CrossMark

& click for updates

Persistent sulfate formation from London Fog to
Chinese haze

Gehui Wang®?<91, Renyi Zhang“®2, Mario E. Gomez“%9, Lingxiao Yang“", Misti Levy Zamora“, Min Hu', Yun Lin¢,
Jianfei Peng®f, Song Guo, Jingjing Meng®®, Jianjun Li*®, Chunlei Cheng®®, Tafeng Hu®®, Yanqin Ren®",

Yuesi Wang/, Jian Gao*, Junji Cao®®, Zhisheng An®*", Weijian Zhou®™, Guohui Li*®, Jiayuan Wang®P®, Pengfei Tian“",
Wilmarie Marrero-Ortiz?, Jeremiah Secrest“®, Zhuofei Duf, Jing Zheng®, Dongjie Shang’, Limin Zengf, Min Shaof,
Weigang Wang“°P, Yao Huang®", Yuan Wang?, Yujiao Zhu®", Yixin Li¢, Jiaxi Hu¢, Bowen Pan¢, Li Cai“*,

Yuting Cheng®®, Yuemeng Ji*%, Fang Zhang®!, Daniel Rosenfeld“", Peter S. Liss“", Robert A. Duce®, Charles E. Kolb"Y,
and Mario J. Molina*?

3State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, Xi‘an 710061, China; °Key Laboratory of
Aerosol Chemistry and Physics, Institute of Earth Environment, Chinese Academy of Sciences, Xi’an 710061, China; “Department of Atmospheric Sciences, Texas
A&M University, College Station, TX 77843; dDepar‘cment of Chemistry, Texas A&M University, College Station, TX 77840; °School of Geographic Sciences, East
China Normal University, Shanghai 200062, China; fstate Key Joint Laboratory of Environmental Simulation and Pollution Control, College of Environmental
Sciences and Engineering, Peking University, Beijing 100871, China; °Department of Chemistry and Biochemistry, Florida International University, Miami, FL 33199;
_hSchooI of Environmental Science and Engineering, Shandong University, Jinan 250100, China; 'University of Chinese Academy of Sciences, Beijing 100049, China;
IInstitute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, China; “Chinese Research Academy of Environmental Sciences, Beijing 100000,
China; 'Beijing Normal University, Beijing 100875, China; ™Xi‘an Jiaotong University, Xi‘an 710049, China; "Key Laboratory for Semi-Arid Climate Change of
the Ministry of Education, College of Atmospheric Sciences, Lanzhou University, Lanzhou 730000, China; °State Key Laboratory for Structural Chemistry of
Unstable and Stable Species, Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China; PBeijing National Laboratory for Molecular Sciences,
Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China; “Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91125;
"Key Laboratory of Marine Environmental Science and Ecology, Ministry of Education, Ocean University of China, Qingdao 266100, China; *School of Electrical
Engineering, Wuhan University, Wuhan 430072, China; *School of Environmental Science and Engineering, Institute of Environmental Health and Pollution
Control, Guangdong University of Technology, Guangzhou 510006, China; “Program of Atmospheric Sciences, Institute of Earth Sciences, The Hebrew University
of Jerusalem, Jerusalem 91904, Israel; ¥School of Environmental Sciences, University of East Anglia, Norwich, NR4 7TJ, United Kingdom; “Aerodyne Research, Inc.,

Billerica, MA 01821-3976; and *Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA 92093

Contributed by Mario J. Molina, October 9, 2016 (sent for review July 8, 2016; reviewed by Zhanging Li and Sasha Madronich)

Sulfate aerosols exert profound impacts on human and ecosystem
health, weather, and climate, but their formation mechanism remains
uncertain. Atmospheric models consistently underpredict sulfate
levels under diverse environmental conditions. From atmospheric
measurements in two Chinese megacities and complementary labo-
ratory experiments, we show that the aqueous oxidation of SO, by
NO, is key to efficient sulfate formation but is only feasible under two
atmospheric conditions: on fine aerosols with high relative humidity
and NH; neutralization or under cloud conditions. Under polluted
environments, this SO, oxidation process leads to large sulfate pro-
duction rates and promotes formation of nitrate and organic matter
on aqueous particles, exacerbating severe haze development. Effec-
tive haze mitigation is achievable by intervening in the sulfate forma-
tion process with enforced NH; and NO, control measures. In addition
to explaining the polluted episodes currently occurring in China and
during the 1952 London Fog, this sulfate production mechanism is
widespread, and our results suggest a way to tackle this growing
problem in China and much of the developing world.
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Fine particulate matter (PM), which typically contains a com-
plex mixture of inorganic and organic species, has important
implications for several environmental issues (1-3). Presently,
the mechanisms leading to PM formation remain uncertain,
particularly under highly polluted conditions, hindering efforts in
developing effective mitigation policies to reduce their local,
regional, and global impacts (1). It is well established, though,
that sulfate (SO,>") is ubiquitous and is a key PM constituent in
the atmosphere. Moreover, hygroscopic sulfate aerosols serve as
efficient cloud condensation nuclei, affecting cloud formation,
precipitation, and climate (4-8). A major fraction of regional
acid deposition is attributed to the sulfate content that exerts
debilitating effects on acid-sensitive ecosystems (9). Further-
more, high levels of fine PM have been implicated in adverse
human health issues (1), as exemplified by high fatality during
the 1952 London Fog (1, 10). Sulfur compounds are emitted
globally from many natural and anthropogenic sources (1-3, 11),
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and there have been high SO, emissions from combustion of coal
and petroleum products in developing countries (such as China)
spurred on by fast economic development (12).

Gaseous SO, is converted to particulate sulfate through gas-
phase oxidation or aqueous reactions, but the detailed chemical
mechanisms remain controversial (1-3, 13, 14). The gas-phase
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oxidation of SO, is dominated by its reaction with the OH rad-
ical, with a lifetime of ~1 wk at the typical tropospheric level of
OH radicals. The aqueous pathways of SO, oxidation may occur
much faster, including reactions with dissolved ozone, hydrogen
peroxide, organic peroxides, OH, and NO, via catalytic or non-
catalytic pathways involving mineral oxides (15-20). Most re-
cently, an interfacial SO, oxidation mechanism involving O, on
acidic microdroplets has been suggested (16).

