compounds (VOCs) followed by the
gas-particle partitioning of semi-volatile products (Hallquist et al.,
2009), or produced by the compounds evaporated from the semi-
volatile organic aerosols (Robinson et al., 2007). The chemical and
partitioning processes involved depend on a variety of atmospheric
conditions, such as hydrocarbon to nitrogen oxide ratios (Cava
et al., 2007), temperature (Takekawa et al., 2003), and humidity
(Zhou et al., 2011). Inorganic seed particles also play an important
role in SOA formation. Previous studies have demonstrated that
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Fig. 1. Particle size distribution of 20.5 mg m�3 alumina seeds.

Table 1
Summary of gases used in the chamber experiments.

Gas Purity Balance
gas

Purpose Commercial sources

NO 200 ppm N2 Reactive gas AP Beifen Gases Ind.
NO2 198 ppm N2 Reactive gas AP Beifen Gases Ind.
a-Pinene 0.501 ppm N2 Standard gas

for GC
Takachiho Chemical
Industrial Co., LTD.

He �99.999% N2 Carrier gas
for GC

AP Beifen Gases Ind.
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acidic seed particles (such as (NH4)2SO4 and H2SO4) have a catalysis
effect on heterogeneous reactions and thus enhance SOA formation
(Cao and Jang, 2010; Jang et al., 2002).

Among the atmospheric particles that originate from natural
sources, mineral dust (mostly from deserts) is the second largest
contributor (1600 Tg y�1) to global mass fluxes (Gieré and Querol,
2010). Laboratory studies have revealed that heterogeneous re-
actions of inorganic trace gases in the atmosphere (e.g. O3, NOx, and
SO2) can occur on the surface of mineral dust (Liu et al., 2012; Ma
et al., 2008; Usher et al., 2003a). These reactions have a signifi-
cant effect on the geochemical cycles of trace gas pollutants and the
physicochemical properties of atmospheric particles. It has also
been found that organic compounds are able to partition onto
mineral dust (Liu et al., 2010b; Ma et al., 2010). The loss of atmo-
spheric organic acids due to reactive uptake onto mineral dust
particles may be competitive with homogeneous loss pathways,
especially in dusty urban and desertified environments (Tong et al.,
2010). In addition, methacrolein (MAC) and methyl vinyl ketone
(MVK) are irreversibly adsorbed on a-Al2O3 and can rapidly react
on the surfaces to form various products such as aldehydes, organic
acids, and even high molecular weight compounds (Zhao et al.,
2010). Even for volatile organic compounds (acetic acid, formal-
dehyde, and methanol), the comparable reaction rates between
heterogeneous (on a-Fe2O3, a-Al2O3, and SiO2 surfaces) and ho-
mogeneous reactions suggest that heterogeneous reactions on
mineral dust are competitive with gas-phase chemical reactions
(Carlos-Cuellar et al., 2003). These studies suggest that mineral dust
may have influence on SOA formation. At present, however, the
effect of mineral dust on SOA formation remains unknown.

In this study, photochemical reactions of a-pinene/NOx systems
were investigated in an indoor smog chamber. Suspended alumina,
which is usually used as the model oxide for mineral dust in lab-
oratory studies, was chosen as the seeds. The influence of mineral
seeds on SOA yield and aerosol size was discussed.

2. Experimental section

Detailed descriptions of the smog chamber and the in-
strumentations have been given previously (Chu et al., 2012; Lu
et al., 2009). Briefly, a cuboid reactor, with a volume of 2 m3 and
a surface-to-volume ratio of 5 m�1, was constructed from 50 mm-
thick FEP-Teflon film. The temperature of the chamber was pre-
cisely controlled at 30 � 0.5 �C. Prior to each experiment, the
chamber was flushed continuously for 40 h with purified com-
pressed air and then exposed to UV light for 20 h. Finally, humid air
was introduced into the chamber to obtain a specific relative hu-
midity (RH) of 50%. Temperature, UV radiation, and RH were
monitored continuously during the experiments.

