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formation.
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ABSTRACT

Extremely high levels of atmospheric sulfate aerosols have still frequently occurred in China especially in winter
haze periods and often been underestimated by models due to some missing formation mechanisms. Here we
investigated the heterogeneous reaction dynamics of SO, oxidation by the abundantly co-existing O3 and NO,
in the urban atmosphere of China by using a laboratory smog chamber simulation technique. Our results showed
that with an increase of NH; concentrations from 0.05 ppm to 1.5 ppm, SO, oxidation by O3 can be greatly pro-
moted and lead to an exponential increase of diameter growth factor (GF) of particles in the chamber from 1.29 to
1.98 for NaCl seeds and from 1.20 to 1.60 for (NH,4),SO, seeds, along with an increasing uptake coefficient (vy) of
SO, from 4.47 x 10> to 1.52 x 10~ on NaCl seeds and from 2.32 x 10> to 5.74 x 10~° on (NH,),S0, seeds,
respectively. The heterogeneous production of sulfate from oxidation of SO, under NHs-rich conditions by O3
and NO, mixture in the chamber was 2.0-3.5 times the sum of sulfate from SO, oxidations by O3 and NO,, sug-
gesting a strongly synergetic effect of the mixed oxidants on the heterogeneous oxidation of SO,, which can cause
rapid formation of (NH,4),S04 and NH4NOs and is responsible for the explosive growth of PM; 5 in the winter haze
period of China. Our chamber results further showed that such synergetic process is only efficient under NHs-rich
conditions, clearly indicating that the combined controls on O3, NOx and NH3 are necessary for further mitigating
the PM, 5 pollution in China.
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1. Introduction

Sulfate is one of the most abundant particles in the atmosphere,
which is mainly generated via a series of multiphase chemical reactions
(Sun et al., 2019; Zhang et al., 2013) and plays important roles in the
global changes in climate and environment. Although the relative con-
tribution of nitrate to particle pollution in China has increased quickly
in the past decade and dominated the mass concentration of PMy 5
due to the decrease in SO, emissions, concentration of atmospheric sul-
fate in the country is still very high, especially in winter haze periods
(Lin et al.,, 2020; Ma et al., 2020; Wang et al., 2018a; Xie et al., 2020).
The explicit mechanisms for the explosive growth of fine particles
(PM,5) in China during severe haze periods are still under debate, of
which rapid formation of sulfate is one of the focus.

Extensive studies have explored the formation mechanisms of atmo-
spheric sulfate aerosols. Oxidation processes of SO, by O5 (Li et al.,
2007), H,0, (Warneck, 1999), NO, (Ge et al., 2019b; Wang et al,,
2016) and the catalytic oxidation by transitional metals ion
(Alexander et al., 2009) in cloud and aerosol droplets are thought to
be the main sulfate formation pathways by model simulations and lab-
oratory investigations. However, in comparison with the field measure-
ments the sulfate predictions by models tend to be underestimated,
suggesting there are some unknown mechanisms on the sulfate forma-
tion (Gao et al., 2016a; Gao et al., 2016b). The role of different oxidants
in atmospheric sulfate formation process is dependent on the different
environmental conditions such as aerosol liquid water content
(ALWC), aqueous phase acidity and oxidant levels. For example, a La-
grangian trajectory model study showed that at an initial pH of 5.0,
H,0, contributed about 86% to the total oxidation of SO, in cloud,
followed by 05 (~13%). However, at pH of 6.5 conditions, 74% of sulfate
in cloud was from the reaction of H,0, with S(IV) and 25% from O3
(Venkataraman et al., 2001). Recently, both model and laboratory inves-
tigations showed that the contribution of NO, to sulfate formation in
China during haze events is more important than other pathways
when aerosol pH is higher than 5.4, which is the dominant formation
pathway of sulfate in the atmosphere over the major part of North
China Plain (Tao et al., 2020; Wang et al., 2016). Based on the Atmo-
spheric Composition-Climate Model, Unger et al. (Unger et al., 2006)
found that a 20% increase of sulfate pollution would be driven by the in-
creasing of Os; from 35 to 60 ppb. A most recent study simulated by the
WRF-Chem-AWAC model suggested that the spatio-temporal variabil-
ity of aerosol pH, different chemical regimes, reactant concentrations
and meteorological conditions all have influences on the sulfate forma-
tion (Tao et al., 2020).