It has been hypothesized that aqueous SO, oxidation by NO, can
be an important pathway for sulfate formation under urban con-
ditions and in the presence of sufficient neutralizing agents such as
NH; (2). Several earlier experimental studies, in which gaseous NO,
was exposed to bulk solutions containing sulfite (SO5°7) and hy-
drogen sulfite (HSO5") ions prepared from Na,SO;, investigated
the aqueous sulfur oxidation by NO,; the measured rate constants
differed by 1-2 orders of magnitude (17-19). Typically, this aqueous
oxidation has been neglected in atmospheric models because of
limited water solubility of NO, (1, 13, 20). A model simulation of
dissolution of NO, in cloud droplets under NO,-rich environments
has shown enhanced regional wintertime sulfate by up to 20%,
resulting in better agreement between simulations and observations
(13). Also, atmospheric measurements have revealed high sulfate
production during severe haze events in China (21-25), which
cannot be explained by current atmospheric models and suggests
missing sulfur oxidation mechanisms (14). Typically, high sulfate
levels during haze events in China occurred with concurrently ele-
vated RH, NO,, and NHj; (24, 25), implicating an aqueous sulfur
oxidation pathway. However, elucidation of the sulfur oxidation
mechanisms from available atmospheric measurements remains
challenging, particularly under polluted conditions because of
multiple highly coemitted primary gaseous pollutants (1, 21). In
this work we investigated the sulfur oxidation mechanism and its
role in severe haze formation, by combining field measurements
of gaseous pollutants and aerosol particle properties in two
Chinese megacities (Xi’an and Beijing) and complementary
laboratory experiments (Materials and Methods and SI Appendix).

Results

Sulfate Evolution During Pollution Episodes. The pollution episodes
in Xi’an exhibit a periodic cycle of 4-5 d, which is reflected in the
temporal evolutions of the mass concentrations of SO4*~ and PM
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smaller than 2.5 pm (PM;5) (Fig. 14 and S/ Agpendix, Fig. S14 and
Table S1). For each pollution episode, the SO4~~ mass concentration
increases markedly from less than 10 pg m™ (clean), 10-20 pg m™=
(transition), to greater than 20 pg m— (polluted), with the cor-
responding increases in the mean PM,s mass concentrations
from 43, 139, to 250 pg m™, respectively. Among the main non-
refractory PM, 5 species in Xi’an (Fig. 1B), organic matter (OM),
nitrate (NO5~), and SO,*~ are most abundant throughout the
pollution episode. The SO,>~ mass fraction increases during the
transition and polluted (hazy) periods, whereas there is a slight
decrease in the OM mass fraction. We quantified the molar ratio of
SO,”" to SO,, which reflects sulfur partitioning between the particle
and gas phases. This ratio ranges from less than 0.1 at relative
humidity (RH) <20% to 1.1 at RH >90% in Xi’an, exhibiting an
exponential increase with RH (Fig. 1C). During the pollution de-
velopment, there is increasing RH (Fig. 1D and SI Appendix, Fig.
S1B), and the concentrations of SO,, NOx (NO + NO,), and NH;
are highly elevated (Fig. 1D and SI Appendix, Fig. S2 A-C). Clearly,
the larger conversion of SO, to SO~ during the hazy periods is
responsible for the enhanced SO,*~ formation, i.e., with high mass
concentrations and mass fractions (Fig. 1 4 and B). Field mea-
surements in Beijing also show a similar SO4>~ evolution. There are
noticeable increases in SO,>~ and PM, s mass concentrations during
the pollution development (Fig. 1E and SI Appendix, Fig. S34 and
Table S2). The SO,*~ mass fraction increases from clean to polluted
periods, in contrast to a decreasing OM mass fraction gFig. 1F).
During the hazy periods in Beijing, the molar ratio of SO, to SO,
also exhibits an exponential increase with RH (Fig. 1G), and RH
and the concentrations of SO,, NO, and NHj are high (Fig. 1H and
SI Appendix, Figs. S3B and S4 A-C).

Our field measurements demonstrate that efficient conversion
of SO, to SO, occurs at high RH and concurrently with ele-
vated concentrations of SO,, NOy, and NH3, implicating aqueous
sulfate production from the participation of these species. Fur-
thermore, the enhanced sulfate formation during the hazy pe-
riods is also accompanied by simultaneously increased formation
of particulate NO;~ and OM (SI Appendix, Fig. SS). The con-
centration of ozone is low during the hazy periods in both lo-
cations (i.e., a few parts per billion in ST Appendix, Figs. S2D and
S4D and Tables S1 and S2), and the visibility is considerably
reduced (SI Appendix, Figs. S1C and S3C and Tables S1 and S2),
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Sulfate production during pollution episodes in Xi‘an and Beijing. (A-D) Measurements in Xi'‘an from 17 November to 12 December 2012, and the

particle properties correspond to those in PM, s. (E-H) Measurements in Beijing from 21 January to February 4, 2015, and the particle properties correspond to
those in PM; (particles smaller than 1 um). In A and E, the dates on the x axis correspond to midnight local time. B and F show the mass fractions of the five
main nonrefractory constituents from 5 to 12 December 2012 in Xi‘an and from 21 January to 4 February 2015 in Beijing, respectively. The lines in C and G
represent the exponential fits through the data, i.e., y = 0.07 + 1.0 x 10~%exp (x/11) with R* = 0.60 in Xi‘an and y = 0.05 + 7.0 x 10 3exp (x/15) with R> = 0.88 in
Beijing. Except for the colors in B and F depicting the aerosol compositions, the blue, orange, and black colors correspond to the SO42~ mass concentrations of
less than 10 pg m~3 (clean), 10-20 ng m~3 (transition), and greater than 20 pg m~3 (polluted), respectively. The top and bottom of the vertical line for each box
in D and H correspond to the 95th and 5th percentiles, respectively, and the top, middle, and bottom horizontal lines of the box mark the 75th, 50th, and 25th
percentiles of the data range. The white dot in each box represents the mean value.
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both indicating weak photochemical activity (26, 27). Further
examination of the measurements in Beijing reveals markedly
continuous growths in the PM, s mass concentration and the av-
erage particle size throughout the pollution episodes (SI Appendix,
Fig. S6A and C), which are attributable to efficient formation of
SO4*", NO;~, and secondary organic aerosol (SOA) during the
hazy periods. The considerably reduced photochemical activity
during the hazy periods is also reflected in the measured decrease
in the photolysis rate coefficient of NO, (Jnoz) (ST Appendix, Fig.
S6B), evident from the anticorrelation between Jnoz and PM; s.
Clearly, the efficient PM mass and size growths at high RH and
low photochemical activity during the hazy periods are indicative
of an 1ncrea51ng importance of aqueous phase oxidation not only
for SO,>~ but also for NO;~ and SOA.