Alumina seeds were produced via a spray pyrolysis setup (Liu
et al., 2010a). In all experiments, liquid alumisol (AlOOH, Lot No.
2205, Kawaken Fine Chemicals Co., Ltd.), used as the precursor, was
sprayed to droplets by an atomizer and dried by a diffusion dryer.
The particles were then carried into the corundum tube embedded
in the tubular furnace with the temperature maintained at 1000 �C.
Finally, the generated alumina particles were introduced into the
chamber through a neutralizer. The obtained particles were
spherical-shaped g-Al2O3 with the main particle size at about
160 nm (Liu et al., 2010a). Particle size distribution of alumina seeds
is shown in Fig. 1. After the introduction of alumina seeds, a-pinene
(Analytical reagent, Sigma Aldrich Fluka) was injected by syringe
into a heated furnace and then carried into the chamber by
5 L min�1 purified air. Finally, NO and NO2 were introduced and the
photochemical reaction was initiated by turning on 40 blacklights
(GE F40BLB, 40W, 300e400 nm). The gases used in this experiment
are summarized in Table 1, and the detailed instruments are listed
in Table 2. Total aerosol mass concentration was determined from
the observed total aerosol volume by a scanning mobility particle
sizer (SMPS, TSI 3936) consisting of a nano differential mobility
analyzer (DMA, TSI 3085) and a condensation particles counter
(CPC, TSI 3025A). The formed aerosol particles were assumed to be
geometrically spherical, and the density was considered to be
1.3 g cm�3 according to previous studies (Davidson et al., 2005; Ng
et al., 2007). Count median diameter (CMD) determined by SMPS
was used to express the average particle size of aerosols.

Using the smog chamber, a series of experiments were carried
out for a-pinene photo-oxidation in the presence of NOx. Experi-
mental conditions and results were listed in Table 3. The “Experi-
ment No.” were designed to [initial concentration of a-pinene]
Pin � [initial concentration of Al2O3]Al. For example, “150Pin-0Al”
represents experiment with initial conditions of 150 ppb a-pinene
and 0 mg m�3 Al2O3. The initial a-pinene concentration levels were
kept at 150, 200, 250, or 300 ppb. The initial molar ration of a-
pinene to NOx was fixed at 2. All experiments were conducted at a
temperature of 30 � 0.5 �C and 50% RH with irradiation of UV light.
Experimental duration was set to 4 h.
3. Results and discussion

3.1. Calculation of SOA yields

3.1.1. Correction of wall loss
Due to the deposition of particles onto the Teflon film, the

measured aerosol concentration has to be corrected in each
experiment. The rate of particle deposition is proportional to the
particle concentration and depends on particle size, leading to first-
order kinetics (Cocker III et al., 2001; Carter et al., 2005):

dN
�
dp; t

�

dt
¼ �kdep

�
dp

�
$N

�
dp; t

�
(1)



Table 2
Summary of instruments used in the chamber experiments.

Instrument Measurement
interval (min)

Accuracy

VOCs Beifen SP-3420 15 10 ppb
NOx TEI Model 42C 1 0.4 ppb
O3 TEI Model 49C 1 1.0 ppb
Aerosol particles TSI SMPS 3936 6 e

T and RHa Vaisala HMT 333 1 0.1 �C, 0.5% RH
UV Handy UV-A 1 0.5%

a T: temperature; RH: relative humidity.

C. Liu et al. / Atmospheric Environment 77 (2013) 781e789 783
where kdep (h�1) is the deposition rate constant, N (particles cm�3)
is the number concentration of aerosols, and dp (nm) is the aerosol
diameter. The value of kdep depends on diameter dp and can be
expressed as follows (Takekawa et al., 2003; Takekawa, 2003):

kdep
�
dp

� ¼ a� dbp þ c=ddp (2)

The resulting kdep values for different dp (20e1000 nm) were
determined by monitoring the particle number decay under dark
conditions at low initial concentrations (<1000 particles cm�3) to
avoid serious coagulation. Based on more than 500 sets of kdep
values, the optimized values of parameter aed were calculated to
be 6.4579 � 10�7, 1.7841, 13.1947, and �0.9566, respectively (Chu
et al., 2012). In our previous work, the wall loss was accounted
for an average of approximately 4% of total SOAmass from a-pinene
photo-oxidation (Chu et al., 2012).