Because of the promulgation of the Clean Air Action laws in 2013,
PM, 5 pollution in China has been significantly mitigated. Zhai et al.
(2019) reported that the annual concentrations of PM; 5 across China
decreased by 30-50% over the period of 2012 to 2018. Such changes
have resulted in an increase in oxidizing capacity of the Chinese urban
atmosphere, which is characterized by the abundantly co-existing O
and NO, in the country (Li et al., 2019). Under favorable meteorological
conditions, the co-occurrence of Oz and NO, may promote the forma-
tion of secondary aerosols, initiating an explosive growth of PM; 5 in
Chinese megacities. For example, Wu et al. (2020b) observed that the
pollution events with O3 and NO, simultaneously exceeding
100 pug m—> frequently occurred in Shanghai during the autumn of
2019 and was often accompanied with sharp increases of PM, 5 concen-
trations (Wu et al., 2020b).

In order to improve our understanding on the strategies for a fur-
ther mitigation on the fine particle pollution in China, here we inves-
tigated the dynamics of the heterogeneous formation process of
sulfate via SO, oxidation by O3 and NO, mixture by using a smog
chamber technique. Our results showed a strongly synergetic effect
of O3 and NO,; on sulfate formation, highlighting the importance of
combining controls on the emissions of NOx and related precursors
in the country.
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2. Experimental section
2.1. Materials and methods

Simulation experiments in this study were performed in a
1.1 m® smog chamber, which is composed of a 5.6 mm thick
acrylic outer shell and 0.13 mm Teflon inner bag (Fig. S1). The
experimental details have been described elsewhere (Ge et al.,
2019b; Wang et al., 2016). Here we only give a brief description
as follows.

Zero air, produced by the Zero Air Supply (Model 111 and Model
1150, Thermo Scientific), was used as background gas in all the
experiments. Many field observations reported that wintertime se-
vere haze events in China frequently occurred with a relative humid-
ity (RH) larger than 90% (Ge et al., 2019b; Wang et al., 2016; Wu
et al., 2019). Thus, in this work we chose a RH of 90 + 1% condition
in the chamber to mimic the sulfate formation by introducing a
humid vapor flow produced from zero air bubbling through ultra-
pure water (Milli Q, 18.2 M{, Millipore Ltd., USA). Seeded particles
were generated by a single jet atomizer (7388SJA, TSI) from a bulk
solution containing NaCl or (NH,4),SO4. Then, the seeded aerosols
were dried by passing through two tandem Nafion dryers. After-
wards, the aerosol particles with a diameter of 100 nm were selected
by a Differential Mobility Analyzer (DMA) and introduced into the
chamber. The initial concentration of the selected seeds in the cham-
ber was about 5 x 10* cm™3. The reactant gases including SO, NO,,
and NH; were purchased from Air Liquide Holding Co., Ltd. (China)
and were injected individually into the chamber using a glass sy-
ringe. Ozone was generated by an ozonizer (LT-100, China) via ioniz-
ing high purity oxygen (99.999%) and introduced into the chamber
directly. All the experiments in this work were conducted at 298 K
(room temperature) and 1 atm.

2.2. Monitoring analysis

Reactant gases (SO, NOx, O3) in the chamber were monitored by
Thermos scientific analyzers (SO,, NOx, O3 analyzers), respectively.
The Scanning Mobility Particle Sizer (SMPS, model 3082) was used
to measure the size parameters of aerosols including size distribu-
tion, number and mass concentrations. The chemical compositions
of the particles in the chamber were analyzed by a high-resolution
time-of-flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne
Company, USA).

2.3. Smog chamber experiments

To investigate the synergistic oxidation effect of O3 and NO- on sul-
fate formation in the urban atmosphere of China during the haze devel-
opment process, experiments about SO, oxidation by O3 or/and NO,
were conducted. In the current work, NaCl and (NH,4),SO,4 were chosen
as seeds. The initial conditions of the simulation experiments are listed
in Table S1.

The aims of experiments 1-10 were to compare the effects of dif-
ferent seed particles on sulfate formation via SO, oxidation by Os,
and the role of varied concentrations of NH5 in sulfate formation dur-
ing this process were further studied. As control experiments, the ex-
periments of SO, oxidized by NO, (exp. 11-12) were conducted
based on our previous work (Ge et al., 2019b). The process of SO, ox-
idation by mixed oxidants (O3 + NO,) with 1 ppm NH3 in the pres-
ence of NaCl or (NH4),SO4 seed particles were studied by
exp.13-16. To mimic the meteorological conditions of severe haze
in China that are characteristic of very weak solar radiation due to
high RH conditions and heavy particle pollution, all the chamber
experiments in this work were performed under RH of 90 + 1% and
dark conditions by using an anti-UV cloth hood covering the
chamber.
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Fig. 1. HR-ToF-AMS spectra of sulfate ions of particles in the SO,/03/NH3/NaCl system
(Note: water and ammonium ions are excluded).