A comparison between the two fleld studies reveals some dis-
tinctions. For example, the ratio of SO, to SO, at 70% RH is 0.8
in Beijing, much larger than the corresponding value of 0.1 in Xi’an.
In addition, the SO,>~ mass fraction and the total inorganic mass
fraction in Beijing are larger than those in Xi’an, indicating that fine
PM is more hygroscopic in Beijing (21). The measured contents of
Fe and Mn of fine PM are small during the hazy periods in Xi’an
(ST Appendix, Table S1), consistent with size-resolved composition
measurements showing that the mineral elements are usually
enriched in coarse particles, because of their dust origins in China
(1, 21, 23). With negligibly low concentrations of water-soluble Fe
and Mn (SI Appendix, Table S1), the catalytic capability of the
mineral elements in fine PM is limited.

Ammonia Neutralization. To evaluate the PM acidity during the field
campaigns, we calculated the equivalent ratio of ammonium (NH4")
to the sum of SO,*~ and NOs™ (SI Appendix, Fig. S7), because these
species represent the dominant nonproton cations and anions in
fine PM, respectively. During the hazy penods in Xi’an, this ratio
remains near unity (Fig. 24). Hence, SO,*~ and NO;~ in fine PM
are completely neutralized, because of the presence of high levels of
gaseous ammonia (17-23 parts per billion, ppb) during the hazy
periods. Further analysis of the PM, s chemical compositions re-
veals that the eguivalent ratio of the total nonproton cations (NH,*,
Na*, Ca®*, Mg”*, and K*) to anions (SO,*~, NO5™, and CI7) is also
near unity (Fig. 2B and SI Appendix, Fig. SSA), with the mean values
of 1.15 + 0.14 and 1.06 + 0.06 during the transition and polluted
periods, respectively. The close balance between these cations and
anions in Xi’an further confirms that fine PM exhibits negligible
ac1d1ty Similarly, the equivalent ratio of NH,* to SO,> and NO;~

is slightly larger than unity throughout the pollution episodes in
Beijing (Fig. 24 and SI Appendix, Fig. S7TB). When the chloride
anion, which likely exists as NH4Cl in ambient PM, is included, the
ratio is reduced to 1.09 + 0.11 during the polluted period (Fig. 2B
and SI Appendix, Fig. S8B). Hence, fine PM in both locations is
effectively neutralized by ammonia with a calculated pH ~7 (SI
Appendix, Tables S1 and S2), when rapid sulfate production occurs
during the polluted period. Interestingly, our results of fully neu-
tralized fine PM in China are in contrast to a recent study showing
highly acidic aerosols in the southeast United States, despite declin-
ing atmospheric sulfate concentrations over the past 15 years (28).

An Aqueous Synergetic SO, Oxidation Pathway. To clucidate the
mechanism of SO, oxidation and interpret the rapid sulfate
production in our field measurements, we conducted a series of
laboratory experiments by exposing pure water or ammonium
(3 wt %) solutions under dark conditions to gaseous SO, and
NO; in a reaction cell. Sulfate formation was quantified (SO4

at m/z = 96, SI Appendix, Fig. S94) by thermal desorption-ion
drift-chemical ionization mass spectrometry (TD-ID-CIMS) (29,
30). When the pure water or ammonium solutions were exposed
simultaneously to SO, and NO, using either N, or air as the
buffer gas, significant SO,*~ production was detected, and the
signal was higher in the ammonium solution than in pure water
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Fig. 2. Neutralizing effect of ammonia on fine PM. (A) Equivalent ratio of NHz*
to the sum of SO4*~ and NO5~ in Xi‘an and Beijing. (B) Equivalent ratio of the
total cations to anions in Xi‘an and equivalent ratio of NH,;* to the sum of 50,2,
NOs~, and CI” in Beijing. The blue, orange, and black colors correspond to the
clean, transition, and polluted periods, respectively, as defined in Fig. 1.

(SI Appendix, Table S3). In contrast, the SO4>~ production was
absent for only SO, exposure under similar conditions, indicating
the oxidizing role of NO,. Also, there was little difference in the
measured SO,>~ production between experiments using N, and
air, suggesting negligible SO, oxidation by O, molecules.

We performed additional experiments by exposing seed particles to
gaseous SO,, NO,, and NH; under dark and variable RH conditions
in a reaction chamber (SI Appendix, Fig. S10). Size-selected oxalic
acid particles, which were used to represent organic aerosols that
dominate the early stages of haze development in China (21) (see
also Fig. 1 B and F), were simultaneously exposed to SO,, NO,, and
NH;, while the variation in the dry particle size was monitored. The
evolution in particle size distributions measured after exposure to
three different RH conditions is depicted in Fig. 34: The size dis-
tribution remains unchanged at 30% RH (i.e., identical to that of the
initially seeded particles), whereas exposures at 60% and 70% RH
lead to dramatic shifts to larger size distributions. We also conducted
eXpenments to analyze the chemical composition of exposed parti-
cles. SO4*~ production in collected particles after the exposure at high
RH is clearly evident (Fig. 3B and SI Appendix, Fig. SOB).

We quantified the growth of seed particles after exposure to
SO;, NO,, and NH3, on the basis of the measured ratio of the dry
particle sizes (Dy/D,), where D, and D, are the values after and
before the exposure, respectively. The growth factor increases
with RH, with the values of near unity (no growth) at RH< 20%
and 2.3 at 70% RH (Fig. 3C). The size growth after exposure is
explalned by SO4>~ production, as depicted in the corresponding
increase of the 1ntegrated SO,*~ desorption peak areas (Fig.
3D). Both the particle size growth and the SO,*~ formation after
the exposure to SO,, NO,, and NHj3 display a similar exponential
increase with RH, consistent with increasing hygroscopic
growth of oxalic acid particles (31). We performed additional
measurements when one or both of NO, and NH; were ex-
cluded from the exposure: In the absence of NO,, NHj, or
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sure to SO,, NO,, and NHs at 65% RH. (C) Particle growth factor after exposure to
SO,, NO,, and NHjs as a function of RH. The exponential fit is y = 1.05 + 4.0 x 10~
exp (x/6.8) with R? = 0.96. Each point corresponds to three measurements, and the
error bar denotes the SD (1o). (D) Integrated desorption peak areas of particles
collected by TD-ID-CIMS after exposure to SO,, NO,, and NH; as a function of RH.
The exponential it is y = 1.8 x 10° + 417exp (/7.9) with R? = 0.97. All experiments
were performed under the dark condition and at temperature of 298 K. The
exposure time was 60 min, and the initial particle size was 45 nm. The initial gas
concentrations were 250 ppb for SO, and NO, and 1 ppm for NH;.

both from the exposure, no observable particle growth or SO,>~
production was measured (SI Appendix, Table S4).

