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 Photo-oxidation of toluene/SO2/NOx in chamber in ambient air versus in puriﬁed air.
 Higher SOA productions and yields in matrix of ambient air than of puriﬁed air.
 Enhanced SO2 degradation and sulfate formation in ambient air matrix.
 Higher particle acidity in ambient air matrix promoted acid-catalyzed SOA formation.
 Elevated OH levels observed in ambient air matrix than in puriﬁed air matrix.

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 11 August 2016
Received in revised form
5 November 2016
Accepted 18 November 2016
Available online 21 November 2016

Chamber studies on the formation of secondary aerosols are mostly performed with puriﬁed air as
matrix, it is of wide concern in what extent they might be different from the situations in ambient air,
where a variety of gaseous and particulate components preexist. Here we compared the photo-oxidation
of “toluene þ NOx þ SO2” combinations in a smog chamber in real urban ambient air matrix with that in
puriﬁed air matrix. The secondary organic aerosols (SOA) mass concentrations and yields from toluene in
the ambient air matrix, after subtracted ambient air background primary and secondary organic aerosols,
were 9.0e34.0 and 5.6e12.9 times, respectively, greater than those in puriﬁed air matrix. Both homogeneous and heterogeneous oxidation of SO2 were enhanced in ambient air matrix experiments with
observed 2.0e7.5 times higher SO2 degradation rates and 2.6e6.8 times faster sulfate formation than that
in puriﬁed air matrix, resulting in higher in-situ particle acidity and consequently promoting acidcatalyzed SOA formation. In the ambient air experiments although averaged OH radical levels were
elevated probably due to heterogeneous formation of OH on particle surface and/or ozonolysis of alkenes,
non-OH oxidation pathways of SO2 became even more dominating. Under the same organic aerosol mass
concentration, the SOA yields of toluene in puriﬁed air matrix experiments matched very well with the
two-product model curve by Ng et al. (2007), yet the yields in ambient air on average was over two times
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larger. The results however were much near the best ﬁt curve by Hildebrandt et al. (2009) with the
volatility basis set (VBS) approach.
© 2016 Published by Elsevier Ltd.

1. Introduction
Fine particulate matter with a dynamic diameter less than
2.5 mm (PM2.5) in the atmosphere affects human health, air quality,
and climate (Pope et al., 2009; Parrish and Zhu, 2009; Liu et al.,
2015b; Lelieveld et al., 2015). Second organic aerosols (SOA) are
mainly formed from the oxidation of anthropogenic and biogenic
volatile organic compounds (VOCs), and account for a substantial
mass fraction of PM2.5 in ambient air (Zhang et al., 2007). An accurate estimation of the SOA burden at the regional and global scale
is therefore vital to assess the effects of organic aerosols (OA) on
human health and climate.
In current regional and global chemical transport models, SOA is
predicted by combining the emissions of anthropogenic or biogenic
precursors and their individual SOA productivity according to data
from smog chamber experiments (Hallquist et al., 2009; Barsanti
et al., 2013; Mahmud and Barsanti, 2013), with a two-product
model (Odum et al., 1996) and the volatility basis set (VBS)
approach (Donahue et al., 2006) used as the inner core for the
calculation of SOA yields. However, the modeled results are
generally underestimated when compared to observed values (De
Gouw et al., 2005; Volkamer et al., 2006; Hodzic et al., 2010;
Hodzic and Jimenez, 2011). One reason for this discrepancy is the
existence of unknown precursors, such as intermediate volatile
organic compounds (IVOCs) and semi-volatile organic compounds
(SVOCs) (Robinson et al., 2007; Deng et al., 2016), or unknown
multiple phase processes, including aqueous chemistry (Lim et al.,
2010; Ervens et al., 2014). Pye et al. (2013) and Marais et al. (2016)
demonstrate that replacing a reversible partitioning approach with
reactive uptake to aqueous aerosol improves agreement between
models and observations. Another concern is that if the widely used
SOA formation potential of VOCs based on smog chamber studies
with puriﬁed air as a matrix (Surratt et al., 2007; Ng et al., 2007;
Tsimpidi et al., 2010) could well represent the situations in
ambient air, which is a mixture of thousands of gas and particle
phase species. Kamens et al. (2011) reported that the toluene SOA
formation potential was greater for the rural North Carolina background seed system than for the (NH4)2SO4 seed, which is a widely
used seed aerosol in chamber studies. Therefore, to check the
matrix effect of real ambient air against puriﬁed air, more chamber
studies on SOA formation need to be conducted with real air as
matrix.
Aromatic hydrocarbons constitute an important fraction of
nonmethane hydrocarbons (Zhang et al., 2012, 2013a), and are very
important anthropogenic SOA precursors (Odum et al., 1997a, b)
that account for a large portion of the SOA formation among VOCs
from a variety of emission sources, such as gasoline vehicle exhaust
(Nordin et al., 2013; Liu et al., 2015a). Particularly in polluted urban
areas they might even dominate over biogenic volatile organic
compounds in forming SOA (Ding et al., 2012; Wang et al., 2013).
Toluene is among the most abundant aromatic hydrocarbons in the
atmosphere (Zhao et al., 2004; Zhang et al., 2016) and as a model
aromatic hydrocarbon its SOA formation potential has been
extensively investigated (Edney et al., 2000; Hurley et al., 2001; Ng
et al., 2007; Hildebrandt et al., 2009). These previous chamber
studies, however, were all conducted in puriﬁed air. In this present
study we studied SOA formation from the photo-oxidation of