3.1.2. SOA yield calculation
The fractional aerosol yield (Y) is widely used as an empirical

expression to represent the aerosol formation potential of the hy-
drocarbon (Pandis et al., 1992). It is defined as the ratio of generated
organic aerosol concentration Mo (mg m�3) to the reacted hydro-
carbon concentration DHC (mg m�3):

Y ¼ Mo

DHC
(3)

In this work, concentrations of produced aerosol (Mo) and
reacted a-pinene (DPin) obtained at the end of the experiments
were used to calculate the overall aerosol yield (Y). Experimental
results are summarized in Table 3. Concentrations of generated
Table 3
Summary of smog chamber experiments.a

Experiment no. [Pin]0 (ppb) [Al2O3]0
(mg m�3)

[NO]0 (ppb) [NO

150Pin-0Al 156 0 38.60 37.4
150Pin-4Al 159 4.0 37.30 39.8
150Pin-51Al 146 51.2 40.30 37.7
200Pin-0Al 217 0 47.28 50.5
200Pin-4Al 214 3.9 55.65 55.4
200Pin-20Al 205 20.5 50.40 44.8
200Pin-35Al 216 34.9 53.25 49.6
200Pin-52Al 209 51.8 53.84 49.2
250Pin-0Al 259 0 64.54 67.4
250Pin-5Al 243 5.5 56.45 65.3
250Pin-20Al 246 19.8 55.19 67.3
250Pin-35Al 294 34.7 60.12 69.8
250Pin-43Al 247 42.5 55.39 63.9
300Pin-0Al 303 0 74.06 81.7
300Pin-5Al 292 5.4 66.15 80.5
300Pin-46Al 298 45.5 72.41 79.6

[Pin]0: initial concentrations of a-pinene; [Al2O3]0: initial concentrations of Al2O3 seeds
[NOx]0: initial molar ration of a-pinene to NOx; Mo: total organic aerosol mass concentra
yield.

a All the experiments were carried out at 30 �C and 50% RH with irradiation of UV lig
aerosol Mo contained both suspended and deposited aerosol
concentration.

Odum et al. (1996) developed a gas-particle absorptive parti-
tioning model to describe the phenomenon that Y largely depends
on the amount of organic aerosol mass concentration:

Y ¼ Mo
X

i

aiKom;i

1þ Kom;iMo
(4)

where ai is the mass-based stoichiometric coefficient for the reac-
tion generating product i, and Kom,i (m3 mg�1) is the gas-particle
partition constant. Eq. (4) can be simplified to one-product (i ¼ 1)
or two-product (i ¼ 2) models by assuming that all semi-volatile
products are classified into one or two groups. Although the
latter is usually used for fitting yield data (Odum et al., 1996, 1997),
the one-product model is of sufficient accuracy to describe the
relationship between aerosol yield and mass (Henry et al., 2008;
Takekawa et al., 2003; Verheggen et al., 2007). Therefore, one-
product model was adopted to fit the experimental yield data
versus Mo with a least square method. Yield curve of the experi-
ments and parameters of ai and Kom,i were obtained via the fitting
procedure.

3.2. Effect of alumina seeds on SOA yield

3.2.1. SOA yield results
The results of a-pinene/NOx photo-oxidation experiments at

30 �C, 50% RHwith irradiation of UV light are listed in Table 3. Fig. 2
illustrates SOA yield against the concentration of organic aerosols
produced from a-pinene photo-oxidation. As seen from Fig. 2, the
yield curve of the experiments with alumina seeds was slightly
lower than that of the seed-free experiments. Up and low 95%
confidence level lines (dot lines in Fig. 2) also indicated that SOA
curve obtained in seed-free experiments was beyond the confi-
dence interval of the seeded experiments data. It implies that the
presence of alumina seeds could inhibit the SOA yields in a-pinene/
NOx photo-oxidation, although the inhibition effect is not great.