3. Results
3.1. Effects of NH3 on SO oxidation by O3

Heterogeneous oxidation of SO, by O3 in wet aerosols is one of the
major formation pathways of atmospheric sulfate in the planetary
boundary layer, such an aqueous phase oxidation is highly pH depen-
dent (Reilly et al., 2001) and thus can be significantly promoted under
NH;s-rich conditions. To quantitatively investigate the promoting effects
of NH3 on the heterogeneous SO, oxidation by Oz, NaCl and (NH4),SO4
seeds, which are two common particles in the urban atmosphere of
China (Ding et al., 2020; Wang et al., 2014; Wang et al., 2013), were ex-
posed to SO, and O3 for about 2 h, respectively, and measured for chem-
ical composition by HR-ToF-AMS and size distribution by SMPS. As
shown in Fig. 1, strong signals of fragment ions (m/z = 96, 81, 80, 64,
48 and 32) were detected after the exposure of the seeded NaCl parti-
cles to SO, in the presence of O3, demonstrating that SO~ was the prod-
uct of the reaction of SO, with Os. As seen in Fig. 2a, mass concentration
of particles in the chamber during Phase I kept constant after exposing
NaCl seeds to SO, for about 30 min and no any signal of sulfur-
containing ions was observed by the HR-ToF-AMS, suggesting that no
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detectable amount of sulfate or sulfite was formed via the reaction of
SO, with the background gas (O, + N,) on the seeds or hydrolysis of
SO, in the aerosol aqueous phase under the 90 4 1% RH conditions
(Fig. 2a, Phase I). When O3 was introduced into the chamber, the mass
concentration of particles increased by 4.05 + 1.19 ug m—= in the SO,/
03/NaCl system, and the dry diameter of particles in the chamber
grew from 101.8 nm to 126.3 nm (Fig. 2a, Phase II), which was due to
the formation of H,SO,4 on the aerosol aqueous phase through oxidation
of SO, by Os. A similar phenomenon was also observed for the SO,/03/
(NH4)2S04 system (Fig. 2b, Phase I and Phase II), in which concentration
of particles in the chamber increased by 2.83 + 0.60 ug m > and the cor-
responding size of the seeded (NH,4),SO, particles increased from
101.8 nm to 117.6 nm in a dry diameter. Such an increase in particle
size in the absence of NH3 was not observed by our previous studies
(Ge et al., 2019b; Wang et al., 2016), which exposed the two types of
seeds to SO, and NO, under the same experiment conditions, indicating
that the oxidizing ability of Os to SO, is stronger than that of NO,.

A significant increase of particle concentration was observed when
NH3 was subsequently introduced into the chamber (Fig. 2a, Phase III).
When the concentration of NHs; in the chamber varied from
0.05-1.5 ppm, the increase in concentration of particles varied from
8.93 pg m—> to 55.58 pug m > for the NaCl seeds, which was 2.2 to 13.6
times higher than that in the absence of NH3 (Fig. 2a, Phase II). The
formed H,SO,4 was neutralized by NHs into (NH4),SO4, which could de-
crease aerosol acidity and thus promoted the heterogeneous oxidation
of SO, by Os. As for the (NH,4),SO,4 seeds, when NHs increased from
0.5 ppm to 1.5 ppm, the increase in concentration of particles in the
chamber varied from 3.71 ug m—> t018.61 pg m—> (Fig. 2b, Phase III),
which is 1.3-6.6 times higher than that in the Phase II period (Fig. 2b,
Phase II).

Fig. 3 shows the growth factor (GF) of particles in the chamber as a
function of NH3 levels. The GF of both NaCl and (NH4),SO4 seeds
showed an exponential increase with an increase of NHs levels, suggest-
ing the promoting effect of NHs on the sulfate formation. The GF of NaCl
seeds is about 10-30% larger than that of (NH4),SO, seeds, indicating
the more efficient production of sulfate with NaCl seeds compared to
(NH4),S04 seeds, At 90 + 1% RH conditions the hygroscopic growth fac-
tor of 100 nm NaCl particles is 2.3 and larger than that (1.48) of 100 nm
(NH4),S04 particles. We used the ISORROPIA-II thermodynamic model
to further calculate the hygroscopicity of seeded particles in our cham-
ber. The results showed that at 90% RH conditions the aerosol liquid
water content of per mass of particles (ALWC/mass) in the chamber is
9.7 for the NaCl seeds and 3.09 for the (NH,4),SO,4 particles, suggesting
that NaCl is more hygroscopic and its higher ALWC is favorable for the
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Fig. 2. Variations in mass concentration of particles in the chamber during the successive exposures of the seeds to SO,, O3 and NH3 ((a) NaCl seeds with a 100 nm diameter and

