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To investigate the sensitivity of secondary aerosol formation and oxidation capacity to NO, in homogeneous and heterogene-
ous reactions, a series of irradiated toluene/NO,/air and o.-pinene/NO,/air experiments were conducted in smog chambers in
the absence or presence of Al,O; seed particles. Various concentrations of NO, and volatile organic compounds (VOCs) were
designed to simulate secondary aerosol formation under different scenarios for NO,. Under “VOC-limited” conditions, the in-
creasing NO, concentration suppressed secondary aerosol formation, while the increasing toluene concentration not only con-
tributed to the increase in secondary aerosol formation, but also led to the elevated oxidation degree for the organic aerosol.
Sulfate formation was suppressed with the increasing NO, due to a decreased oxidation capacity of the photooxidation system.
Secondary organic aerosol (SOA) formation also decreased with the presence of high concentration of NO,, because
organo-peroxy radicals (RO,) react with NO, instead of with peroxy radicals (RO, or HO,), resulting in the formation of vola-
tile organic products. The increasing concentration of NO, enhanced the formation of sulfate, nitrate and SOA under
“NO,-limited” conditions, in which the heterogeneous reactions played an important role. In the presence of Al,O; seed parti-
cles, a synergetic promoting effect of mineral dust and NO, on secondary aerosol formation in heterogeneous reactions was
observed in the photooxidation. This synergetic effect strengthened the positive relationship between NO, and secondary aer-
osol formation under “NO,-limited” conditions but weakened or even overturned the negative relationship between NO, and
secondary aerosol formation under “VOC-limited” conditions. Sensitivity of secondary aerosol formation to NO, seemed dif-
ferent in homogeneous and heterogeneous reactions, and should be both taken into account in the sensitivity study. The sensi-
tivity of secondary aerosol formation to NO, was further investigated under “winter-like”” and NH;-rich conditions. No obvious
difference for the sensitivity of secondary aerosol formation except nitrate to NO, was observed.
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1 Introduction

In recent years, haze has increased in frequency of occur-
rence in eastern China as well as the area affected [1]. Par-
ticulate matter (PM), especially fine particulate matter
(PM,5), is the main cause of the haze. PM, s is mainly con-
tributed by secondary aerosol formation during atmospheric
homogeneous and heterogeneous reactions. Sulfate, nitrate,
and ammonia (SNA), contribute to 40%—-60% of PM, 5 mass
[2,3]. Meanwhile, more than half of the organic mass in
PM, 5 is also generated by atmospheric reactions rather than
being directly emitted from pollution sources [4—6]. There-
fore, over 60% of PM, s mass is secondary species. Higher
ratio and “explosive growth” of secondary species in PM, 5
were observed during heavy haze pollution [7]. Compared
with London smog event [8], the SO, concentration in east-
ern China is much lower, but the PM pollution levels of
haze are close, indicating a decrease of environmental ca-
pacity in eastern China [1].

It is well known that the emissions of oxides of nitrogen
(NO,, NO+NO,), volatile organic compounds (VOCs), sul-
fur compounds (mainly SO,) and ammonia gas (NH3) lead
to complex chemical and physical transformations and re-
sult in the formation of ozone (Os3) and secondary aerosol.
The production of sulfate and nitrate depends on the con-
centration of the precursors as well as the levels of oxidants
(or oxidation capacity) [9]. The characteristics of preexist-
ing seed particles [10-14], and meteorological conditions
[10,15] were also found to play important roles in secondary
aerosol formation, resulting in a highly non-linear relation-
ship between PM formation and precursors [16,17]. It is
important to understand how these factors individually and
collectively affect the production of secondary aerosols un-
der different conditions [9]. The non-linear relationship [18]
between tropospheric O; production and concentrations of
VOCs and NO, was well summarized by Seinfeld and Pan-
dis [19]. In the O; isopleth diagram, with the decreasing
NO, concentration, Oz concentration decreased in the
“NO,-limited” region, but increased in the “VOC-limited”
region. “NO,-limited” or “VOC-limited” could be distin-
guished according to the ratio of VOC/NO,, which varies
from location to location [19].