On the basis of our combined field and laboratory measure-
ments, we establish the occurrence of an overall aqueous re-
action between SO, and NO,,

SO, (g) +2NO,(g) +2H,0(aq) — 2H* (aq) + SO3~(aq)

+2HONO(g). 1]

Because this reaction is second order with respect to NO, accom-
modation, its rate is strongly dependent on the gaseous NO,
concentration, i.e., only proceeding efficiently under NO,-rich
conditions. This reaction is also dependent on pH, which not only
governs the solubility but also the aqueous reaction rate. For exam-
ple, when the pH value is varied from 6 to 4, the effective Henry’s
constant of SO, decreases by more than two orders of magnitude (1-
3), leading to a decreased oxidation rate of approximately two orders
of magnitude (17-19). In addition, the solubility is dependent of
temperature, ie., increasing with decreasing temperature (32-34).
Also, the reaction is self-limiting because of the acidity effect, namely
that its occurrence increases acidity in the aqueous phase and in turn
reduces the solubility and reaction rate. Nitrous acid (HONO) gen-
erated from this reaction is likely released into the gas phase because
of its limited solubility in aqueous solution (34). The measurements
in Xi’an show that the HONO concentration increases during the
pollution development, reaching 2-3 ppb during the hazy periods (S7
Appendix, Fig. S114). Also, the measured HONO concentration is
correlated with increasing RH but is inversely correlated with gas-
eous SO,, likely supporting its formation from the aqueous SO,
oxidation by NO, (SI Appendix, Fig. S11B). The previously proposed
HONO formation mechanisms include heterogeneous conversion of
NO, on ground or aerosol surfaces (1-3).

Wang et al.

Our results indicate that aqueous SO, oxidation by NO, is
favored in two atmospheric scenarios (Fig. 4), i.e., under cloud/
fog conditions and on fine aerosols with high RH (> 60-70%)
and sufficient neutralization (pH ~ 7). In-cloud SO, oxidation
proceeds in the presence or absence of a neutralizing agent,
when elevated levels of SO, and NO, coexist (Fig. 44). Cloud
droplets are large (exceeding several tens of micrometers in
sizes), and the amount of sulfate formed is sufficiently diluted
and does not appreciably alter the particle acidity (1-3). Con-
sequently, water evaporation from cloud droplets under un-
saturated conditions leads to concentrated sulfuric acid particles
(33), contributing to acid rain and regional acid deposition (9,
13). Also, in-cloud SO, oxidation can be further enhanced in the
presence of the basic species, as demonstrated in our laboratory
work for NHj (SI Appendix, Table S3). On the other hand, the
oxidation on fine PM is inhibited by the acidity effect, and the
presence of basic species (i.e., NH3) is necessary to maintain
the oxidation (Fig. 4B),

2NHj;(g) +SO2(g) +2NO0» (g) +2H,0(aq) — 2NHj (aq)

+S0% (aq) + 2HONO(g). [2]

The acidity effect is relevant to the ionic strength, which is highly
dependent on the particle size, i.e., decreasing by two to four
orders of magnitude from submicrometer aerosols to cloud
droplets (1-3, 35). Note that this acidity effect on aerosol sulfate
formation (i.e., decreasing with increasing particle size) is anal-
ogous to the Kelvin (curvature) effect, which represents a major
barrier in aerosol nucleation (36, 37). In addition, neutralization
of fine PM can be facilitated by amines, albeit at a lower atmo-
spheric concentration than NHj; (38, 39).

A

so0yg) ) . . - ON
NO,(g) . . S —> 2 -

Transition

Fig. 4. Schematic of the sulfate formation mechanisms. Variations in tem-
perature, RH, and particle size and acidity for the aqueous reactions be-
tween SO, and NO, leading to 504~ formation under in-cloud conditions
(A) and on fine PM (B). The red, black, yellow, and green colors in A and B
represent SO4%~, H*, NH,*, and SOA, respectively. (C) Anticorrelation be-
tween the photochemical activity and aqueous chemistry during the severe
haze evolution (i.e., from the clean, transition, to polluted periods) in China,
displaying the central role of the SO, to 504>~ conversion in facilitating
aqueous production of the major secondary constituents.
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Hence, the acidity, hygroscopicity, and RH represent the key fac-
tors for sulfate formation on fine PM, explaining the differences in
the various ambient measurements (14, 20-25). For example, the
acidity effect on fine aerosols is effectively overcome by NH; neu-
tralization in Xi’an and Beijing (Fig. 2). Also, the noticeably earlier
increase of the SO4>~ to SO, ratio with RH in Beijing than in Xi'an
(Fig. 1 C and G) is attributable to more hygroscopic aerosols, because
of a larger inorganic mass fraction in Beijing (Fig. 1 B and F) (21).

We derived the equivalent SO, uptake coefficient (y) for
sulfate production from our field and laboratory results in S/
Appendix, Tables S5 and S6, respectively. The y-values derived
from the Beijing measurements are (2.1 + 1.6) x 107> and (4.5 +
1.1) x 107> during the transition (41% RH) and polluted (56%
RH) periods, respectively, compared with (8.3 + 5.7) x 107> at
65% RH and (3.9 + 1.2) x 10~* at 70% RH derived from the
laboratory measurements. Hence, our laboratory experiments
reproduce the rapid sulfate production measured under polluted
ambient conditions, and these kinetic data are applicable for
quantifying sulfate formation in atmospheric models (1, 13, 14).