(b) (NH4),S04 seeds with a 100 nm diameter).
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Fig. 3. The growth factor of seeded particles in the chamber as a function of NHs levels after
the exposure to O3 (0.6 ppm) and SO, (0.7 ppm) for 2.5 h at 90 4 1% RH conditions (Do
and D;, are the dry diameters of particles in the chamber before and after the exposure,
respectively).

heterogeneous formation of sulfate (Badger et al., 2006; Peng et al.,
2016). Besides, another proposed chemistry mechanism in NaCl aque-
ous phase has been elucidated that O can react with CI™ on the surface
to form OH™ (Faxon and Allen, 2013; Keene et al., 1990; Li et al., 2007).
The alkaline surface can greatly promote the hydrolysis of SO,. In con-
trast, the weakly acidic (NH4),SO4 could be unfavorable to the hydroly-
sis of SO, in liquid phase (Wang et al., 2018a). Therefore, heterogeneous
oxidation of SO, by O3 proceeded more efficiently on the NaCl seeds.
Based on the particle compositions measured by HR-ToF-AMS, the
pH value and ALWC of particles in the chamber at the end of the exper-
iments were calculated by using the ISORROPIA Il thermodynamic equi-
librium model with the assumption of aerosol in metastable state
(Wang et al., 2018a). The acidity of neutral NaCl seeds sharply de-
creased from pH = 7 to pH = 0.7 when NaCl seeds were exposed to
0.7 ppm SO, in the absence of NHs. Researchers have verified that
NH; plays an effective role in particle formation with sulfuric acid be-
cause of their basicity (Benson et al., 2009; Chen et al., 2018a; Chen
et al., 2016; DePalma et al., 2014; Lehtipalo et al., 2016; Qiu et al.,
2011; Qiu and Zhang, 2013). With the neutralization of NHs, the acidity

(a) On NaCl seeds
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of particles decreased and was favorable for sulfate formation sustain-
ably in the acidified NaCl droplets. NH3 could decrease aerosol acidity
effectively, varied from pH = 4.5 in experiments with 0.05 ppm NH3
to pH = 5.6 with 1.0 ppm NH; for the SO,/O3/NHs/NaCl system
(Fig. 4a). Similar increasing pH trend was also observed for (NH4),SO4
seeds, of which the pH of aerosols changed from 3.6 under 0.1 ppm
NH; to 4.8 under 1.5 ppm NHj5 (Fig. 4b).

The reactive uptake coefficients (y) of SO, on the two types of
seeded particles with various concentrations of NH3 can be calculated
based on the following Eq. (E1):

d[sulfate]

S = k(S0,(g)) = %v C5I50,(2)] (E1)

where [sulfate] is the molar concentration of sulfate produced during t
reaction time period, 7y is the uptake coefficient of SO,, C is the mean
molecular speed, S is the aerosol surface area, and [SO,(g)] is SO, con-
centration in the gas phase. As shown in Table 1, in the SO,/03/NHs/
NaCl system, the y of SO, for sulfate formation under different NH;
levels (0.05-1.5 ppm) was in the range of 4.47 x 107°-1.52 x 1074,
while the y was in the range of 2.32 x 107°-5.74 x 10~° in the SO,/
03/NH3/(NH4),S04 system, suggesting that the uptake of SO, on both
NaCl and (NH4),SO4 seeds increased with increasing concentrations of
NHs. Thus, more NH;5 could promote the formation rate of sulfate in
the atmosphere.

3.2. Synergistic effects of O3 and NO, on sulfate formation under NHs-rich
conditions

To explore the synergetic effect of mixed oxidants of O3 and NO, on
sulfate formation, experiments with NO, introduced into the chamber
were further conducted based on the process of SO, oxidation by Os.
Fig. 5 shows the temporal variations in dry diameter and composition
of particles in the chamber. The experimental results showed that parti-
cle sizes further increased after introducing NO,, and a more obvious in-
crease can be obtained when NH5 was introduced into the chamber
based on the reactions of SO, with Os. Due to the reactions of SO,
with Os, the mean diameter of NaCl particles grew from 117.6 nm to
145.9 nm (Fig. 53, Phase I). When 0.3 ppm NO, was subsequently intro-
duced into the chamber, the mean diameter of particles grew dramati-
cally to 259.5 nm (Fig. 5a, Phase II). A further shift of particle diameter
to 371.8 nm was observed when 1.0 ppm NH3 was introduced into
the chamber (Fig. 5a, Phase III). A similar increasing pattern of particle
sizes was also observed for the seeded (NH,4),SO,4 particles, which

(b) On (NH,),SO, seeds
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Table 1
Uptake coefficients of SO, under different NH3 concentrations in the SO,/03/NH3/seed
systems.