toluene in a smog chamber with both puriﬁed air and real urban air
as matrices. The aim was to understand the difference in the SOA
formation with ambient air versus puriﬁed air as matrix, and to
provide useful implication for better SOA estimation in global
chemical transport models.
2. Material and methods
2.1. Experiments
All experiments were performed in the smog chamber in the
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences
(GIG-CAS). The GIG-CAS smog chamber consists of a 30 m3 ﬂuorinated ethylene propylene (FEP) Teﬂon ﬁlm reactor, housed in a
temperature-controlled enclosure and equipped with black lamps
as the light source. Further details of the chamber setup and facilities can be found elsewhere (Wang et al., 2014). Prior to each
experiment, the reactor was ﬂushed with dry puriﬁed air for at least
48 h, which represents at least ﬁve exchanges of the reactor
volume.
Temperature and relative humidity (RH) inside the chamber
were set to 25  C and 50%, respectively (Table 1). The initial concentrations of toluene and SO2 were kept at around 80 and
100 ppbv, respectively, and NOx levels were maintained at
approximately 80 or 240 ppbv. To introduce toluene into the
reactor, a ﬁxed volume of pure liquid toluene was heated and
vaporized in a heating system, with the vapor ﬂushed into the
chamber by high purity nitrogen via an injection port. After more
than half an hour of mixing, the mixture inside the Teﬂon reactor
was continuously exposed to black light for 5 h. After the black
lamps were switched off, the particles that had formed were
characterized for another 2e3 h to correct the wall loss.
For comparison, three groups of contrasting experiments (Expt.
1 and Expt. 5, Expt. 2 and Expt. 6, Expt. 3 and Expt. 7) were performed. In each pair of experiments, puriﬁed air and ambient air
were respectively used as the matrix while the initial conditions,
including temperature, RH, reactant concentrations and VOC/NOx
ratios, were kept similar between the two experiments (Table 1). In
the experiments with ambient air as the matrix, the Teﬂon reactor
was vented and reﬁlled at least twice with real urban outdoor air
from Guangzhou, China, using a pump with a ﬂow rate of
1.13 m3 min1. No seed particles were introduced for the experiments with puriﬁed air except that in Expt. 4, initial conditions
were identical to that in Expt.1 with puriﬁed air as the matrix but
we injected ammonium sulfate seed particles with a ﬁnal number
concentration of about 6500 cm3. By comparing results of Expt.4
with that of Expt.1, we can evaluate the impact of seed particles and
vapor wall loss.
The total concentration of background VOCs was negligible
compared with the high concentration of toluene (Table S1).
However, Robinson et al. (2007) reported that SVOCs and IVOCs
were potentially a large source of SOA. To obtain accurate concentrations of the SOA produced by toluene (Tol-SOA) in ambient air
experiments, a blank experiment (Expt. bk) was designed to estimate the SOA formation from both gas and particle phase species in
the ambient air. In Expt. bk, all of the operating procedures and
conditions were similar to those ambient air matrix experiments,
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Table 1
Initial conditions and ﬁnal results for chamber experiments.
Expt.No.

