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Abstract

Secondary organic aerosol (SOA) formation from hydroxyl radical (OH-) initiated photooxidation of a-pinene was investigated in a
home-made smog chamber. The size distribution of SOA particles was measured using aerodynamic particle sizer spectrometer. The
effects of illumination intensity and light application time on SOA formation for a-pinene were evaluated. Experimental results show
that the concentration of SOA particles increased significantly with an increasing of illumination intensity, and the light application
time, the concentration, and the size of SOA particles were also increased. In addition, the factors influencing the formation of SOA
were discussed. In addition, this article compared the effect of a-pinene with that of toluene, and discussed the contribution of a-pinene

to SOA formation.

Key words: a-pinene; hydroxyl radical; secondary organic aerosol; size distribution

DOI: 10.1016/S1001-0742(08)62290-1

Introduction

Secondary organic aerosol (SOA) has diverse atmo-
spheric influences, including causing visibility degrada-
tion, participating in radiation, damaging plant life, leading
to the formation of photochemical smog, increasing ozone
concentration, and causing cloud formation (Chung and
Seinfeld, 2002; Seinfeld et al., 2003; Shilling et al., 2008).
SOA is also harmful to human health, such as increased
risk of cardiovascular disease and lung cancer (Dockery
et al., 1993; Pope et al., 1995; Miller et al., 2007).
Biogenic volatile organic compounds (BVOCs) contribute
significantly to the formation of ozone and SOA. It is
estimated that global SOA production from BVOCs ranges
from 2.5 to 44.5 Tg (organic mass) per year, and the global
SOA production from anthropogenic VOCs ranges from
0.05 to 2.62 Tg (organic mass) per year (Tsigaridis and
Kanakidou, 2003). Monoterpenes give rise to SOA through
the reactions of ozone, OH, and NO; radicals (Calogirou et
al., 1999), and its annual global emission rate is about 127
Tg with a-pinene as the major terpene emitted (Guenther
et al., 1995). China has a vast land with 12% of the surface
covered by forest, and has almost all kinds of character-
istic plants species of the northen hemisphere. Therefore,
understanding formation mechanism and influence factors
of SOA is needed.

Most previous studies on formation mechanism of SOA
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from monoterpenes focused on the SOA ozonolysis prod-
ucts of a-pinene (Christoffersen et al., 1998; Hoffmann
et al., 1997; Yu et al., 1999; Jang and Kamens, 1999;
Glasius et al., 2000; linuma et al., 2004). In the present
study, we focued on the effects of illumination intensity
and light application time on SOA formation from the pho-
tooxidation of a-pinene. The home-made smog chamber
was used to form SOA by hydroxyl radical (-OH) initiated
photooxidation of a-pinene. TSI APS 3321 (TSI Model
3321) was employed in real-time detection of SOA particle
size distribution. A series of a-pinene photooxidation
experiments were performed. The results were compared
with that of toluene photooxidation experiments.

1 Materials and methods

1.1 Materials

o-Pinene (> 99%) was obtained from Sigma-Aldrich
Chemistry Corporation, Germany. Sodium nitrate (> 99%)
and methanol (> 99%) were purchased from the Third
Reagent Manufactory (Tianjin, China), and nitrogen oxide

(99.9%) was obtained from Nanjing Special Gas Factory,
China. They all were used without furtfer purification.
Methyl nitrite (CH30ONO) was synthgsized by dropping
sulfuric acid into a methanol solution |of sodium nitrate-
The reaction product was passed thfough a saturated
sodium hydroxide trap to remove the frace sulfuric acid,
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dried using a calcium sulfate trap, and collected by a liquid
nitrogen condenser at 77 K. The methyl nitrite was purified
using a vacuum system.