Seed NHs3 Growth in SO3~ Surface area® v
(ppm)  (ngm3) (em? cm—?)

Nacl 0.05 8.93 338 x 1075 447 x 107°

(Do = 100 nm)  0.15 6.46 151 x 107° 6.98 x 1077
030 9.46 228 x 107 723 x 107°
0.50 10.30 189 x 107  9.15x 107°
1.0 22.58 3.48 x 1076 1.10 x 1074
15 55.58 623 x 1076 1.52 x 1074

(NH,4),504 0.1 3.71 222x107%  232x107°

(Do = 100 nm) 0.5 477 227 x107% 284 x107°
1.0 6.70 233x10°% 408 x107°
15 18.61 454 x 1078 5.74 x 107°

@ Surface area is the surface area of particles in the chamber during the exposure.

increased from 121.9 nm to 140.7 nm after the reactions of SO, with O3
(Fig. 5¢, Phase I), then grew sharply to 259.5 nm after introducing NO,
into the chamber (Fig. 5¢, Phase II), and further shifted to 333.8 nm in
the presence of 1.0 ppm NHjs (Fig. 5c, Phase III).

As shown in Fig. 5b, there was 10.28 pg m > of SOZ~ formed in the
Phase I period due to the reactions of SO, with O3 on the wetted NaCl
seed surface. When NO, was subsequently introduced into the chamber,
abundant NO3™ (99.83 pug m~>) (Fig. 5a and b, Phase II) was generated
but concentration of SO~ was almost entirely equal to that in Phase 1.
Since no NH3 was introduced in the two stages, SO3~ and NO3 on the
seeded particles in Phase I and Phase Il mainly existed as H,SO4 and
HNOs, respectively, and the particle growth was caused by the accumu-
lation of both acids on the seeds (Fig. 5b, Phase I and Phase II). After in-
troducing 1.0 ppm NHs into the chamber, sharply increased
concentrations of SO~ (44.07 pg m—>, Fig. 5b), NO5™ (233.81 pg m )
and NHF (67.93 pg m—>) were observed, leading to a rapid growth in
the diameter of seeded particles (Fig. 5a, Phase III). Abundant SO3~,
NO3 and NHZ were also observed in the experiments with (NH,4),S04
as the seeds, which were 17.05 pug m™—3, 131.95 ug m—>, and
36.37 ug m—> under the 1.0 ppm NH; conditions, respectively (Fig. 5¢
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and d). Os in the chamber can react with NO, and form N,Os, which is
highly reactive and can quickly be hydrolyzed into HNOs on the hygro-
scopic surface (Chen et al., 2018b; McDuffie et al., 2018). Gaston et al. re-
ported that reactive uptake is the main pathway for N,Os diffused into
(NH,4),S0,4 droplets to form HNOs. However, a near-surface reaction be-
tween absorbed N,Os with CI™ in NaCl droplets dominated the uptake
of N,Os, which is much faster than the diffusion process of N,Os with
H,0 (Gaston and Thornton, 2016). Thus, more nitrate can be formed
on NaCl seeds than on (NH,4),SO,4 seeds. The formed NH4NO5 can absorb
more water vapor and in turn further promote the heterogeneous for-
mation of (NH4),SO4 and NH4NOs (Phase III in Fig. 5b and d,
respectively).

As shown in Fig. 5, O3 and NO, did not show synergistic effects on
sulfate formation in the absence of NH3, although HNO3 could be formed
via the reaction of O3 with NO,. Our previous work found that SO, oxi-
dation by NO, cannot proceed efficiently under NH3-poor conditions
(Ge et al., 2019b; Wang et al., 2018a; Wang et al., 2016), because SO,
is a weak acid and the formed H,SO,4 could prevent SO, from dissolving
into the acid solution. However, as seen in Fig. 5, O3 and NO, showed a
strong synergetic effect on sulfate formation in the presence of NHs in
the chamber. Under the experiment conditions with NaCl as the seeds,
the amount of sulfate (44.07 ug m—>) formed by the mixed oxidants
of O3 and NO, was 2.7 and 8.2 times higher than the amount of sulfate
formed by the oxidation of O3 or NO, alone in the presence of NH3,
which was 16.42 ug m—> and 5.36 ug m >, respectively (Table 2). Sim-
ilar increased sulfate formation was also observed for the experiments
with (NH,4),SO;4 as the seeds, clearly demonstrating a strong synergetic
effect of the mixed Os and NO, on sulfate formation, which is effective
only under NHs-rich conditions (Fig. 5, Phase III).