Matrix

Seeda

T ( C)

RH
(%)

OH (  106 molecules cm3)

NO
(ppbv)

NO2
(ppbv)

SO2
(ppbv)

Toluene
(ppbv)

DToluene
(ppbv)

O3b (ppbv)

DM0c
(mg m3)

SOA
yieldd

1
2
3
4
5
6
7
bk

Puriﬁed air
Puriﬁed air
Puriﬁed air
Puriﬁed air
Ambient air
Ambient air
Ambient air
Ambient air

none
none
none
AS
BGS
BGS
BGS
BGS

25.8
25.9
25.4
26.9
24.6
25.0
25.3
26.0

52.8
50.7
50.5
55.5
51.4
52.8
51.4
63.7

2.83
1.78
1.56
2.94
3.40
4.54
3.73
e

69.7
222.4
10.7
62.0
62.4
177.5
0.3
21.6

2.5
10.2
78.3
6.2
24.3
50.8
76.9
42.4

104.4
98.7
125.9
95.2
132.6
108.6
106.1
100.3

79.6
62.1
75.5
73.4
84.5
85.3
89.9
e

23.0
14.7
10.8
20.7
37.0
31.9
28.0
e

77.6
7.6
42.7
68.3
58.1
21.9
73.0
83.5

7.0
2.1
0.8
6.2
78.1
39.3
29.1
10.7

8.2%
3.8%
2.0%
8.0%
46.1%
31.4%
25.7%
e

a
b
c
d

AS is ammonium sulfate, BGS represents background ambient air seeds.
The maximum concentration of ozone during experiments.
Wall-loss corrected SOA mass concentration measured by HR-ToF-AMS.
Assuming an SOA density of 1.4 g cm3.

except that no toluene was added (Table 1). 10.7 mg m3 of SOA was
formed in blank experiment. The method used to estimate Tol-SOA
is described in the Supporting Information (SI).
2.2. Instrumentation
A series of instruments were used to characterize the gas and
particle phase compounds in the reactor. Gas-phase ozone (O3) and
NOx were measured online with dedicated monitors (EC9810 and
9841T; Ecotech, Knoxﬁeld, Australia). Sulfur dioxide was measured
with a Thermo Scientiﬁc Model 43i analyzer. Gas phase organic
species were measured with an automated preconcentrator (Model
7100; Entech Instruments Inc., Simi Valley, CA, USA), coupled with a
gas chromatography-mass selective detector/ﬂame ionization detector/electron capture detector (GC-MSD/FID/ECD) (Model 5973N;
Agilent Technologies, Santa Clara, CA, USA) (Wang and Wu, 2008;
Zhang et al., 2010, 2013b) and a commercial proton-transferreaction time-of-ﬂight mass spectrometer (PTR-ToF-MS) (Model,
2000; Ionicon Analytik GmbH, Innsbruck, Austria) (Lindinger et al.,
1998; Jordan et al., 2009). The average OH concentration for each
experiment was estimated by the decay of toluene (Liu et al., 2016),
which was measured online by the PTR-ToF-MS. Calculated OH
concentrations ranged 1e4  106 molecules cm3 in the experiments (Table 1).
Particle number concentrations and size distributions were
measured with a scanning mobility particle sizer (SMPS) (Model
3080 classiﬁer) and condensation particle counter (CPC) (Model
3775; both from TSI Inc., Shoreview, MN, USA). An aerosol density
of 1.4 g cm3 was assumed to convert the particle volume concentration into the mass concentration (Ng et al., 2007). A highresolution time-of-ﬂight aerosol mass spectrometer (HR-ToFAMS) (Aerodyne Research Inc., Billerica, MA, USA) was used to
measure the chemical composition of particles and the nonrefractory submicron aerosol mass (Jayne et al., 2000; DeCarlo et al.,
2006). The toolkit Squirrel 1.51H was used to obtain the time series
of various mass components (sulfate, nitrate, ammonium, and organics). The contribution of gas-phase CO2 to the m/z 44 signal was
corrected with measured CO2 concentrations. In addition, AMS tend
to underestimate the PM mass due to poor transmission for particles with diameter smaller than 70 nm (aerodynamic diameter)
(Jayne et al., 2000). Fig. S1 plotted the particle volume concentration measured by SMPS for Expt. 1. Particles with diameter smaller
than 50 nm (mobility diameter) accounted for less than 10% of total
particle mass, indicating HR-ToF-MS might underestimate the PM
in the early stage of SOA formation. To eliminate this effect, the
aerosol mass measured by the AMS was corrected with SMPS data
using the same method as Gordon et al. (2014) and Liu et al.
(2015a). The HR-ToF-AMS was calibrated using 300 nm monodisperse ammonium nitrate particles.