The Central Role of Sulfate Production in Severe Haze Development.
Our results indicate that the formation of the various secondary or-
ganic and inorganic constituents in fine PM is mutually promoting
and the severe haze development involves a transition from photo-
chemical to aqueous phase processes (Fig. 4C). During the early
stage, efficient photochemical oxidation of volatile organic com-
pounds (VOCs) leads to SOA formation (Fig. 1 B and F), which
provides an aqueous media for subsequent SO,>~ production. With
high RH and low photochemical activity during the later hazy pe-
riods, continuously large PM growth (i.e., the SO4*, NO5~, and OM
mass increases) is maintained by the aqueous chemistry (SI Appendix,
Fig. S5). In particular, the SO4* production likely represents the
most critical step in initializing the aqueous chemistry, because of
increasing particle hygroscopicity. Efficient SO, to SO4*~ conversion
not only contributes to the high SO,>~ production rate, but also
enhances formations of NO3;~ and SOA on aqueous particles,
explaining the sustained high production of the major secondary
constituents during the hazy periods in our current field measure-
ments and those of the previous studies in China (1, 21, 40). For
example, with reduced photochemistry during the hazy periods, the
measured large NO5;™ mass concentration is attributable to an en-
hanced heterogeneous conversion of NO, to HNOj;, because the
hydrolysis reaction of N,Os occurs efficiently on sulfate aerosols
(41). Also, hydration and oligomerization reactions of glyoxal and
methyglyoxal, which are produced with high yields by aromatic hy-
drocarbon oxidation from traffic emissions, are enhanced by sulfate
formation, because these reactions are highly dependent on particle
hygroscopicity (30, 32, 42). Furthermore, gascous HONO formed
from the aqueous SO, oxidation with NO, provides an additional
photochemical OH source that enhances the atmospheric oxidizing
capability during the hazy periods (43). It should also be pointed out
that severe haze formation in China is characterized by a complex
interplay between meteorological, thermodynamic, and chemical
processes (1, 21, 44).

Conclusion

Atmospheric sulfur chemistry has remained an open problem (1, 13,
14). The formation of the 1952 London “Killer” Fog is still mys-
terious in terms of the detailed chemical mechanism for SO, con-
version to sulfate (1, 45). Our results indicate that the formation of
London Fog was similar to in-cloud SO, oxidation by NO, (Fig.
4A4), because both species were present in highly elevated levels as
the coproducts of coal burning. The sulfate formation was greatly
facilitated by high RH, low temperature, and the presence of large
fog droplets (45), yielding elevated sulfuric acid levels that persisted
throughout the event. The particle acidity was regulated by tem-
perature, and water evaporation from fog droplets at warmer
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temperature resulted in concentrated sulfate acid particles (33),
explaining the highly acidic nature of the London Fog (45).

Interestingly, we show that the same sulfur problem persists
presently to contribute to severe haze formation in China, although
the fine PM is mainly nonacidic. Major emission sources in China
include industry (for SO,, VOCs, and NO,) and traffic (for VOCs
and NOy), because of its fast-growing economy and urbanization (1,
23, 46, 47). Also, there has been a rapid increase in the production
and use of nitrogen fertilizers in China, leading to high NH; emis-
sions (48). For example, the emissions of SO,, NO,, and NH; in
China are estimated to be about 22 Tg S y, 19 Tg N y, and
15 Tg N y~! in 2010, respectively (48). In addition, traffic emis-
sions have been suggested to represent an important urban NH;
source (49). High emissions of these organic and inorganic PM
precursors result in large secondary production of SO4°7, NO5™,
NH,*, and SOA in China (Fig. 4C), via the combined atmospheric
photochemical and aqueous processes (1, 21, 40, 50-53). Our
results indicate that sulfate production is key to the formation of
persistent severe haze in China (Fig. 4 B and C). Whereas current
efforts have been focused primarily on minimizing SO, emissions
(1, 14, 21), significant haze reduction may only be achievable by
disrupting this sulfate formation process. For example, controlled
NH; emissions may be important, because the acidity effect rep-
resents the key rate-limiting factor in sulfate production on fine
PM. Also, because of the second-order nature of NO, in the
aqueous SO, oxidation (i.e., reactions 1 and 2), reduction of the
NOy level is likely effective in lowering sulfate formation. In light
of large contributions to urban NO,, VOC, and NHj; levels from
transportation (1, 21, 49), regulatory actions in minimizing traffic
emissions may represent the critical step in mitigating severe haze
in China. These measures are clearly supported by our experi-
mental results, showing no particle growth or sulfate formation at
high RH when oxalic acid particles were exposed to high levels of
SO, in the absence of NH3, NO,, or both (SI Appendix, Table S4).

In addition to polluted urban areas, efficient sulfate production
is also expected in the proximity of power plant and biomass
burning plumes and ship tracks (1-3, 9, 13), where SO, and NO, are
coemitted. Because of increasingly high SO,, NO,, VOC, and basic
species (NH; and amine) emissions in many developing countries
(1, 38, 48, 49), the synergetic sulfate formation pathway identified in
our work is likely widespread globally, contributing not only to air
quality problems but also to enhanced nitrogen (i.e., NH," or NO3")
or acid (in the absence of basic species) deposition, with major im-
plications for the ecosystem vitality, greenhouse gas budgets, and
biological diversity (48). Our results highlight the necessity for com-
prehensive understanding of the atmospheric aerosol chemistry in
the development of effective pollution mitigation policies (1), to
minimize the impacts of fine PM on visibility, human health, eco-
systems, weather, and climate.

Materials and Methods

Field measurements of gaseous and PM pollutants were performed in Xi'an and
Beijing. The sampling site in Xi‘an (from 17 November to 12 December 2012) was
located on the rooftop (around 10 m above the ground) of a three-story
building on the campus of the Institute of Earth Environment of Chinese
Academy of Science (CAS) in the southwest of the city (54). The sampling site in
Beijing (from 21 January to 4 February 2015) was located on the campus of
Peking University in northwestern Beijing (21). Gaseous species and PM prop-
erties were monitored by a suite of instrumentations and methods (54-64).
Laboratory experiments were performed to evaluate SO, oxidation by NO, on
bulk solutions and aerosols under dark conditions (see also S/ Appendix). Pure
water or 3 wt % NHs solution was exposed to SO, and NO, in N, or pure air
using a reaction cell. The exposed solution from the reaction cell was analyzed by
TD-ID-CIMS for sulfate formation. To evaluate the conversion of SO, into SO~
on aerosols under conditions relevant to the atmosphere, we conducted ex-
periments by exposing seed particles to SO,, NO,, and NH3 and measuring the
size variation and sulfate formation on the exposed particles in a 1-m* Teflon
reaction chamber covered with aluminum foil (S/ Appendix, Fig. S10). Size-
selected oxalic acid particles (45 nm) were used as model aerosols in the reaction