1.2 Smog chamber experiments

The experimental apparatus consist of a sampling sys-
tem, smog chamber system and detection system. The
smog chamber was made of sealed collapsible polyethy-
lene with a volume of 850 L. The ratio of surface to volume
was 5.8 m~!. The reactor is surrounded by 12 sets of 40 W
fluorescent black lamps. The wavelength of UV radiation
is in the range of 300400 nm. The volume of the glass
vacuum system is 0.84 L, and equipped with a vacuum
gauge with a measuring range 10-5000 Pa. A schematic
diagram of the experimental system is shown in Fig. 1.

Before performing experiment, the chamber was flushed
continuously with dry purified laboratory compressed air
for 40 min to remove hydrocarbon compounds, moisture,
and the particles. The compressed air was processed
through three consecutive packed-bed scrubbers, contain-
ing activated charcoal, silica gel, and a Balston DFU® filter
(Grade BX), respectively. a-Pinene was sampled by a mi-
cro liter injector and directly transferred into the chamber.
NO and methyl nitrate were expanded into the evacuated
manifold to reach the desired pressure level through Teflon
lines, and then were introduced into the smog chamber by
a stream of purified air. The whole system was completely
covered with a black polyethylene tarpaulin to avoid any
light. Hydroxyl radicals were generated by the photolysis
of methyl nitrite in air at wavelengths longer than 300 nm
(Atkinson, 1981). The chemical reactions leading to the
formation of the OH radical are as follows:

CH;0NO + hv (> 300 nm) — CH;0- + NO (1
CH;0- + O, —s HCHO + HO,- )
HO,- + NO —s -OH + NO, 3)

A series of experiments were carried out to investigate
SOA from the OH-initiated a-pinene oxidation under

different conditions. In all the experiments, the relative
humidity was in the range of 50%-70%, and temperature
was 295 + 2 K, the concentrations of a-pinene, NO,
and CH30ONO are 2.7, 2, and 20 ppmv respectively. The
size distribution, the number concentration and the mass
concentration of SOA particles were detected by a TSI
3321 aerodynamic particle size spectrometer (TSI, model
3321, USA) in real time.

2 Results and discussion

2.1 Size distribution of the SOA particles

Figure 2 shows the size distribution of the SOA par-
ticles during the o-pinene 4 black lamps photooxidation
experiment. The gas after cleaning contains a small amount
of particles with the maximum concentration only 0.125
particles/cm®. With the prolonging of reaction time, the
number of SOA particles increases significantly, the aero-
dynamic diameter of SOA particles increases slowly, and
the predominant particles change toward large diameter.
But after about 45 min reaction period, the rate becomes
slowly. The SOA particles created by the a-pinene pho-
tooxidation are predominant in the form of fine particle in
diameter range 0.5 to 1.3 um (less than 2.5 pm, i.e., PM> 5).
Scientific research have proved that these fine particles can
deposit easily in lung, and are harmful to human health
(Schwartz et al., 1996).

Figure 3 shows the dependence of both number and
mass concentration of SOA particles on the light appli-
cation time in the a-pinene 4 black lamps photooxidation
experiment. Both the number and mass concentrations are
increase with the prolonging of the light application time,
and reached the equilibrium 3000 particles/cm?® and 1350
ug/cm?, respectively, after 90 min.

The experimental results were compared with the results
of toluene OH-initiated oxidation experiment (Hao et al.,
2005), which showed that the number of SOA particles
increased slowly within the first 30 min and the amount
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Fig.1 Schematic of the experimental apparatus.
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Fig.2 Size distribution of SOA particles at different light application times.

of SOA particles increase slightly with the prolonged
reaction time. After 30 min, the rate of the subsequent
reaction becomes faster and the number of SOA particles
increased. After 130 min, the number concentration of
particles reaches 2300 particles/cm®. It seemed that a-
pinene is more easily to photolysis than toluene with the
prolonged reaction time, and it has greater contribution to
the formation of SOA than that of toluene.
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Fig. 3 Number and mass concentrations as a function of light application
time.