Secondary aerosol formation is closely related to the ox-
idation capacity, and therefore, affected by the ratio of
VOC/NO,. Secondary organic aerosol (SOA), which is a
major species in atmospheric particles and a research
hotspot in atmospheric chemistry [20,21], was usually
found to have lower yield with lower ratios of VOC/NO,
[22,23]. In the atmosphere, SNA and SOA generation are
not separated, but few studies have investigated their inter-
action [24]. The effects of the oxidation of SO, on the pho-
toreaction of VOCs and NO, and their interaction with sec-
ondary aerosol formation remain uncertain. Sulfate for-
mation linearly increased with SO, concentration when
VOCs and NO, did not vary [13], but it varied with the var-
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ying VOCs concentration [25]. Oxidation of SO, seemed to
have little effect on the concentrations of free radicals in the
photooxidation of VOCs and NO, [13], but may enhance
SOA formation through acid-catalyzed heterogeneous reac-
tions [13,14]. However, nitrate formation seemed to be also
related to the presence of SO, [25]. Recently, oxidation of
SO, by Criegee intermediates has been a wide concern
[26,27]. The chemistry in the oxidation of VOCs may play a
vital role in sulfate formation. A uniform explanation for
these phenomena should be developed for a better under-
standing of the complex chemistry in haze formation.

In this study, we carried out a series of smog chamber
experiments to investigate secondary aerosol formation
from photooxidation of VOCs/NO,/SO,/NH; under atmos-
pheric conditions. To understand the controlling factors of
secondary aerosols formation and oxidation capacity, their
sensitivity to NO, and hydrocarbon precursors in the pres-
ence or absence of mineral seed particles (Al,O3) and inor-
ganic gas pollutants (SO, and NH3) is discussed.

2 Methods

Two smog chambers were used in this study. The first one
is a chamber with a 30 m® reactor made of FEP Teflon film
(FEP 100, Type 200A; DuPont, USA) with a surface-to-
volume ratio of 2.1 m™". The chamber has been described in
detail by Wang et al. [28]. The enclosure temperature of the
chamber is controlled by three cooling units and a heater. A
total of 135 black lamps (1.2 m long, 60 W Philips/10R BL;
Royal Dutch Philips Electronics Ltd., Netherlands) are ar-
ranged in two banks to provide irradiation during the ex-
periments. Ozone and NO, (NO and NO,) were measured
by an ozone analyzer (EC9810, Ecotech, Australia) and a
chemiluminescence analyzer (EC9841T, Ecotech, Australia),
respectively. VOCs inside of the reactor were measured by
both a preconcentrator (Model 7100, Entech Instruments
Inc., USA) coupled with a gas chromatography-mass selec-
tive detector/flame ionization detector/electron capture de-
tector (GC-MSD/FID/ECD, Agilent 5973N, Agilent Tech-
nologies, USA) and a proton-transfer-reaction time-of-flight
mass spectrometer (PTR-TOF-MS, Ionicon Analytik GmbH,
Austria). A scanning mobility particle sizer (SMPS)
equipped with a differential mobility analyzer (TSI 3081,
TSI Incorporated, USA) coupled with a condensation parti-
cle counter (TSI 3775, TSI Incorporated, USA) and a high-
resolution time-of-flight aerosol mass spectrometer (HR-
TOF-MS, Aerodyne Research Incorporated, USA) were
used to measure the size distributions and chemical compo-
sitions of the particles, respectively. Wall deposition of par-
ticles in the chamber was corrected with the method devel-
oped by Pathak et al. [29], which was also described in
Wang et al. [28].

The second chamber is a small 2 m® cuboid reactor con-
structed with 50 um-thick FEP-Teflon film (Toray Indus-
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tries, Inc., Japan), with a surface-to-volume ratio of 5 m.
The chamber was described in detail in Wu et al. [30]. A
temperature-controlled enclosure (SEWT-Z-120, Escpec,
Japan) provides a constant temperature between 10 and
30 °C (#0.5 °C), and 40 black lights (GE F40T12/BLB,
peak intensity at 365 nm, General Electric Company, USA)
provide irradiation during the experiments. The hydrocar-
bon concentration was measured by a gas chromatograph
(GC, Beifen SP-3420, Beifen, China) equipped with a DB-5
column (30 mx0.53 mmx1.5 mm, Dikma, USA) and flame
ionization detector (FID), while NO, and O; were moni-
tored by an NO, analyzer (Model 42C, Thermo Environ-
mental Instruments, USA) and an O; analyzer (Model 49C,
Thermo Environmental Instruments, USA), respectively. An
SMPS (TSI 3936, TSI Incorporated, USA) was used to
measure the size distribution of particulate matter (PM) in
the chamber, and also employed to estimate the volume and
mass concentration. The chemical composition of aerosols
was measured by an aerosol chemical speciation monitor
(ACSM, Aerodyne Research Incorporated, USA). ACSM is
a simplified version of aerosol mass spectrometry (AMS),
with similar principles and structure. Ng et al. [31] present-
ed a detailed introduction to this instrument and found that
the measurement results agreed well with AMS. Wall depo-
sition of particles in the chamber was similarly corrected as
in the first chamber by using a regression equation to de-
scribe the dependence of deposition rate on the particle size
[15]. And the detailed information about the equation was
described in our previous studies [10,32]. Using the regres-
sion equation had very limited influence on particle concen-
trations (less than 1% for mean value).