Wang et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616540113/-/DCSupplemental/pnas.1616540113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616540113/-/DCSupplemental/pnas.1616540113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616540113/-/DCSupplemental/pnas.1616540113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616540113/-/DCSupplemental/pnas.1616540113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616540113/-/DCSupplemental/pnas.1616540113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616540113/-/DCSupplemental/pnas.1616540113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616540113/-/DCSupplemental/pnas.1616540113.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1616540113

chamber for the aqueous conversion of SO, to sulfate, by exposing to SO,, NO,,
and NH; at variable RH. The variations in the dry particle sizes and sulfate for-
mation were measured by a differential mobility analyzer and TD-ID-CIMS, re-
spectively. Additional descriptions of the instrumentation and procedures of the
field and laboratory measurements are provided in S/ Appendix.
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Measurements of SOz, NOx (NO and NO3z), O3, and PMzs
Ambient concentrations of SOz, NOx (NO and NOz2), and O3
at the two sites in Xi'an and Beijing were measured with a
time resolution of 15 min by using the Chemiluminescence
nitrogen oxides analyzer (Ecotech EC9841), sulfur dioxide
analyzer (Ecotech EC9852), and ozone monitor (Ecotech
EC9810), respectively (21, 54). The in situ mass
concentration of PMzs in Xi'an was measured using the
USA EPA-method E-BAM (Met One Instruments, Inc., USA)
system (BX-802, Met One, Inc., Grants Pass, OR, USA),
while in situ mass concentrations of PMzs in Beijing was
measured by using a heated Tapered Element Oscillating
Microbalance system (TEOM series1400a, Thermo
Scientific) (21). Both systems were operated under a flow
rate of 16.7 L min! with a PMzs inlet. Meteorological
parameters such as temperature, visibility, and relative
humidity were simultaneously measured.

Measurements of gaseous NHz and HONO and aerosol-
phase (PM:z;5) inorganic ions in Xi’an

Concentrations of gaseous NH3 and HONO and inorganic
ions (i.e, SO4%, NOs, Cl, NH4*, Na*, K+, Mg2+, and Ca?*) in
PM2swere measured on-line with a time resolution of 1 hr
by using Monitor for Aerosols and Gases in ambient air
(MARGA, Metrohm Co., Switzerland), which is widely used
for in situ measurements of both gaseous and particle-
phase acidic and basic species (55, 56).

PM_: s filter sample collection and analysis

PM2s filter sample collection was simultaneously
performed in Xi’an from 5 to 12 December 2012 using two
high-volume samplers and one mini-volume sampler. The
high-volume PM2s samples were collected onto pre-
combusted (450°C, 8 hrs) quartz fiber filter (Whatman
400, USA) at a flow rate of 1.13 m3 min! and a time
resolution of 1 hr, while the mini-volume PM2s samples
were collected onto PTFE filters (®47mm) at a flow rate of
5 L min! on a day/night basis. After sampling, all filter
samples were sealed in an aluminum foil bag individually
and stored in a freezer under -20°C prior to analysis. The
high-volume PM2s filter samples were analyzed for
elemental carbon (EC) and organic carbon (OC) by a
Desert Research Institute (DRI) carbon analyzer (57),
while the mini-volume PMzs samples were determined for
the total Fe and Mn and their water-soluble fractions (58,
59).

NH3 and PM1 chemical composition in Beijing
Concentrations of gaseous NH3 in Beijing were measured
using the same method as that in Xi’an 2012. The chemical
composition of PM1 in Beijing 2015 was measured by an
Aerodyne high-resolution time-of-flight aerosol mass
spectrometer (21). Since sulfate exists dominantly in fine
aerosols, the difference in the SO42- content between PM;
and PM:s is small, i.e,, typically less than 15% in Beijing
(21).
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Particle acidity (pH) calculation

The pH value of particles was determined by utilizing the
ISORROPIA-II model, a subroutine commonly used in
large-scale chemical transport models that incorporates
both gaseous and particle-phase measurements. An
accurate estimate of particle acidity is determined to a
high degree of accuracy on the basis of measurements of
semivolatile partitioning of certain species (e.g,
NHs/NH4*) (28, 60). ISORROPIA-II calculates the
equilibrium concentration of an aerosol composed of
inorganic species (NH4*, Na*, K*, Mg2+, Ca2+, SO42-, NO3-, and
Cl) and water. In this study, the ISORROPIA-II model was
run in the forward mode (i.e., incorporating the gas and
aerosol measurements). The pH calculation utilized
measurements of NHs, NH4*, Na*, K*, Mg?+, Ca2+, SO4%, NOs,
and Cl- for Xi'an 2012 and NH3, NHs*, SO42-, NO3-, and Cl-for
Beijing 2015. For both field campaigns, the predicted NHs
concentration by the ISORROPIA-II model was closely
correlated with the field measurements (i.e., R2 = 0.95 with
y=1.07x + 0.69 and y = 1.07x + 1.07 for Xi’an 2012 and
Beijing 2015, respectively) (Fig. S12).

Aqueous SOz oxidation by NOz on bulk solutions in a
reaction cell

Laboratory experiments were performed to evaluate SO2
oxidation by NOzon bulk solutions in a 125 mL reaction
cell. SOz and NOz in Nz or pure air was introduced into the
reaction cell and exposed to a 2 mL of pure water or 3 wt
% NH3 solution, which was placed at the bottom of the
reaction cell. The entire reaction cell was covered by
aluminum foil and maintained at the room temperature
(~298 K). After exposure over a period of 8 hrs, 1 pL of the
exposed solution from the reaction cell was analyzed by a
thermal desorption-ion drift-chemical ionization mass
spectrometer (TD-ID-CIMS) for sulfate formation.