2.3. Wall loss correction
The loss of particles and condensable organic vapors onto the
reactor walls need to be corrected to accurately quantify total SOA
production. We used the same method as Weitkamp et al. (2007) to
correct the wall loss of the particles. Brieﬂy, the change in the
sus is given by:
suspended particle mass in the chamber COA

d  sus 
sus
þ Psus
¼ k$COA
C
dt OA

(1)

where k represents the wall loss rate constant of aerosol mass and
was determined by ﬁtting the SMPS and AMS data after switched
sus is the loss rate of organic particle to the
off the UV lamps. k$COA
chamber walls, Psus is the production rate of suspended SOA. The
wall is:
change in organic particle on the chamber walls COA

d h wall i
wall
C
¼ k$COA
þ Pwall
dt OA

(2)

where Pwall is the net rate of mass transfer of organics to the
chamber walls. To determine Pwall, we assume that the rate of
organic vapors uptake to particles on the wall is related to the ratio
of total particle mass on the walls to that in suspension (Weitkamp
et al., 2007):


Pwall ¼ Psus

uCwall
Csus


(3)

where Cwall is the total particle mass deposited on the chamber
walls, Csus is the measured total particle mass concentrations, and u
is a proportionality factor of organic vapor partitioning to chamber
walls and suspended particles (Weitkamp et al., 2007). Psus can be
determined by Equation (1). Then we can integrate Equation (2) to
wall and obtain the total concentration of organic
determine COA
sus þ C wall . Two limiting cases were
aerosol according to: COA ¼ COA
OA
considered: u ¼ 0 when no organic vapors condense to wall-bound
particles; and u ¼ 1 when organic vapors remain in equilibrium
with both wall-bound and suspended particles.
Besides uptake to the wall-bound particles, organic vapors can
also be lost to the chamber walls via deposition on the chamber
wall directly, and thus signiﬁcantly impact SOA formation (Yeh and
Ziemann, 2014; Zhang et al., 2014, 2015; Ye et al., 2016b). To
examine the inﬂuence of vapor wall loss, in Expt. 4 ammonium
sulfate was injected into the chamber as seed particles. We found
that both the SOA mass and yield are comparable with that in Expt.
1, in which no seed aerosols were introduced. As discussed in
Section 3.2, the difference of SOA formation between puriﬁed and
ambient air experiments is not caused by the vapor wall loss to the
Teﬂon chamber, neglecting the direct deposition of organic vapors
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to the chamber wall will not bias our conclusions. In this study, to
facilitate the comparison of our results with that in previous studies
(Ng et al., 2007; Hildebrandt et al., 2009), we neglected the direct
deposition of organic vapors to the chamber wall just as did in the
previous studies. Therefore, the total organic mass concentration
calculated in this study is only the lower bound, which could underestimate the SOA formation.
2.4. Characterization of ambient air
The compositions of main background VOCs in experiments
with ambient air are shown in Table S1. Except for short-chain alkanes, the total concentration of background VOCs was negligible
compared with the high concentration of toluene while these
short-chain alkanes are not SOA precursors. In three ambient air
matrix experiments, the initial mass concentrations of background
seed aerosols were 9.3, 8.1, and 12.7 mg m3, and the particle
number concentrations were 6,234, 8,013, and 14,649 cm3,
respectively (Table S2). The particle number distributions for these
three experiments are shown in Fig. S2. Particles less than 200 nm
dominated in particle number concentrations, consistent with
ambient air observations in the Pearl River Delta (Liu et al., 2008;
Yue et al., 2010). The chemical compositions of the initial aerosols
in ambient air experiments were characterized by HR-ToF-AMS and
were presented in Table S2. OA dominated the non-refractory
aerosol mass (47.3% for Expt. 5, 45.7% for Expt. 6, and 59.1% for
Expt. 7), followed by sulfate (35.5% for Expt. 5, 22.2% for Expt. 6, and
11.8% for Expt. 7), nitrate (5.4% for Expt. 5, 19.8% for Expt. 6, and
20.5% for Expt. 7) and ammonium (11.8% for Expt. 5, 12.3% for Expt.
6, and 8.7% for Expt. 7), which were quite similar to ambient aerosol
results reported in Guangzhou in previous studies (Wang et al.,
2012; Fu et al., 2014; Huang et al., 2014).
3. Results and discussion
3.1. SOA formation
Fig. 1 presents aerosol mass concentration as a function of
toluene consumption for three pure air experiments. A delay of SOA
formation from initial consumption of toluene is observed, suggesting that SOA is mainly formed by further oxidation of ﬁrst-