The uptake coefficients of SO, on NaCl or (NH,4),SO,4 seeds in exper-
iments with mixed oxidants of O3 and NO, in the presence of 1.0 ppm
NH; were further calculated. As seen in Table 3, the value of -y on NaCl
seeds was 9.25 x 107>, and 4.24 x 10> on (NH,4),S0, seeds, respec-
tively, which is close to that in the experiments with O3 as the oxidant.
Due to the formation of sulfate, nitrate, and ammonium on the seeded
particles and the subsequent absorption of water vapor, the surface
area of aerosols in the chamber rapidly increased. As shown by the
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Fig. 5. Evolution of size and composition of particles in the chamber (Initial concentrations of SO, O3, NO, NHs in the chamber were 0.8 ppm, 0.3 ppm, 0.3 ppm, 1.0 ppm, respectively)
((a) mean diameter of the seeded NaCl particles, (b) sulfate, nitrate and ammonium secondarily formed in the chamber after exposing NaCl seeds to the gaseous reactants, (c) mean
diameter of the seeded (NH,4),SO4 particles, and (d) sulfate, nitrate and ammonium secondarily formed in the chamber after exposing (NH,),SO, seeds to the gaseous reactants).
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Table 2
Concentrations of SO3~, NO3  and NHJ formed in the chamber after the exposure of NaCl or (NH,4),SO, seeds to different oxidants for about 2.5 h in the presence of NHs.
Oxidant Seed® RH SO, NH3 AS037° ANO5_*° ANH*
% m m —
(%) (ppm) (ppm) (hg m™?)
03 (0.7 ppm) NaCl 90 + 1 0.8 1.0 16.42 0.0 6.2
NO; (0.6 ppm) 90 + 1 0.8 1.0 5.36 0.0 2.0
NO, + 03 (0.3 ppm + 0.3 ppm) 90 + 1 0.8 1.0 44,07 234 68
03 (0.7 ppm) (NH4)2S04 90 + 1 0.8 1.0 4.87 0.0 1.8
NO, (0.6 ppm) 90 + 1 0.8 1.0 0.0 0.0 0.37
NO, + 03 (0.3 ppm + 0.3 ppm) 90 £+ 1 0.8 1.0 17.05 132 36

3 ASO3~, ANO3 and ANHj are the difference in the concentrations before and after the exposures.

Eq. (E1), the aerosol surface area is inversely correlated with the uptake
coefficient vy. Thus, the <y for the mixed oxidants was not obviously
greater than that for the single oxidant under the same experimental
conditions.

4. Discussion

4.1. Reaction mechanisms for SO, oxidation by the mixed oxidants of Oz and
NO, under NH3-rich conditions

In the atmosphere sulfate is mainly formed by aqueous phase reac-
tions of SO, with O3, NO,, H,0,, OH radicals, and transitional metal
ion catalysis (Cheng et al., 2016; Ma et al., 2013; Park et al., 2017;
Wang et al., 2016). In the urban atmosphere, the heterogeneous oxida-
tion of SO, by O3 or NO,, follows the reaction pathways of (R1)-(R3) (Ge
et al,, 2019b; Li et al., 2007), among which the dominant role of NO, on
sulfate formation in the winter haze period of China was firstly pointed
out by Wang et al. in 2016 (Wang et al., 2016), based on their field mea-
surements and smog chamber simulation, and recently recognized by
the atmospheric aerosol community with an increasing number of pub-
lications (Cheng et al., 2016; Tao et al., 2020; Wang et al., 2020; Xue
etal, 2019). For example, by combing the field observation and numer-
ical simulation, Tao et al. (Tao et al., 2020) found that SO, oxidation by
NO, is the dominant pathway for sulfate formation in the megacity re-
gion of Beijing and the large area of Hebei Province, China.

SO, (g) + H,0 (aq) + NH3(g) — HSO3 ™ (aq) + NH;"(aq) (R1)
HSO; 7 (aq) + O3(aq) — HSO4™ (aq) + O2(g) (R2)
HSO0; ™ (aq) + NO,(aq) — S04~ (aq) + HONO(g) (R3)

A few field investigations have shown that O3, NO, and NH3, as well
as VOCs in the urban atmosphere of China are abundantly co-existing
(Vu et al., 2019; Zheng et al., 2018). Through this study, we found that
the heterogeneous oxidation of SO, by the mixture of O3 and NO, to
produce sulfate was much more efficient than by them single alone
under NHs-rich conditions. The synergistic effects of mixed O3 and
NO, on sulfate formation include a series of reaction processes as
follows.