2.2 Effect of illumination intensity on the SOA forma-
tion

The dependence of SOA formation on the illumination
intensity was investigated using 2, 4, and 8 black lamps,
respectively (Fig. 4). Figure 4a shows the number con-
centration of SOA particles in a-pinene photooxidation
experiments. The total number of SOA particles was 5000
particles/cm? at equilibrium under 8 black lamps radiation,
which was much larger than that of 4 black lamps. While
there is almost no particle formed with 2 black lamps.
It could be concluded that the irradiative intensity has a
great contribution to the formation of SOA particles. The
conclusion can also be supported by Eq. (4) (Hao et al.,
2005):

Y = 153.11979 X e 5277 +294.54746 x e 7777% —385.05998
4)

where, Y (particles/cm?) is the numbg
SOA, x (W) represents the power of bld

The mass concentration of SOA part
with the illumination intensity as show
the illumination intensity is strong eno
centration will reach equilibrium afte

r concentration of
ck lamps.

cles also increases
h in Fig. 4b. When
gh, the mass con-
90 min reagtion.



http://www.jesc.ac.cn
http://www.jesc.ac.cn

450 LIU Xianyun ef al.

Vol. 21

6000 — a
<\E) 5000 ua =
s
2
£ 4000 -
&
£ 3000
g
5 2000
g B —=— 8 Black lamps
8 —e— 4 Black lamps
5 1000 — —a— 2 Black lamps
=)
g
P 0
| | | | | | |
0 20 40 60 80 100 120
Time (min)
1.6 - b
e 2 Black lamps
1.4+ a 4Black lamps
o = 8 Black lamps . .
gm 1.2 - — Boltzmann fit .}'-r"f';zi,!fhzf‘ﬁﬁ'
E AT A
= 10
=]
2
g 0.8 -
8 06
2
S 04 /
g o2 A . .
.o'vo%'-0°W00000090. eog%s g0
0 -ux
-0.2 Y ‘ L L

! \ |
0 20 40 60 80 100 120
Time (min)

Fig. 4 Number concentration (a) and mass concentration (b) of SOA
particles as a function of different illumination intensities.

The possible reason is that with the increment of reaction
time, there are more products formed for the subsequent
reaction, and the mass concentration of SOA particles
will increase due to that the more semi-volatile organic
compounds are partitioned between the gas phase and the
particle phase. It will follow by that the fine particles
become larger through a self-nucleation or condense in
the pre-exiting aerosol process. The reaction will reach
the equilibrium state as soon as the formation rate of fine
particles equals to the formation rate of large particles
condensed. However, when 2 black lamps were used, the
mass concentration increases slowly, and there is a small
amount of particles formed.

Comparing with the results of Hao et al. (2005), we
can conclude that the illumination intensity of black lamps
could significantly induce a high secondary organic aerosol
particle concentration, and that the effect of illumination
intensity on o-pinene photooxidation process follows the
same rule as toluene.

3 Conclusions

The results clearly demonstrated that the number and
mass concentrations of SOA particles were increased with
the prolonged reaction time and enhanced illumination
intensity. The irradiative intensity has a great contribution
to the formation of SOA particles. The results also shown
that a-pinene is more easily to photolysis than toluene, and

it has a greater contribution to the formation of SOA than
toluene.

Acknowledgments

This work was supported by the Knowledge Innova-
tion Foundation of Chinese Academy of Sciences (No.
KJCX2-YW-N24). The authors express our gratitude to the
reviewers for their valuable comments.

References

Atkinson R, Carter W P L, Winer A M, 1981. An experimental
protocol for the determination of OH radical rate constants
with organics using methyl nitrite photolysis as an OH-
radical source. Air Pollution Control Association, 31: 1090—
1092.

Calogirou A, Larsen B, Kotzias D, 1999. Gas-phase terpene
oxidation products: A review. Atmospheric Environment,
33: 1423-1439.

Christoffersen T S, Hjorth J, Horie O, Jensen N R, Kotzias
D, Molander L L et al., 1998. cis-Pinic acid, a possible
precursor for organic aerosol formation from ozonolysis of
o-pinene. Atmospheric Environment, 32: 1657-1661.