8

Low-NO
High-NO
Low-NO 2

Y ¼

6

ΔM0 (μg m-3 )

generation products (Bowman et al., 1997; Hurley et al., 2001).
SOA formation from aromatic hydrocarbons photo-oxidation is
reported to be highly sensitive to NO concentration (Li et al., 2015).
For NO initiated experiments (Expt. 1 and Expt. 2), we noticed that
the experiment with higher VOC/NOx ratio produced more organic
aerosol than the lower VOC/NOx ratio experiment at the same
toluene consumption, which is consistent with previous studies
(Song et al., 2005; Ng et al., 2007). However, the NO2 initiated
experiment (Expt. 3) demonstrated different SOA growth (Fig. 1),
with the formed SOA mass lower than that for NO initiated experiments when the same amount of toluene was consumed.
Nishino et al. (2010) revealed that the yields of glyoxal and methylglyoxal from reactions of toluene decreased with increasing NO2
concentration. As glyoxal and methylglyoxal are regarded as very
important SOA precursors through uptake into water or/and heterogeneous reaction, their different yields at NO and NO2 initiated
conditions would further induce the different SOA growth (Lim
et al., 2010; Kamens et al., 2011).
Fig. 2 shows a comparison of the Tol-SOA time series for experiments with ambient air matrix against that with puriﬁed air
matrix during 5 h of irradiation. The plotted Tol-SOA data are the
values after wall loss correction and with background OA deducted.
The Tol-SOA mass in ambient air matrix experiments was estimated
using the high resolution AMS data. After 5 h of photo-oxidation,
the concentrations of Tol-SOA in ambient air matrix experiments
were 64.4 (Expt.5), 37.7 (Expt.6) and 27.1 mg m3 (Expt. 7),
respectively, approximately 9e34 times that in the parallel puriﬁed
air matrix experiments (7.0 mg m3 for Expt. 1, 2.1 mg m3 for Expt.
2, and 0.8 mg m3 for Expt. 3). The average Tol-SOA growth rate
within 2 h after SOA was climbing in Expt. 5 with ambient air as
matrix was calculated to be 14.8 mg m3 h1, over one order of
magnitude higher than that of 1.1 mg m3 h1 in Expt. 1 with puriﬁed air as matrix. However, as shown in Table 1, the amounts of
toluene consumed in the three ambient air matrix experiments
(37.0, 31.9, and 28.0 ppbv, respectively) were only less than three
times that reacted in the puriﬁed air matrix experiments (23.0, 14.7,
and 10.8 ppbv, respectively). Thus, the huge discrepancy in the TolSOA mass formed or Tol-SOA growth rate between the puriﬁed air
and ambient air experiments cannot be solely explained by the
amounts of toluene oxidized.
The SOA yield Y has been used to represent the organic aerosol
formation potential in models (Grosjean and Seinfeld, 1989; Odum
et al., 1996, 1997a). The toluene SOA yield Y, deﬁned as the fraction
of consumed toluene that is converted to aerosols by means of
atmospheric oxidation, is calculated by:

DM0
DTol

(4)

where DM0 is the SOA mass concentration (mg m3) formed by
toluene and DTol represents the amount of toluene reacted (mg
m3) during the photo-oxidation. As shown in Table 1, the SOA
yields of the three ambient air matrix experiments were 46.1%,
31.4%, and 25.7%, respectively, which were 5.6e12.9 times that of
the parallel puriﬁed air matrix experiments.

4

2
3.2. The effect of seed particles

0
0

20

40
60
ΔToluene (μg m-3 )

80

100

Fig. 1. Time dependent growth curves for puriﬁed air experiments. Low-NO represents
Expt. 1, high-NO represents Expt. 2 and low-NO2 represents Expt. 3.

Recent studies have indicated that the existence of high concentrations of seed particles might promote gas-particle partition
and decrease the loss of organic vapors to the walls, thus enhance
SOA formation (Zhang et al., 2014, 2015; Ye et al., 2016b). In this
study, we injected ammonium sulfate as seed particles in Expt. 4
with a number concentration of ~6500 cm3. The particle number
distribution was presented in Fig. S2. The seed particles had a
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Ambient air
Purified air
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SOA (μg m )
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1

2

3

4

5

(b)

30

-3

SOA (μg m )

40

20
10
0
0

(c)

30

-3

SOA (μg m )

40

20
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0
0

1

2
3
Time since lights on (h)