Firstly, besides the direct oxidation of SO, by O3 and NO,, respec-
tively, O3 and NO; in the atmosphere can react with each other, and
NOs, a highly reactive gas, would be generated during this process.
The formed NOs can further react with NO, to form N,Os ((R4)-(R5)),

Table 3
The uptake coefficient (vy) of SO, during the exposure of the 100 nm diameter of seeds to
the mixed NO, (0.3 ppm) and O3 (0.3 ppm) oxidant under 90 + 1% RH conditions.

Seed NH3 ASOZ? Surface area of particles v

(ppm)  (gm~>)  (cm® ecm?)
NaCl 1.0 60.60 8.56 x 1076 9.25 x 107°
(NH4),S04 1.0 23.44 7.57 x 1076 424 x 107°

2 ASO3~ is the difference of the sulfate concentration before and after the exposures.

which is the main source of nitrate at night (R6) (Liebmann et al.,
2019; Wang et al., 2018b). During the process of heterogeneous reac-
tions in the two SO,/(03 + NO,)/NHs/seed systems, the quicker gener-
ation rate of nitrate leaded to massive nitrate formed, which was about
one order of magnitude higher than sulfate before NH3 was introduced
(Fig. 5, Phase II). The existence of NH3 can neutralize the acidity of par-
ticles, favoring more dissolution of acidic NO, and SO, (Yang et al.,
2018). For example, in the experiments with NaCl seeds, the amount
of nitrate increased from 99.83 pg m—> without NH; to 233.81 pg m—>
in the presence of NHs. The strong hygroscopicity of nitrate can greatly
enhance ALWC of particles in the chamber. In this work, the ALWC
caused by nitrate formed in the chamber under the 1.0 ppm NH3 and
90 + 1% RH conditions was 1049 pg m—> for the NaCl seeds and
956 pg m~> for the (NH,4),S04 seeds, respectively, which is about ten
times higher than that under the oxidation by O3 or NO, alone. Thus,
the enhanced ALWC in aerosol particles by large amount of nitrate via
the reactions of O3 and NO, provides a favorable environment for sulfate
formation in the SO,/03/NO,/NHs/seed system (Ge et al., 2019a).

NOy(g) + 03(g) — NOs3(g) + 02(g) (R4)
NO3(g) + NOy(g)=N,05(g) (R5)
N»05(g) + (H,0 or C17)(aq) — NO3 ™~ (aq) + CINO;(g) (R6)

Secondly, NOs is also an important oxidant product during the reac-
tion process of NO, with O3 (Brown and Stutz, 2012). Previous work had
proposed that NO3 could enhance sulfate production via the series of re-
actions of (R7)-(R10) (Chameides, 1986; Feingold, 2002). Rudich et al.
(1998) found that in polluted areas where high concentrations of dis-
solved S(IV) was present in the droplets, the role of NOs in sulfate for-
mation accounted for significant oxidation in the marine boundary
layer; their simulation results showed that the relative contribution to
sulfate by the uptake of 2.5 ppt NO5 accounted for about 50% of the sul-
fate formation by 40 ppb of O3 in 30 min (Rudich et al., 1998). These re-
sults suggest that S(IV) oxidation by NO5 probably also contributed to
the synergetic effect observed by this work (Chameides, 1986; Hung
and Hoffmann, 2015).

HSO;™ (aq) + NOs (ag) — NO3 ™ (aq) + H"(aq) + SO5™ (aq) (R7)
S03™ (aq) + 0, (aq) — SOs~ (aq) (R8)
HS05™ (aq) + SOs ™~ (aq) — H"(aq) + SO4°~ (aq) + S04~ (aq) (R9)
HSO; ™ (aq) + S04~ (aq) — H*(aq) + SO4%~ (aq) + SO; ™ (aq) (R10)