Alumina seed particles were produced on-line via a spray
pyrolysis setup, which has been described in detail else-
where [33]. Liquid alumisol (AIOOH, Lot No. 2205, Ka-
waken Fine Chemicals Co., Ltd., Japan) with an initial con-
centration of 1.0 wt%, which was calculated according to
Al,O3 content, was adopted as the precursor solution. Alu-
misol was sprayed to droplets by an atomizer and carried
through the diffusion dryer to remove water. The partly
dried droplets were then carried into the corundum tube
embedded in the tubular furnace with the temperature
maintained at 1000 °C. Eventually, the generated alumina
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particles were introduced into the chamber through a neu-
tralizer. The obtained alumina particles were y-Al,O; as
detected by X-ray diffraction measurements, and spherical-
shaped according to electron micrograph results. In addition,
toluene and o-pinene were injected into a vaporizer and
then carried into the chamber by purified air, while NO,,
SO, and NH; were directly injected into the chamber from
the standard gas bottles.

3 Results and discussion

3.1 Sensitivity of secondary aerosol formation to NO,
under “VOC-limited” and “NO,-limited” conditions

Aerosol formation in the toluene/NO,/SO, photooxidation
experiments was investigated under both “VOC-limited”
and “NO,-limited” conditions. Toluene was selected in
these experiments as a representative hydrocarbon from
anthropogenic emissions. The detailed experimental condi-
tions are listed in Table 1. The first four experiments in Ta-
ble 1 were carried out in the 30 m® chamber at 50% relative
humidity (RH) and 25 °C to simulate particle formation
under “VOC-limited” conditions. In these four experiments,
the concentrations of NO, were either lower than 100 ppb or
higher than 200 ppb, with the corresponding C/N atomic
ratios of about 2 and 7, respectively. The concentrations of
toluene and SO, were similar in these experiments. The
concentration of toluene was designed to be relatively low
compared with NO, to simulate “VOC-limited” conditions.
The first two experiments were carried out in the absence of
AlLO; seed particles and were referred as seed-free experi-
ments in which the background particle number concentra-
tion was less than 5 particles m™, while the other two were
referred as seed-introduced experiments, which carried out
in the presence of thousands of Al,O; seed particles. Simi-
larly, the other four experiments in Table 1 were conducted
to simulate particle formation under “NO,-limited” condi-
tions. High concentrations of toluene were introduced in
these four experiments, while the corresponding C/N atomic
ratios were about 35 and 70 in experiments with a low
and high concentration of NO,, respectively. These four

Table 1 Experimental conditions for photooxidation of toluene/NO,/SO, under “VOC-limited” and “NO,-limited” conditions

Al O; seed particles SO,
No. Toluene (ppb) NO. (ppb) C/N - = PO
Number (particles m™) ~ Volume (pm” cm™) (ppb)
N69 79.6 69 8.1 ~0 ~0 104
. N221 75.5 221 24 ~0 ~0 99
“VOC-limited”
AIN86 75.8 86 6.2 ~3100 12.9 125
AIN277 75.9 277 1.9 ~3400 13.2 120
N105 1050 105 70.0 ~0 ~0 137
. N206 1020 206 34.7 ~0 ~0 138
“NO,-limited”
AIN104 1110 104 74.7 ~6300 53.6 140
AIN205 1030 205 352 ~6200 533 134
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experiments were carried out in the 2 m’ chamber at 50%
RH and 30 °C. Considering that the temperatures were a
little different in the two chambers, we only directly com-
pared particle formation in the contrast experiments carried
out in the same chamber, while the effects of temperature
and humidity on the sensitivity of secondary aerosol for-
mation to NO, would be discussed in Section 3.3.