The integrated desorption peak area of the sulfate
signal (detected as SO42 at m/z=96 by TD-ID-CIMS, Fig.
S9A) confirms that dissolved SOz in pure water is oxidized
into SO42- by dissolved NOz. For the exposure of SOz and
NOz to 3 wt % NH3 solution, the integrated peak area of
sulfate signal is increased by about a factor of two (Table
S3), suggesting that the oxidation is enhanced under a high
pH condition. Also, there is little difference in the
measured integrated peak areas of sulfate signal for
exposures using Nz and air as the buffer gas under similar
conditions, suggesting that the role of Oz in the conversion
of SOz into SO4% is insignificant. Furthermore, there is no
detectable sulfate signal (i.e., close to the background
level) with only SOz exposure (in the absence of NO2) to
pure water or 3 wt % NH3 solution under similar
conditions.

Aqueous SO: oxidation by NO:z on particles in a
reaction chamber



We conducted experiments by exposing seed particles to
SOz, NOz, and NHs at variable RH and measuring the dry
size variation and sulfate formation on the exposed
particles in a 1 m3 Teflon reaction chamber covered with
aluminum foil (Fig. S10). Prior to each experiment, the
chamber was flushed by pure N2 three times to remove
residual particles and other contaminants. Water vapor in
the reaction chamber was provided from a 5-gallon water
reservoir equipped with a water heater set at 307 K. A 2
SLPM nitrogen flow passed through the water reservoir to
produce a humidified nitrogen flow that was subsequently
introduced into the chamber. The RH in the chamber was
monitored using a 24 V (DC) RH probe located
downstream of the chamber. A differential mobility
analyzer (DMA) equipped with a condensation particle
counter (CPC) and a TD-ID-CIMS was employed to
measure the size distribution and chemical compositions
of aerosols, respectively, before and after the exposure.
Size-selected (45 nm) oxalic acid particles were used as
model particles in the reaction chamber for the aqueous
conversion of SOz to sulfate. Oxalic acid particles were
generated by utilizing a continuous flow particle generator
(TSI 3076) to atomize an aqueous solution of oxalic acid (1
wt %). The particle flow was diluted with dry nitrogen at a
4:1 ratio. Poly-dispersed seed particles were heated to 343
K to remove excess humidity from the flow and further
dried using two Nafion tubes (PD-070-18T-12SS, Perma
Pure). Particles were then charged by a 210Po radioactive
source and size selected by the DMA. A condensation
particle counter (CPC, TSI 3762) was utilized for particle
concentration measurement. Typically, the size selected
particle number concentration inside the chamber was
elevated to 5 x 104 cm-3 before gases were injected. SOz
was from Sigma-Aldrich, and NO2 and NH3 were from
Matheson. Gas samples of SOz and NOz were injected into
the chamber from pressurized lecture bottles utilizing a
mass flow controller to monitor the flow of gas into the
chamber. The concentrations in the lecture bottles were
prepared by diluting SOz or NOz with dry nitrogen. SOz,
NOz, and NH3 were introduced separately into the reaction
chamber with the initial concentrations of 250 ppb, 250
ppb, and 1ppm, and their concentrations were monitored
by a SOz analyzer, a NOx analyzer, and ID-CIMS (61-63),
respectively. The particles and gas mixture were allowed
to react for about 1 hr before measuring the size
distribution and chemical compositions of particles. The
exposed particles were then introduced into the DMA to
determine the variation in the dry particle size; particles
were heated to 343 K to remove excess humidity from the
flow, further dried using the two Nafion tubes, and charged
by a 210Po radioactive source. The particle size distribution
was determined by the DMA. To analyze the chemical
composition, the exposed particles were introduced to an
electrostatic particle collector (EPC) of the TD-ID-CIMS
and then to the CPC. The TD-ID-CIMS equipped with the
EPC was capable of collecting aerosols from 2 to 200 nm.
The aerosol flow crossed the EPC at 1.5 SLPM with a dry
nitrogen sheath flow of 0.3 SLPM. The particle flow passed
through the EPC, and particles were collected using a
voltage of 3300 V (DC) on a platinum based
collection/desorption filament. After collection, the
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particle sample was introduced into the ionization
chamber, and the filament was heated to 600 K to
evaporate the sample by applying a 2 V (AC) voltage.
Chemical ionization was achieved by utilizing the COs-
/CO4 ionization scheme to generate negative ions for the
negative mode mass spectrometry. Mass spectrometry
analysis was made using a triple quadrupole (QqQ) Extrel
ELQ 400 instrument by utilizing Selected Ion Monitoring
(SIM) for the ions of interest (i.e., sulfate or oxalic acid).
Fig. S9A illustrates the mass spectrometry analysis for an
ammonium sulfate standard solution, showing three major
peaks for the sulfate ion SO42- at m/z = 96, the bisulfate ion
HSO4 at m/z = 97, and the oxygen adduct of SO3°02-at m/z
= 122. The sulfate ion peak at m/z = 96 was employed in
our analysis for the integrated peak area of the collected
particles. Fig. S9B depicts the TD-ID-CIMS analysis of oxalic
acid particles after exposure to the gas mixture of SOz, NOz,
and NHs at 65 % RH, with a change in diameter from 45 to
75 nm. The mass spectrometry analysis shows that
collected particles contain both oxalic acid and sulfate, i.e.,
with the ions at m/z = 89, 96, 97, 112, and 122 for [oxalic
acid-H], SO042-, HSO4, SO03°02, and oxalic acid*Oz,
respectively.

Our results demonstrate a distinction for the
experiments between bulk solutions and aerosols, showing
that the aqueous SO: oxidation by NO2z occurs with and
without NHs on bulk solutions, but only in the presence of
NH3z on sub-micron particles. Our measured SO042-
formation after exposure to SOz and NOz on pure water
solution (Table S3) is in agreement with the previous
experimental studies showing sulfate production from the
reaction of NOz with dissolved SOs32- or HSOs- ions in
aqueous solutions (17-19). The higher sulfate formation by
dissolution of ammonia (at a higher pH) is consistent with
a previous study of enhanced sulfate formation with NaCl
and NaNOs salts exposed to a SO2/NH3s/air mixture (35). In
contrast, no observable particle growth nor sulfate
formation is measured on seed oxalic acid particles
exposed to SOz and NO: in the absence of NH3 (Table S4),
because of highly elevated particle acidity. Also, there is no
observable particle growth or sulfate formation when
oxalic acid particles are exposed to SOz and NH3 but in the
absence of NOz at 70% RH (Table S4). This implies that
growth of oxalic acid particles by NH3 neutralization alone
is negligible, consistent with a previous study of little size
growth of sulfuric acid nanoparticles after NH3 exposure at
high concentrations (30).