4

5

Fig. 2. Concentration of wall-loss corrected Tol-SOA derived from AMS data in ambient
air experiment (red) and puriﬁed air experiment (blue) during 5 h of irradiation. (a)
low NO condition (80 ppbv NO, Expt. 1 and 5), (b) high NO condition (200 ppbv NO,
Expt. 2 and 6), (c) low NO2 (80 ppbv NO2, Expt. 3 and 7). Green lines are the best ﬁts of
the data. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

surface area (SA) of 470 mm2 cm3, which was similar to or even
higher than that in the ambient air matrix experiments
(181e456 mm2 cm3). However, the SOA yield (8.0%) in Expt. 4 was
comparable to that observed in the experiment without any seed
aerosols (8.2%, Expt. 1), and less than 20% of that in Expt. 5 (46.1%;
ambient air matrix). In the three parallel experiments (Expt. 1, 4 and
5), after the lights were turned on for about 30 min, particle
number concentrations all increased signiﬁcantly to over
1,000,000 cm3 with new particle formation (Fig. 3). Additionally,
as showed in Fig. 4, the particle SA in Expt. 1 (puriﬁed air matrix)
increased to over 100 mm2 cm3 in 20 min and became almost the
same of that in Expt. 5 (ambient air matrix). Hence, the above facts
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suggested that the loss of organic vapors directly onto the walls is
not the reason for the discrepancy of SOA formation between
ambient air experiments and puriﬁed air experiments and that
seed aerosols could not explain the substantially elevated SOA
yields in the ambient air matrix experiments. This is consistent
with a previous study, which reported that no measured differences were observed in SOA formation from m-xylene between the
non-seeded and seeded experiments (Li et al., 2015).
Aerosols in ambient air, however, are not just inorganics like
ammonium sulfate; they also contain a substantial fraction of organics. Previous studies revealed that preexisting particle-bound
organics can enhance SOA formation through suppressing the
evaporation of SOA and shifting the partitioning equilibrium to the
particle phase (Odum et al., 1996; Kamens et al., 2011; Ye et al.,
2016a). As determined by AMS, approximate half of the particle
mass in the matrix ambient air was comprised of organic matters
for Expt. 5e7 (Table S2). This might partly explain the enhanced
SOA formation with ambient air as the matrix. However, in the
experiments bathing with ambient air, as determined by AMS the
initial OA concentrations were 4.4, 3.7 and 7.5 mg m3 (Table S2),
respectively. With the SOA yield curves depicted in Fig. 5, for either
the two-product model or the VBS approach, an incremental of M0
less than 8.0 mg m3 would not induce the increase of SOA yields as
high as observed in the ambient air matrix experiments in the
present study. Therefore, the enhancement of SOA yields in
ambient air matrix could not be largely explained by the existing
background OA.
3.3. The effect of particle acidity
Particle acidity can signiﬁcantly facilitate SOA formation from
toluene (Cao and Jang, 2007). The in-situ particle acidity just before
the lights were turned on and when SOA formation rates peaked,
were calculated as Hþ concentrations based on the AIM-II model for
2

the HþeNHþ
4 eSO4 eNO3 eH2O system (Table S2) (http://www.
aim.env.uea.ac.uk/aim/model2/model2a.php) (Clegg et al., 1998;
Wexler and Clegg, 2002; Fu et al., 2015; Liu et al., 2016). When
the SOA formation rates peaked, the in-situ particle acidities for
ambient air matrix experiments were 2.35e3.81 nmol m3, about
12e64 times of that for puriﬁed air matrix experiments (Fig. 6),
suggesting higher particle acidity could be the reason for the
enhanced toluene SOA formation in the ambient air matrix experiments. Ng et al. (2007) observed SOA yields from aromatics in the
presence of acidic seed were comparable with those using neutral
seed aerosol, possibly because the relative humidity they used was
approximate 5% and the aerosol water content was low. Aerosol
water is essential for acidity effect (Jang et al., 2006; Cao and Jang,
2007). Liquid water content (LWC) for initial seed particles was also
estimated by the AIM-II model and presented in Table S2. The
aerosol water for background particles in ambient air experiments
ranged from 0.43 to 0.82 mg m3, averaged 1/3 of that in
(NH4)2SO
4 seeded experiment (Expt. 4), demonstrating aerosol
water content is not the main factor for SOA enhancement. Kamens
et al. (2011) found that the SOA mass for experiments with background seed were higher than those for (NH4)2SO
4 seeded experiments even with similar LWC in seed aerosols. Besides, Xu et al.
(2015) revealed that particle water did not inﬂuence isoprene OA
formation. Therefore, aerosol water might be an essential factor for
acidity effect, but it is not a limiting parameter for toluene SOA
formation in this study. As the particle acidity for ambient air in
Guangzhou is 13 ± 4 nmol m3 (Fu et al., 2015), much higher than
that for chamber experiments in this study. The SOA yields in real
atmospheric condition might be even higher. Thus the particle
acidity effect should be considered in future model work.
It is worth noting that the initial particle acidities for ambient air
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Fig. 3. Particle size-number distributions for (a) puriﬁed air experiment without (NH4)2SO4 (Exp.1), (b) puriﬁed air experiment with (NH4)2SO4 (Exp.4) and (c) ambient air
experiment (Exp.5).
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Fig. 4. Evolutions of surface areas for all experiments measured by SMPS in 1 h after
lights were turned on. Line with open symbols represent puriﬁed air experiments, line
with solid symbols represent ambient air experiments. Circle represents low NO
condition (80 ppbv NO), triangle represents high NO condition (200 ppbv NO), square
represents low NO2 condition (80 ppbv NO2).