For the “VOC-limited” experiments, increasing NO,
concentration suppressed the secondary aerosol formation in
both the seed-free experiments and the seed-introduced ex-
periments. Time variations of concentration of the generated
PM in these experiments are shown in Figure 1(a). Particle
density was assumed to be 1.4 g cm™ in this study, follow-
ing previous work [10,34-36]. We also measured the
chemical composition of the generated aerosols after 6 h of
photooxidation in each experiment with the AMS as shown
in Figure 1(b). Less SOA, nitrate and sulfate were generated
with the increasing NO, concentration, indicating a de-
creased oxidation capacity which resulted in a slower tran-
sition of SO, to sulfate in the experiments. The oxidation in
both homogeneous and heterogeneous reactions was in-
cluded here, since both the two processes could lead to the
formation of sulfate. According to the decay of the VOC
species, the concentration of gas phase OH radical was es-
timated to be decreasing from 2.83x10° to 1.78x10° mole-
cule cm™ in the seed-free experiments, and from 1.01x10°
to 9.78x10° molecule cm™ in the seed-introduced experi-
ments with the increasing NO, concentration, which con-
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firmed that the oxidation capacity decreased at a higher NO,
concentration in the reaction system. The dependence of
SOA formation with NO, in the presence of SO, was con-
sistent with the widely observed lower SOA yield for lower
VOC/NO, ratios [22,23,37,38]. Nitrate formation was de-
tected in the seed-free experiments without introducing NH;
into the reactor. Nitrate generation in these experiments in
NHj;-poor environments was consistent with the observation
results in Beijing and Shanghai, China [9]. Nitrate was pro-
posed to be generated via heterogeneous hydrolysis of N,Os
on the surface of moist and acidic aerosols in an NH;-poor
environment [9].

To confirm the dependence of secondary aerosol for-
mation on oxidation capacity with different VOC/NOQO, ratios
under “VOC-limited” conditions, we further studied the
effects of hydrocarbon concentration on secondary aerosol
formation. In the presence of Al,O; seed particles, three
experiments with similar NO, concentrations but different
toluene concentrations were carried out at 80% RH and
12 °C. In these three experiments, increasing tendencies for
all the major chemical species were observed with the in-
creasing toluene concentrations, as shown in Figure 2,
which indicated a dependence of oxidation capacity on the
hydrocarbon concentration rather than NO,. This was sup-
ported by the oxidation level of the generated organic aero-
sol, as shown in Figure 2. The atomic ratio of oxygen to
carbon (O/C) of the organic aerosol increased with the in-
creasing toluene concentration. Generally, organic aerosol
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Figure 1 Secondary aerosol generation and chemical species concentrations (after 6 h of reaction) in photooxidation of toluene/NO,/SO, under “VOC-

limited” (a, b) and “NO,-limited” conditions (c, d).
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Figure 2 Particle formation and the oxidation level of organic aerosol
after 5 h of reaction in photooxidation with various concentrations of tolu-
ene under “VOC-limited” conditions.

was oxidized more, which resulted in a higher O/C ratio,
with lower concentrations of hydrocarbon precursor [39,40].
Here, the increasing O/C ratio with the increasing toluene
confirmed that these experiments were carried out under
“VOC-limited” conditions and that the oxidation capacity
was highly sensitive to the hydrocarbon concentration. Thus
the change of O/C ratio in organic aerosols might be used as
one indicator to estimate the oxidation capacity and then to
distinguish the “VOC-limited” and “NO,-limited” conditions.