3.2.2. Analysis on the inhibition effect
Secondary organic aerosols are formed via VOC reactions with

gaseous oxidants (e.g. O3, OH, NO3) to generate semi-volatile and
nonvolatile products (Kroll and Seinfeld, 2008). The formed semi-
2]0 (ppb) [Pin]0/[NOx]0
(ppb ppb�1)

Mo (mg m�3) DPin
(ppb)

Y (%)

1 2.05 33.826 150.2 4.108
0 2.06 65.104 159.2 7.462
4 1.87 40.287 145.7 5.044
3 2.21 92.443 202.5 8.333
3 1.93 65.26 213.4 5.577
7 2.15 66.911 204.3 5.980
2 2.09 76.648 215.0 6.500
4 2.02 73.905 209.0 6.448
7 1.96 122.707 258.3 8.671
7 1.99 110.357 242.4 8.307
1 2.00 88.790 245.0 6.617
6 2.26 91.130 293.6 5.668
5 2.06 88.543 246.7 6.552
3 1.94 202.826 311.2 11.895
2 1.99 149.149 290.7 9.360
8 1.96 89.310 277.1 5.876

; [NO]0: initial concentrations of NO; [NO2]0: initial concentrations of NO2; [Pin]0/
tion produced; DPin: total concentration of a-pinene consumed; Y: overall aerosol

ht.



Fig. 2. SOA yield (Y) as a function of generated organic aerosol mass (Mo) for a-pinene
photo-oxidation with (6) or without (-) alumina seeds at 30 �C and 50% RH. The dash
dot and solid curves are fitted by the one-product model of yields with and without
seeds, respectively. UCL: up 95% confidence level; LCL: low 95% confidence level.
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volatile and nonvolatile species as well as the compounds evapo-
rated from SVOCs partition to the aerosol phase, resulting in the
SOA formation (Hallquist et al., 2009; Robinson et al., 2007).
Therefore, the oxidants that initiate the degradation of VOCs are the
controlling factor in determining the distribution and volatility of
products. Comparison of the new particle formation potential
during a-pinene oxidation indicated a drastically higher nucleation
potential of the ozonolysis than in the reaction with either OH or
NO3 (Bonn and Moortgat, 2002). Model calculation results show
that ozonolysis contributes about twice more to SOA formation
Fig. 3. Dynamic change of O3 concentration in (a) 150, (b) 200, (c) 250, and (d) 300 ppb a-pin
50% RH.
than oxidation by OH, and thus is confirmed as the most favorable
route to aerosol formation (Capouet et al., 2008). Besides, the re-
action with O3 represents 46% of the total sink of a-pinene at the
global scale; O3 is calculated to be the main oxidant over remote
forests (Capouet et al., 2008). In this study, we on-linemonitored O3
concentration in the chamber and the dynamic changes of O3 are
shown in Fig. 3. Comparing to the seed-free experiments, although
the addition of alumina seeds has no influence on the initial for-
mation of O3, the final concentration of O3 is obviously decreased.
The decrease of O3 concentration was more obvious in the exper-
iments with high a-pinene concentration. At low a-pinene con-
centration, the variation of O3 concentration due to the addition of
alumina seeds was not obvious, meanwhile the difference of SOA
yields between seed-free and seeded experiments was quite subtle
(as shown in Fig. 2). Therefore, it is considered that the presence
of high concentration alumina seeds might influence the concen-
tration of O3 in the chamber. Moreover, previous research has
indicated that during the ozonolysis, the isomerization and
decomposition of generated hydroperoxide intermediate species
leads to the formation of OH radicals (Di Carlo et al., 2004; Paulson
and Orlando, 1996; Zhang et al., 2002; Zhang and Zhang, 2005), and
OH aging significantly increases the concentration of first-
generation biogenic SOA (Donahue et al., 2012). Besides, photol-
ysis of O3 also contributes to the OH production via the following
mechanism (Wine and Nicovich, 2012):

O3/
300 nm<l<340 nm

hv
O2 þ Oð1DÞ (5)

Oð1DÞ þH2O/2OH (6)