matrix experiments were similar to the experiment with puriﬁed
air plus (NH4)2SO4 seeds (Table S2). This means that the difference
in particle acidity hereafter was caused by secondarily formed
sulfate. As shown in Fig. 7, the concentrations of newly formed
sulfate after 5 h of irradiation in three ambient air matrix experiments increased to 41.3, 30.5, and 27.0 mg m3, respectively, which
were 2.6e6.8 times that of 15.8, 7.6, and 4.0 mg m3, respectively, in
the three puriﬁed air matrix experiments. Meanwhile, the degradation rates of SO2 for ambient air matrix experiments were
approximately 2.0e7.5 times that for puriﬁed air matrix experiments. Thus, the enhancement of sulfate could be caused by the
increase in SO2 oxidation rate. Sulfate is generally deemed to be
formed by the oxidation of SO2 by OH radicals (Calvert et al., 1978),
or by H2O2 and O3 through in-cloud processes in the aqueous phase
(Lelieveld and Heintzenberg, 1992). The initial SO2 mixing ratios
were kept almost the same during the experiments, while calculated OH concentrations in ambient air matrix experiments were
1.2e2.6 times that in pure air matrix experiments (Table 1). As no
additional OH precursor (H2O2 or HONO) was added in this work,
the enhancement of OH in ambient air could possibly be the result
of heterogeneous formation of OH. It has been reported that mineral dust surfaces may act as a source of OH under UV radiation
(Dupart et al., 2012), and HONO can be formed through heterogeneous photochemistry in the presence of ambient particles and NOx
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Fig. 5. Comparison of yield data obtained from toluene experiments in this study with
those of Ng et al. (2007) and Hildebrandt et al. (2009), the organic aerosol density was
assumed to be r ¼ 1.4 g cm3. The light blue line is the best ﬁt two-product model
(a1 ¼ 0.065, Kom,1 ¼ 0.381; a2 ¼ 0.128, Kom,2 ¼ 0.042) for the data set of Ng et al. (2007).
The purple line is the best ﬁt VBS model for the data set of Hildebrandt et al. (2009) at
20  C for high NOx condition. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