The response of aerosol formation to the NO, concentra-
tion was different under “NO,-limited” conditions compared
with the “VOC-limited” experiments. The concentrations of
generated PM measured by the SMPS in experiments with
different concentrations of NO, were similar under “NO,-
limited” conditions, as shown in Figure 1(c). But after 6-h
reaction, the main components in the generated PM meas-
ured by the ACSM were all slightly more in experiments
with higher concentrations of NO,, as displayed in Figure
1(d). This discrepancy between the SMPS and the ACSM
results might be reached by inaccurate estimations of wall
deposition in SMPS measurement since the particle volume
decreased in the first few hours in the experiment with
AlLO; seed particles and a high concentration of NO,. An
increasing oxidizing capacity dependent on NO, concentra-
tion was observed since the formation of both organic aero-
sol and sulfate increased with the increasing NO,. Sulfate
formation could be enhanced by NO, in the aqueous aerosol
suspensions [41] and on the surface of mineral oxides [42]
or sandstone [43]. Heterogeneous might occur and contrib-
uted to sulfate formation in these experiments. The effect of
NO, on SOA yields is complex. Under high NO, conditions,
organo-peroxy radicals (RO,) react with NO and NO, in-
stead of with peroxy radicals (RO, or HO,), resulting in the
formation of volatile organic products and a decreased SOA
yield [23,38]. However, SOA yield increased with the in-
creasing concentration of NO, in these experiments under
“NO,-limited” conditions. Differing NO, levels were pro-
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posed to impact the heterogeneous reactions in the aerosol
[22,44], and might be the reason for the increasing SOA
formation in Figure 1(d). Besides, the presence of SO,
might also contribute to SOA formation in the acid-
catalyzed heterogeneous reactions [13,14]. Nitrate for-
mation also increased with the increasing NO,, but the in-
crease was much less than NO,, indicating that most nitric
acid was restricted in the gas phase. The high concentration
of NO, delayed the formation of secondary aerosol (domi-
nated by SOA), in which the gas phase oxidation limited the
formation rate of organic aerosol. This phenomenon was not
observed in the “VOC-limited” experiments. The presence
of Al,O; seed particles decreased the particle formation in
photooxidation of toluene/NO,/SO,, especially in the ex-
periments with low concentrations of NO,. Sulfate, nitrate
and SOA mass all decreased in experiments in the presence
of ALLO; seed particles compared with the seed-free exper-
iments, indicating a decrease of oxidation capacity caused
by Al,O; seed particles. Liu et al. [45] reported that Al,O3
seed particles only resulted in a slight reduction of SOA
yield compared with a seed-free system in photooxidation
of a-pinene/NO,. It was speculated that Al,O; seed particles
decreased the O; concentration and therefore suppressed
SOA formation from o-pinene ozonolysis. Here, a more
significant reduction (about 50%—-80%) of SOA formation
caused by Al,O; seed particles was observed in photooxida-
tion of toluene/NO,/SO,. However, in experiments without
SO,, the presence of Al,O;3 seed particles had no obvious
suppressing effect on the secondary aerosol formation in
photooxidation of toluene/NO,, as shown in Figure 3. One
possible reason for these phenomena was the uptake of sul-
furic acid, which was generated from the oxidation of the
co-existing SO,, on the AlL,O; seed particles. It is well
known that acid aerosols can enhance SOA formation
through acid-catalyzed heterogeneous reactions [13,14].
This enhancement effect might be weakened in the presence
of Al,Oj; seed particles due to its amphoteric characteristics,
resulting in less SOA formation. This hypothesis was fur-
ther supported by the experiments carried out in the pres-
ence of NHj; in Figure 3. The concentration of the NH; was
calculated to be about 260 ppb according to the volume of
the injected NHj; and the reactor. With the sulfuric acid neu-
tralized by NHj;, Al,O; seed particles had no obvious sup-
pressing effect on the secondary aerosol formation. It is
necessary to point out that the particle volume decreased in
experiment “AIN205” with Al,O; seed particles and a high
concentration of NO,. This might indicate an underestima-
tion of wall deposition or a physicochemical property
change of the Al,O; seed particles, resulting in an exagger-
ated effect of the particles on secondary aerosol formation.
It was also possible that some particles larger than 1 pm,
which exceeded the measuring ranges of the SMPS system,
were generated in this experiment and therefore led to an
underestimate of the particle concentration.
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Figure 3 Particle formation in photooxidation of toluene/NO,/SO,/NH;
and toluene/NO, in the presence or absence of Al,Os seed particles.

3.2 Effects of NO, concentration on the secondary
aerosol formation under homogeneous and heterogene-
ous conditions

The presence of Al,O; seed particles also seemed to influ-
ence the sensitivity of the secondary aerosol formation to
NO, concentration. As shown in Figure 1, under “VOC-
limited” conditions, the increasing NO, concentration re-
sulted in a less significant decrease of the secondary aerosol
formation in seed-introduced experiments (decrease 25%)
than that in seed-free experiments (decrease 59%). Under
“NO,-limited” conditions, however, increasing NO, con-
centration resulted in 58% more secondary aerosol for-
mation in seed-introduced experiments, which is higher than
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that in seed-free experiments (increase 21%), as shown in
Figure 1(d). This indicated a synergetic promoting effect of
mineral dust and NO, on secondary aerosol formation. This
effect strengthened the positive relationship between NO,
and the secondary aerosol formation under “NO,-limited”
conditions, but weakened their negative relationship under
“VOC-limited” conditions.