Therefore, the decrease in O3 concentration might reduce the
formation of semi-volatile compounds and even affects the sec-
ondary yield of OH.
ene photo-oxidation systemwith different concentration of alumina seeds at 30 �C and
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The parameters of ai and Kom,i for the seed-free experiments
(aPin, KPin) or seeded experiments (aPin/Al, KPin/Al) in a-pinene/NOx

photo-oxidation were determined by the one-product model. The
stoichiometric coefficient ai represents the total amount of the
semi-volatile compounds (SVOCs) produced in both gas and aerosol
phases, while Kom,i is the gas-particle partitioning potential of the
semi-volatile compounds produced (Henry et al., 2008). When
alumina seeds presented in the system, aPin decreased from 0.1898
to aPin/Al of 0.1297. This implied the formation of SVOCs was
depressed by the addition of alumina, which was in accordance
with the results deduced from the decrease of O3 concentration.
Besides ai, Y is also positively correlated to Kom,i (as shown by Eq.
(4)). In contrast to the change of ai, the value of KPin increased from
0.00785 to KPin/Al of 0.01295, implying the saturation vapor pres-
sure of generated SVOC compounds was decreased due to the
presence of alumina. The different trends of ai and Kom,i might lead
to the fact that the depress on the SOA yield because of alumina
seeds was not significant. The variation of ai and Kom,i also sug-
gested that the formation and participation of produced organic
species might be influenced by alumina seeds. However, further
qualitative and quantitative studies on the gas-phase and aerosol-
phase species were not available here due to the lack of in-
struments, such as proton-transfer reaction mass spectrometry, or
single particle mass spectrometry.

Formation of O3 during photo reactions is mainly via the
photolysis of NOx. The reaction processes are as follows:

2NOþ O2/2NO2 (7)

NO2/
285 nm<l<375 nm

hv
NOþ Oð3PÞ (8)

Oð3PÞ þ O2/O3 (9)
Fig. 4. Dynamic change of NOx concentration in (a) 150, (b) 200, (c) 250, and (d) 300 ppb a-
and 50% RH.
Comparing the NOx concentration between seed-free experi-
ments and those with alumina seeds, as shown in Fig. 4, the
addition of alumina has no influence on the dynamic change of NO
and NO2 concentration. This implied that the transformation from
NO to NO2 as well as the formation of O3 from the photolysis of NO2
was not disturbed by the presence of alumina. As discovered above,
however, alumina seeds indeed decreased the final concentration
of O3 in the chamber. We considered this result might be attributed
to the adsorption, uptake, and decomposition reaction happened
on alumina surface. The reactive uptake coefficients, reaction
mechanism, and kinetics of O3 on dust particles have been widely
studied previously (El Zein and Bedjanian, 2012;Michel et al., 2003;
Roscoe and Abbatt, 2005; Usher et al., 2003a,b). The initial reactive
uptake coefficient, g0,BET, for alumina powders was measured to be
1.2 � 0.4 � 10�4 at 296 K using a Knudsen cell apparatus (Michel
et al., 2003). The decomposition mechanism for O3 on metal ox-
ides was summarized below (Oyama, 2000; Usher et al., 2003a):

O3 þ */O* þ O2 (10)

O3 þ O*/O*
2 þ O2 (11)

O*
2/*þ O2 (12)

In this work, we also carried out experiment of O3 decomposi-
tion and adsorption on alumina sample. Figure S1 in Supplementary
Material clearly illustrated the decomposition of O3 on alumina.
Therefore we consider that in the smog chamber the catalytic
decomposition of O3 on alumina surface results in the reduction of
O3 concentration. Because O3 is an important oxidant of a-pinene, a
decrease in its concentration will reduce the formation of SVOC
products and OH radicals, affects the further oxidation of interme-
diate species, and finally inhibits SOA formation.
pinene photo-oxidation system with different concentration of alumina seeds at 30 �C
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3.3. Effect of alumina on aerosol size

3.3.1. Evolution of suspended aerosol size
As an important characteristic of aerosols, particle size directly

relates to the light scattering property, cloud condensation nuclei
(CCN) potential, and lifetime of aerosols. Therefore, we further
investigated the effect of alumina on aerosol size in the a-pinene/
NOx photo-oxidation systems.