(Alvarez et al., 2012; Gligorovski et al., 2015). In addition, alkenes in
ambient air reached approximate 4 ppbv, which were proved to be
an important source of OH radicals by reacting with ozone (Alam
et al., 2013).
As presented in Fig. 8, the SO2 loss rates through homogeneous
reaction with OH radical in three puriﬁed air experiments ranged
from 0.011 to 0.020 h1, accounting for 40e65% of total SO2
degradation; in ambient air matrix experiments SO2 loss rates
through homogeneous reaction with OH radical increased to
0.024e0.033 h1, but instead only explained 21e38% of total SO2
degradation. This indicates that there might be other processes
leading to the oxidation of SO2. Liu et al. (2016) reported that
oxidation by stabilized Criegee intermediates (sCIs) formed from
alkenes reacting with ozone could dominate the conversion of SO2.
Based on the concentrations of ozone and alkenes, the oxidation
rates of SO2 due to the reactions with sCIs was estimate to be
0.8e5.7  105 h1 by the method of Liu et al. (2016), accounting
for less than 0.1% of total SO2 consumption. Heterogeneous reactions the surface of mineral dusts also can accelerate the conversion of SO2 to H2SO4 (Dupart et al., 2012; Yang et al., 2016). Since
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particles were removed in the puriﬁed air, whereas the ambient air
contained heavy metals in the particulate phase (Hu et al., 2012),
therefore SO2 oxidation other than the gas-phase OH pathway
became much more dominated in the ambient air matrix experiments, particularly in the early photo-oxidation.
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3.4. Comparison to previous studies
Fig. 5 shows a comparison of SOA yield data obtained from this
study with that reported in previous studies (Ng et al., 2007;
Hildebrandt et al., 2009). The Tol-SOA yield curve by Ng et al.
(2007) is based on the two-product model with puriﬁed air matrix chamber studies under high-NOx conditions, and the yield
parameters are widely used in chemical transport models to predict
the SOA budget. The yield curve of Hildebrandt et al. (2009) is the
best ﬁt of chamber results under a high NOx situation using the VBS
approach. The experimental conditions in this study were quite
different from previous studies, such as the introduction of SO2 and
absence of OH precursors (HONO or H2O2) in this study. However,
the averaged OH concentrations were at the same level for comparison. The SOA yields of the three puriﬁed air matrix experiments
ﬁt quite well with the yield curve of Ng et al. (2007). The SOA yields
from our puriﬁed air matrix experiments were 8.2%, 3.8%, and 2.0%,
quite near that of 6.8%, 3.9%, and 2.4% based on the yield curve of Ng
et al. (2007) under same M0 concentrations, respectively. However,
under the same M0 concentrations the SOA yields in our ambient air
matrix experiments were 2.0e3.2 times of those based on the yield
curve of Ng et al. (2007). The yields obtained in this study were
lower than that reported in Hildebrandt et al. (2009). The possible
reason could be the yields in this research were not corrected for
the loss of organic vapors to the wall particles. After considering the
loss of vapors to the wall-bound particles, the yields in ambient air
experiments were 72.6, 67.3 and 51.4% respectively, 1.1e1.3 times
above the yield curve of Hildebrandt et al. (2009) under same M0,
while the yields in pure air matrix were approximate 70.1e81.7% of
that under same M0. Therefore, the yields in ambient air experiments could have also been underestimated according to the SOA
yield curve by Hildebrandt et al. (2009), but to a much less extent.
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Fig. 7. Concentration of wall loss corrected sulfate derived from AMS data in ambient
air experiment (red) and puriﬁed air experiment (blue) during 5 h of irradiation. (a)
low NO condition (80 ppbv NO, Expt. 1 and 5), (b) high NO condition (200 ppbv NO,
Expt. 2 and 6), (c) low NO2 (80 ppbv NO2, Expt. 3 and 7). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

4. Conclusions
In this study, SOA formation from the photo-oxidation of
toluene with NOx and SO2 were investigated in a smog chamber
with real urban ambient air as matrix against that with puriﬁed air
as matrix. We found that the Tol-SOA yields reached 26e46% in the
ambient air matrix experiments, and they were 5.6e12.9 times
higher than that in the parallel puriﬁed air matrix experiments. In
ambient air matrix experiments, the averaged OH concentrations
were 1.2e2.6 times that in pure air matrix experiments, probably
due to heterogeneous formation of OH on particle surface and/or by
ozonolysis of alkenes. These elevated OH concentrations can lead to
faster oxidation rate of toluene and thus promote SOA formation
(Ng et al., 2007) on the one hand; it also can accelerate the
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Fig. 8. The degradation rate of SO2 during puriﬁed and ambient air experiments. The oxidation rate of SO2 reacting with OH was calculated by the reaction rate coefﬁcient and the
average OH concentration.

oxidation of SO2 on the other. In ambient air matrix experiments,
except for enhanced oxidization by OH radical, SO2 oxidation
through other processes, such as heterogeneous reactions on the
particle surface, became even more dominating. The SO2 degradation rates in ambient air matrix were 2.0e7.5 times of that in
puriﬁed air with 2.6e6.8 times faster formation rate of sulfate. The
enhancement of sulfate formation resulted in much higher in-situ
particle acidity, which raised both the Tol-SOA productions and
yields in ambient air matrix experiments. We observed that toluene
SOA yields in ambient air matrix were larger than that in previous
studies (Ng et al., 2007; Hildebrandt et al., 2009) performed in
puriﬁed air matrix. The present study reveals the importance of
heterogeneous processes and acid-catalyzed SOA formation in the
formation of secondary aerosols in real ambient air, and incorporating these processes into the models would beneﬁt more accurate
estimation of secondary aerosols. In this study, both the gas and
particle phase compositions for background air were quite variable,
which could lead to large uncertainties for SOA yields. Further
studies are needed to elucidate the mechanism behind the difference, to parameterize the situation in ambient air, and to make
clear factors impacting SOA formation in real atmospheric
condition.

Supporting information
Further details of concentrations of background VOCs and particle number distributions of initial seeds in experiments with
ambient air. The method of quantifying Tol-SOA.
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