To confirm this promoting effect, a-pinene was further
selected as a representative hydrocarbon from biogenic
emissions to simulate particle formation under “NO,-
limited” conditions with different concentrations of NO,.
The experimental conditions were similar to that of the tol-
uene experiment except that a different hydrocarbon was
used; the details can be found in Table 2. Time variations of
PM formation in the four a-pinene experiments are shown
in Figure 4(a). In these experiments, the effects of NO, on
PM formation were opposite between the seed-free experi-
ments and the seed-introduced experiments. Much less PM
was generated with higher concentrations of NO, in the
seed-free experiments, as shown in Figure 4(b). This is con-
sistent with previous studies showing that SOA yield de-
creased with increasing NO, [22]. However, in the experi-
ments in the presence of Al,O; seed particles, the increasing
NO, resulted in a significant increase in SOA and sulfate
formation, as shown in Figure 4(b). The promoting effects
of mineral dust and NO, on the oxidation of SO, were re-
ported [1,42]. It seemed that mineral dust and NO, together
promoted SOA formation in the photooxidation of
a-pinene/NO,/SO,, in which heterogeneous reactions may

Table 2 Experimental condition for photooxidation of a-pinene/NO,/SO, under “NO,-limited” conditions 2

Al,O;5 seed particle

NO. o-Pinene (ppm) NO«(ppb) o Number (particles m’3) Volume (um3 cm’3) 502 (ppb)

N50 0.20 95 21.1 ~0 ~0 136
N150 0.19 197 9.6 ~0 ~0 136
AINS0 0.20 99 20.2 ~7100 45.5 137
AIN150 0.20 208 9.6 ~5600 41.2 139

a) Experiments were carried out at 50% RH and 30 °C.
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Figure 4 Secondary aerosol generation and chemical species concentrations after 4.5 h of reaction in photooxidation of a-pinene/NO,/SO, under “NO,-

limited” conditions.
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have played an important role. These experimental results
also indicated that the sensitivity of secondary aerosol for-
mation to NO, might be different under homogeneous and
heterogeneous conditions. The high concentration of NO,
suppressed SOA formation in homogeneous reactions with
organo-peroxy radicals (RO,), but enhance the secondary
aerosol formation in heterogeneous reactions, which might
be very important in heavy haze pollution. The synergetic
effect of mineral dust and NO, on the secondary aerosol
formation in heterogeneous reactions should be considered
in air quality models for a better understanding of heavy
haze pollution [46].

3.3 Sensitivity of secondary aerosol formation to NO,
under “winter-like” and NH;-rich conditions

Heavy haze pollution in eastern China usually occurs in
winter, characterized by a low temperature, high RH and a
low light intensity. The secondary aerosol formation under
“winter-like” conditions was also simulated in this study.
Due to the low reactivity of toluene, particle formation un-
der “winter-like” conditions was not significant in photoox-
idation of toluene/NO,/SO,, and therefore, it was not easy to
estimate the sensitivity of secondary aerosol formation to
NO,. NH; is an important gas phase pollutant in the atmos-
phere, and was used in this study to enhance the particle
formation and to simulate the secondary aerosol formation
in an NH;-rich environment. NH; neutralizes sulfuric acid
and nitric acid, and forms ammonia sulfate and ammonia
nitrate, both of which are main components of PM, s in the
atmosphere. The secondary inorganic aerosol formation is
closely related to the abundance of NHj gas [9,16,17], while
SOA formation was also found to be increased in the pres-
ence of NHj [47]. Two photooxidation experiments carried
out under “winter-like” conditions are listed in Table 3.
These two experiments were carried out at 80% RH and
10 °C in the 2 m® chamber, for which only a quarter of the
black lights (10 lights) were turned on in the reaction. The
NHj; concentration was not directly measured because of the
lack of an online instrument in our laboratory, but was es-
timated to be about 260 ppb according to the volume of the
injected NH; and the reactor. The calculated concentration
of NH; was designed to be higher than that of SO, to simu-
late the secondary aerosol formation in an NHj-rich envi-
ronment. The C/N atomic ratios were designed to be about
60 and 30 in experiments with low or high concentration of
NO,, respectively, to simulate the “NO,-limited” conditions.
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Both of the experiments were carried out in the presence of
thousands of Al,O; seed particles.