200 ppb a-pinene systemwas taken as the example to illustrate
the change of aerosol size distribution during the photo-oxidation.
As shown in Fig. 5a, size distribution of suspended aerosol in seed-
free experiment (200Pin-0Al) changed obviously with the reaction
time. There was no new aerosol particles formation at the begin-
ning of photo-oxidation. Formation of O3 and free radicals domi-
nated the photo reaction and initiated homogeneous nucleation.
After the accumulation of SVOC species, (about 45 min later), rapid
generation of newaerosols and obvious increase in particle sizewas
observed. The final aerosol size stabilized at about 400 nm after the
completion of photo-oxidation.

When 3.9 mg m�3 alumina seeds were injected into in the sys-
tem (Fig. 5b, 200Pin-4Al), formation of new particles was observed
after 0.5 h reaction. The generation of aerosols occurred about
15 min earlier than the seed-free experiment, implying that the
condensation of SVOCs onto the pre-existing seeds let to the
growth of particle size. The diameter of particles increased to
450 nm after 2 h. It should be noted that the final aerosol size was
larger than the size obtained in the seed-free experiment.

With the presence of 51.7 mg m�3 alumina seeds in the reaction
system (Fig. 5c, 200Pin-52Al), the main particle size at the
Fig. 5. Change of aerosol size distribution and aerosol concentration as a function of time in e
experiments of alumina seeds were conducted at 30 �C and 50% RH for 8 h.
beginning was about 160 nm, which was in accordance with the
size distribution of alumina particles. However, the growth of
aerosol size was significantly reduced. Aerosol size grew to only
about 230 nm after 4 h reaction. The reduction of aerosol size
should be unrelated to the deposition of alumina seeds, since the
diameter of seed particles remained steady at around 160 nm
during the deposition experiments of alumina (Fig. 5d).

As shown above, the size change of aerosols was closely related
with the mass loadings of alumina seeds. Therefore, we compared
the final size of suspended aerosols formed in the a-pinene/NOx

photo-oxidation system as a function of alumina seeds mass
loading. As seen in Fig. 6, the suspended aerosol diameters obtained
with low alumina loading (w5 mg m�3) were all larger than those
obtained in the seed-free experiments. Nevertheless at higher
alumina loadings, the size values of aerosols decreased significantly
with the increase of alumina concentrations. For instance, in the
300 ppb a-pinene/NOx system, aerosol size increased from 452 nm
to 515 nm due to the introduction of 5.4 mg m�3 alumina, whereas
decreased to 268 nm when the concentration of alumina was
increased to 45.5 mg m�3.

In previous studies, the condensation of semi-volatile products
onto the surface of pre-existing particles led to aerosol growth. For
example, Arizona test dust and illite particles were coated with SOA
formed by a-pinene ozonization in a cloud simulation chamber
(Möhler et al., 2008). The comparison of number size distributions
before and after coating indicated that the condensation of SOA on
these mineral particles led to the increase in the number of larger
aerosol particles. In the present work, however, the growth of
aerosols only presented with low seed concentrations. At higher
xperiments of (a) 200Pin-0Al, (b) 200Pin-4Al, (c) 200Pin-52Al, and (d) 50Al. Deposition



Fig. 6. Change of aerosol size as a function of alumina seeds concentration. Aerosol
size is described by the final value of count median diameter (CMD) obtained in a-
pinene photo-oxidation systems at 30 �C and 50% RH with the reaction time of 4 h.
Each data point corresponds to a separate experiment.
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concentrations, aerosol size decreased with the increase of alumina
concentration.

3.3.2. Mechanism proposed for the variation of aerosol size
Mechanism proposed for the seed effect on the aerosol size is