Chung S H, Seinfeld J H, 2002. Global distribution and climate
forcing of carbonaceous aerosols. Journal of Geophysical
Research, 107: 4407.

Dockery D W, Pope C A, Xu X P, Spengler J D, Ware J H, Fay M
E, Ferris B G, Speizer F E, 1993. An association between
air-pollution and mortality in 6 United-States cities. The
New England Journal of Medicine, 329: 1753-1759.

Glasius M, Lahaniati M, Calogirou A, Di Bella D, Jensen N R,
Hjorth J, Kotzias D, Larsen B R, 2000. Carboxylic acids
in secondary aerosols from oxidation of cyclic monoter-
penes by ozone. Environmental Science and Technology,
34: 1001-1010.

Guenther A, Hewitt C N, Erickson D, Fall R, Geron C, Graedel
T et al., 1995. A global model of natural volatile organic
compound emissions. Journal of Geophysical Research:
Atmospheres, 100: 8873-8892.

Hao L Q, Wang Z Y, Huang M Q, Pei S X, Yang Y, Zhang W
J, 2005. Size distribution of the secondary organic aerosol
particles from the photooxidation of toluene. Journal of
Environmental Sciences, 17(6): 912-916.

Hoffmann T, Odum J R, Bowman F, Collins D, Klockow D, Fla-
gan R C, Seinfeld J H, 1997. Formation of organic aerosols
from the oxidation of biogenic hydrocarbons. Journal of
Atmospheric Chemistry, 26: 189-222.

Iinuma Y, Boge O, Gnauk T, Herrmann H, 2004. Aerosol-
chamber study of the o-pinene/O; reaction: influence of
particle acidity on aerosol yields and products. Atmospheric
Environment, 38: 761-773.

Jang M, Kamens R M, 1999. Newly characterized products and
composition of secondary aerosols from the reaction of a-
pinene with ozone. Atmospheric Environment, 33: 459-474.

Miller K A, Siscovick D S, Sheppard L, Shepherd K, Sullivan J
H, Anderson G L, Kaufman J D, 2007. Long-term exposure

to air pollution and incidence of cardiovascular events in
women. The New England Journal ofMedicine, 356: 447—
458.
Pope C A, Thun M J, Namboodiri M M, Dpckery D W, Evans J
S, Speizer F E, Heath C W, 1995. Particulate airpollution
as a predictor of mortality in a progpective-study of JUS
adults. American Journal of Respiratdry and Critical Care



http://www.jesc.ac.cn
http://www.jesc.ac.cn

No. 4

Effect of illumination intensity and light application time on secondary organic aerosol formation:----- 451

Medicine, 151: 669-674.

Schwartz J, Dockery D W, Neas L M J, 1996. Is daily mortality
associated specifically with fine particles? Air and Waste
Management Association, 46: 927-939.

Seinfeld J H, Kleindienst T E, Edney E O, Cohen J B, 2003.
Aerosol growth in a steady-state, continuous flow chamber:
Application to studies of secondary aerosol formation.
Aerosol Science and Technology, 37: 728-734.

Shilling J E, Chen Q, King S M, Rosenoern T, Kroll ] H, Worsnop
D R, McKinney K A, Martin S T, 2008. Particle mass yield

in secondary organic aerosol formed by the dark ozonolysis
of a-pinene. Atmospheric Chemistry and Physics, 8: 2073—
2088.

Tsigaridis K, Kanakidou M, 2003. Global modeling of secondary
organic aerosol in the troposphere: a sensitivity analysis.
Atmospheric Chemistry and Physics, 3: 1849-1869.

Yu J, Cocker D R III, Griffin R J, Flagan R C, Seinfeld J H, 1999.
Gas-phase ozone oxidation products of monoterpenes:

gaseous and particulate products. Journal of Atmospheric
Chemistry, 34: 207-258.



http://www.jesc.ac.cn
http://www.jesc.ac.cn