The time variation of the aerosol concentration in these
two experiments and the chemical composition of the gen-
erated aerosols are displayed in Figure 5. Under the condi-
tions of these two experiments, aerosol formation was en-
hanced by increasing NO, concentration. All the chemical
species, including sulfate, organic aerosol, nitrate and am-
monia, were generated in higher amounts. At a lower tem-
perature and higher RH, an increase of sulfate and organic
aerosol formation similar to that at a higher temperature and
lower RH conditions was observed. Slightly more sulfate
(about 2 pg m™) and organic aerosol (about 4 pg m™) were
generated with the increasing NO, concentration under both
of the two different environmental conditions. However,
increasing NO, resulted in a more significant increase of
nitrate formation under “winter-like” and NH;-rich condi-
tions, as shown in the right part of Figure 5. In the experi-
ment with a high concentration of NO,, the concentration of
ammonium nitrate was about 3 times as high as that in the
experiment with a low concentration of NO,. This was con-
sistent with our earlier observation that most nitric acid was
restricted in the gas phase in an NHj3-poor environment. The
increased ratio of nitrate was higher than that of NO,, being
consistent with the increased oxidation capacity which en-
hanced the transition of NO, to nitric acid. The response of
the secondary species with the concentration of NO, indi-
cated that the presence of NHj, different temperatures and
RHs had no obvious effect on the sensitivity of the oxida-
tion capacity to NO, concentration, but influenced the sensi-
tivity of nitrate formation to NO, concentration.

Measured by SMPS Measured by ACSM

—— High NO,
—/— Low NO,

Aerosol mass (ug cm)

Reaction time (h)

Figure 5 Particle formation in photooxidation of toluene/NO,/SO,/NH;
under “NO,-limited” and “winter-like”” conditions.

Table 3 Experimental conditions for photooxidation of toluene/NO./SO,/NH; under the “winter-like” and “NO,-limited” conditions

Al,O5 seed particle

NO. Toluene (ppm) NO, (ppb) C/N SO; (ppb)
PP PP Number (particles m™) Volume (um3 cm™) 2 PP
Low NO, 1.18 139 59.4 1400 9.3 134
High NO, 1.13 268 29.5 1900 11.7 141
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4 Conclusions

The experimental results of the secondary aerosol formation
in photooxidation of toluene/NO,/air and o-pinene/NO,/air
showed that the secondary aerosol formation was sup-
pressed with the increasing NO, concentration under “VOC-
limited” conditions, while it was enhanced under “NO,-
limited” conditions. Considering both the homogenous and
heterogeneous reactions, the oxidation capacity decreased
with increasing NO, concentration under “VOC-limited”
conditions, but was highly sensitive to the VOC precursor
concentration. With the increasing toluene concentration,
both the organic aerosol mass and the oxidation degree of
the organic aerosol increased. The tendency of the for-
mation of sulfate, nitrate and SOA was consistent with the
change of the oxidation capacity with NO, and hydrocarbon
concentration in the photochemical process. The chemistry
about the reactions between NO, and RO, cannot fully ex-
plain the suppressing effect of NO, on SOA formation,
while heterogeneous reactions might play an important role.
Sensitivity of the secondary aerosol formation to NO,
seemed different in homogeneous and heterogeneous reac-
tions, and should be both taken into account. In the presence
of Al,O; seed particles, there was a synergetic promoting
effect of mineral dust and NO, on the secondary aerosol
formation in heterogeneous reactions. This synergetic effect
strengthened the enhancing effect of NO, on the secondary
aerosol formation under “NO,-limited” conditions, but
weakened or even overturned the suppressing effect of NO,
on the secondary aerosol formation under “VOC-limited”
conditions. The synergetic effect of mineral dust and NO,
on the secondary aerosol formation in heterogeneous reac-
tions should be considered in air quality models for a better
understanding of heavy haze pollution. The presence of
NHj, different temperatures and RHs had no obvious effect
on the sensitivity of the formation of sulfate and organic
aerosol to NO, concentration, but influenced nitrate for-
mation. Much more nitrate was generated in experiments at
a lower temperature and in the presence of NH;. Meanwhile,
a more significant increase of nitrate formation with the
increasing NO, was also observed, which indicated that the
presence of NH; might play an important role in the sec-
ondary aerosol formation in winter haze.
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