shown in Fig. 7. Formation of SOA particles began with the gener-
ation of numerous SVOC species forming from the photo-oxidation
of a-pinene. After the accumulation of the SVOCs, SOA particles
formed via homogeneous or heterogeneous nucleation process. For
instance, in the experiment of 300 ppb a-pinene photo-oxidation,
homogeneous nucleation of SVOC species resulted in the forma-
tion of SOA particles with the size of 452 nm. When alumina seeds
of low concentration (5.4 mg m�3) presented in the reaction system,
SVOC species preferred to coagulate and condense onto the existing
seed surface to form SOA particles with a diameter of 515 nm.
Fig. 7. Impact of alumina seeds on SOA diameter. Experiments of 300 ppb a-pinene
photo-oxidation were taken as the example to show the diameters of formed SOA
particles.
Comparing to the homogenous nucleation, this heterogeneous
nucleation process led to an increase in the aerosol size. Consid-
ering that the effect of alumina on SOA yield was not significant in
a-pinene photo-oxidation, the growth of aerosol particles will
result in the decrease of aerosol number concentration. This phe-
nomenon has been demonstrated by the dynamic change of aerosol
number concentrations in Figure S2. When high concentration
(45.5 mg m�3) seeds were introduced into the system, SOA particles
also formed via the heterogeneous nucleation process. However,
SVOC species were dispersed by these seed particles and the
amount of SVOCs that condense to each seed particle was greatly
reduced. Therefore, aerosol size decreased obviously to 268 nm.
The increase in aerosol number shown in Figure S2 as well as the
decrease in aerosol size indicated that SVOCs were dispersed by
alumina seeds.

3.4. Atmospheric implications

Mineral dust is found to be the largest aerosol component in
China, accounting for about 35% of PM10 and even reaching from
50% to 60% in northwestern China (Zhang et al., 2012). As an
important component of mineral dust, alumina accounts for 10e
15% of the dust mass (Usher et al., 2003a). Although the inhibition
effect of alumina on SOA yield in a-pinene photo-oxidation is not
great, our results at least suggest that the contribution of a-pinene
to regional SOA concentrationmight be influenced by alumina dust.
The mass fraction of organic components in sub-micrometer
aerosols in Beijing was found to be lower than in other Northern
Hemisphere locations (Jimenez et al., 2009). Apart from different
emission patterns of pollutants and different meteorological con-
ditions, the lower mass fraction of organic matter may also be
partially explained by the restriction effect of the high dust loading
in this region. Of course, to fully understand the role of mineral dust
in SOA formation, it is necessary to further investigate the effect of
other mineral components, such as SiO2 and Fe2O3, on the SOA
formation in the future.

In addition, alumina seeds resulted in aerosol size variation and
therefore might have influence on the health effect and light
scattering property of aerosols. A reduction in sizemay enhance the
transfer ability of aerosol particles in human respiratory systems
(Nel, 2005; Gieré and Querol, 2010). Quasi-ultrafine particles
(<180 nm) are more harmful to human health than fine particles
(<2.5 mm) (Verma et al., 2011). Accordingly, the decrease in sus-
pended aerosol size due to the presence of alumina dust might
result in more serious risks to human health. Furthermore, ac-
cording to Mie theory, the light scattering property of aerosols
changed because of the addition of mineral dust. The details of the
Mie scattering calculation as well as the obtained calculations are
listed in Table S1 in Supplementary Material. The reduction in the
suspended aerosol diameters resulted in a significant decrease in
both scattering efficiency and total attenuation coefficient of
aerosols. According to LamberteBeer law, the intensity of trans-
mitted light was therefore increased compared to the seed-free
experiment. It means that without the presence of mineral dust,
the adverse effect of SOA on atmospheric transparency may be
more serious during urban smog episodes.

4. Conclusions

Effect of mineral dust on SOA yield and aerosol size in a-pinene/
NOx photo-oxidation was investigated in this work. The SOA yields
in a-pinene systems were reduced by the presence of alumina
seeds compared to the seed-free system. This inhibition effect
might be attributed to the influence of alumina on O3 concentra-
tion. Because O3 is critical to both a-pinene oxidation and OH
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generation, the decrease in its concentration will reduce the for-
mation of semi-volatile products and even affects the further
oxidation of these species, and finally inhibits SOA formation. The
presence of seeds also gave rise to the change of aerosol size. At low
alumina concentration, SVOCs condensed onto the pre-existing
seed surfaces and resulted in aerosol size growth. When alumina
concentration was higher than about 5 mg m�3, the decrease in the
amount of SVOCs that condensed to each seed particle induced the
reduction in the aerosol size.
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