Thirdly, as seeds, NaCl particles are of greater effects on nitrate and
sulfate formation than that of (NH4),SO,4 seeds. One of the reasons for
this phenomenon is that NaCl has a stronger hygroscopicity ability
than (NH,4),SO,4 under the similar conditions (Hu et al., 2010; Park
et al., 2008). Moreover, chloride ions in the NaCl droplets can react
with O3 and NOs, and the products during these processes may affect
the oxidation of S(IV). Early researches have explored these reaction
mechanisms and found that Cl, could be produced during the process.
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For example, using a chemical ionization mass spectrometer, Abbatt and
Waschewsky (1998) observed an increase in the signal of Cl, with a de-
cline in the ozone signal in a flow tube study of heterogeneous reactions
of O3 with NaCl aerosols (Abbatt and Waschewsky, 1998). Keene et al.
(1990) used O—D photochemical model simulations of the marine sur-
face air sampled to investigate the geochemical cycling of reactive Cl,
and reported an accumulation of Cl, during the night from the O3 reac-
tion at NaCl surface (Keene et al., 1990). For reactions of chloride ions
with NOs radical, the formation of nitrate ions was observed by
Schiitze and Herrmann (2005) in a single drop experiment of the up-
take of NOs radical on NaCl solution (Schiitze and Herrmann, 2005).
Several researches further pointed out that O3 can react with CI™ to gen-
erate an alkaline surface on the NaCl particle surface (R11), which can
promote the hydrolysis of SO, in the aqueous surface of aerosols
(Faxon and Allen, 2013; Laskin et al., 2003; Li et al., 2007). The formed
NOs3 by reaction of O3 with NO, can react with CI™ to form Cl radical
and Cl5 via a series of reactions ((R12)-(R13)). Both Cl; and Cl radical
can further oxidize HSO3 into sulfate ((R14)-(R15)) (Chameides, 1986;
Hung and Hoffmann, 2015). Thus, in addition to the stronger hygro-
scopicity, the factors mentioned above may be also responsible for the
stronger promoting effect of NaCl seeds on sulfate formation than that
of (NH4),SO, seeds observed by the current chamber experiments.

05 (aq) + H20 (aq) + Cl" (aq) — 20H™ (aq) + Cl2(g) + 02(g)  (R11)
NOs (aq) + CI™ (aq) — NO3 ~(aq) + Cl(aq) (R12)
Cl(aq) + CI" (aq)=Cl; " (aq) (R13)
HSO5™ (aq) +Cl2 ™ (aq) — 2C1™ (aq) + H"(aq) + SO5™ (aq) (R14)
HSO; ™ (aq) + Cl (aq) — CI” (aq) + H" (aq) +SO5 ™ (aq) (R15)

In conclusion, the detailed chemical mechanisms for the synergetic ef-
fects of mixed O3 and NO, on sulfate formation are very complicated.
However, the role of NH; observed in this work suggested that an en-
hanced hygroscopicity of aerosols due to the fast formation of NH4NO3;
by the reaction of O3 with NO, and the subsequent absorption of water
vapor could be the main reason, which significantly promoted the disso-
lution of all the reactants into the aerosol aqueous phase, enhancing the
productions of sulfate and nitrate, as schematically plotted in Fig. 6.

4.2. Implications for the haze formation in China

Sulfate is still one of the major components of PM, 5 in China especially
during winter haze periods, although SO, emission has been decreasing
significantly in the past years (Ge et al, 2019b; Wu et al., 2020a;
Xie et al., 2020). An explosive growth of PM, 5 that is dominated by
(NH4)2S0,4 and NH4NOs has still frequently occurred in Beijing, Shanghai
and many other cities in China. However, the sharp increase in sulfate and
nitrate concentrations during the Chinese haze development is often
underestimated by current models especially for sulfate because of the
lack of dynamic descriptions that can accurately track the aqueous
phase formation process of sulfate in the country (Gao et al., 2016b). Con-
centrations of PM, s and sulfate in China have decreased significantly
since 2013, because Chinese government has promulgated very strict
controls on the emission of SO, and smokes from coal-burning power
plants in the country. However, due to the rapid increases in vehicle num-
bers, NOx and VOC levels in China are still very high. Zhai et al. (2019) and
Zhang et al. (2019) reported that compared to 2013, air pollutant levels
across China in 2018 have decreased by 30-50% for PM,s and by
57-76% for SO, but NOx has decreased only by 21% in 2017 while VOC
and NH3 emissions have kept constant and even slightly increased. The
abundant co-occurrence of NOx and VOC is favorable for photochemical
reaction, resulting in high levels of Oz and NO, in many regions of China
such as Beijing and Shanghai (Li et al., 2019).
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Fig. 6. A schematic plot for the heterogeneous formation mechanism of sulfate from the
synergetic oxidation of SO, by NO, and Os.

Based on the lab chamber simulation, this work has revealed a
strongly synergetic effect of O; and NO, on sulfate formation, which can
efficiently proceed under NHs-rich conditions and lead to the rapid for-
mation of hygroscopic secondary (NH4),SO4 and NH4NOs aerosols in
the haze periods of China. Our work suggested that combined measures
to simultaneously control O3, NO, and NH3 emissions in China are neces-
sary for a further mitigation of haze pollution in the country.
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