Estimation of SOz uptake coefficient
The production rate of sulfate by the aqueous oxidation of

SOz by NOz on particles is approximated by (64),
-

21~ 2YCs[50,4(9)] (1)
where d[SO?"] is the molar concentration of sulfate
produced during the time period of dt, y is the effective
uptake coefficient, Cis the mean molecular speed, S is the
aerosol surface to volume ration, and [SO,(g)]is the
gaseous SOz concentration. The y values were determined
from equation (1), using the gaseous and particle
properties measured from the field campaign and reaction
chamber study (Tables S5 and S6). For the Beijing 2015,

we identified the pollution events and divided each event



into the clean, transition, and polluted periods (as in Fig. 1)  phase SOz concentration ([SO,(g)]), and the particle
on the basis of the sulfate mass concentration. The y value  growth time (dt). In the reaction chamber experiments, the
was calculated for the each period of an individual event = measured particle growth factor (Fig. 3C) was employed to
using the mean values of the particle size (Dp), number derive the y values at different RH levels.

concentration (N), sulfate mass growth (d[S0Z7]), gas-
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Fig. S1. PM, 5 and meteorological conditions in Xi’an. (4 to C) Temporal evolutions of PM; 5 mass concentration, relative
humidity, and visibility, respectively. The shaded colors are defined similarly to those in Fig. 1.
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Table S1. Gaseous and PM pollutants and meteorological parameters during Xi’an 2012

Clean Transition Polluted

Mean Range Mean Range Mean Range
1. Gaseous pollutants (ppb)
SO, 28+17 1.0-86 5422 17-191 78+31 16—203
NOx 44449 5.0-264 76+51 15-300 92+39 25-245
O3 7.4+£7.0 0.0-26 4.14.7 0.4-11 4.1+£2.4 0.6-9.6
NH; 12+7.4 4.7-67 17+7.7 7.6—35 23+8.3 9.3-61
HONO 1.3£1.0 0.2-5.4 2.1£1.3 0.2-6.5 2.7+1.8 0.3-10
I1. Inorganic ions, Fe, Mn and organic matter in PM, s (ng m'3)
S0~ 5.9+2.2 2.3-10 14+4.4 10-20 38+14 20-83
NOs3” 8.7+4.9 1.4-25 16+6.7 3.8-35 33+10 12-55
CI 4.0+3.7 0.0—22 9.8+5.1 2.4-28 14+6.3 2.6-34
NH," 4.0+2.2 0.8-11 10+3.7 5.1-18 25+7.7 3.2-44
Na" 3.6+£3.2 0.2-8.4 4.5+£3.2 0.5-17 4.2+2.7 0.5-17
K" 1.3£0.7 0.3-4.1 3.1£1.2 1.3-7.0 4.6+1.4 1.8-8.3
Mg2+ 0.2+0.1 0.1-0.7 0.3+0.1 0.0—0.7 0.3£0.1 0.0—0.8
Ca* 1.6+1.0 0.3-6.3 2.4+1.2 0.0-5.3 2.3+1.2 0.2-5.9
Total ions 29+13 6.8—63 60+19 34-97 121£32 65-199
Fe (ug m™) 0.82+0.29  0.37-1.13 1.51£0.70 0.60-3.0 1.76£0.66  0.79-2.79
Mn (pg m™) 0.04+£0.04  0.00—0.10 0.11+0.08  0.04-0.35 0.15£0.07  0.08-0.29
Water-soluble Fe (ng m™) 1.5+2.1 0.0-6.1 4.6£3.9 0.0-14 16+5.1 7.3-23
Water-soluble Mn (ng m™) 10£2.1 3.8-20 21+8.7 11-40 4116 17-70
Organic matter (OM) 35+15 7.0-70 99433 38—-163 177+£39 116288
pH 6.70£1.40  4.43-11.0 6.04+1.24 4.16-8.03 6.96+1.33 4.14-8.16
II1. PM,; 5 and meteorological parameters
PM, s (ng m™) 43+18 8.0-74 139+65 76—613 250+120 101-839
T (°C) 5.7+4.1 -2.0-17 4.1£4.0 -2.3-11 4.1+4 .4 -3.1-14
RH (%) 46+18 14-94 56:+17 26-93 68+14 41-93
Visibility (km) 8.9+3.4 3.2-17 6.1+2.8 2.4-12 3.2+1.1 1.4-7.2

Table S2. Summary of gaseous and PM pollutants and meteorological parameters during Beijing 2015

Clean Transition Polluted

Mean Range Mean Range Mean Range
1. Gaseous pollutants (ppb)
SO, 16£10 16.9-52 26=+15 5.1-63 18+11 5.16-52
NOx 64+51 4.5-224 11690 7.2-453 91+51 7.7-236
0O; 11£9.3 0.2-33 5.946.6 0.3-34 6.8+7.8 0.3-34
NH; 6.4+5.1 0.9-27 18£11 4.4-51 17+£5.7 10-32
I1. Major inorganic ions and organic matter in PM; (ng m™)
Organic matter (OM) 23423 1.0-102 41+21 8.0-94 47+18 14-90
SOA 9.6+£9.3 0.5-35 19+6.9 7.9-45 31+10 12-53
SO+ 42427 0.3-10 14+3.1 10-20 26+3.9 20-38
NO; 6.6£7.0 0.1-30 18+6.4 1.9-44 26+13 4.5-48
Cl 0.8+0.9 0.0-7.0 1.6£1.0 0.0-5.1 1.7+£0.9 0.0-4.5
NH," 4.7+3.1 0.2-18 13£3.5 5.1-26 20+6.2 9.1-30
pH - - 7.63+0.03 7.56-7.6 7.63£0.02  7.56-7.66
I11. PM, 5 and meteorological parameters
PM, s (ug m ™) 34437 0.2-107 104+60 80272 114+44 74-192
RH (%) 21+7.3 6.1-67 41£17 15-72 5614 22-72
T (°C) 0.4+3.0 -5.9-9.0 1.4+2.8 -3.7-8.9 0.9+2.6 -1.7-8.2
Visibility (km) 40+14 8.3-50 7.1+£2.4 4.1-19 2.9+0.8 1.9-5.0
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Table S3. Detection of sulfate formation in the reaction cell

Experimental SO, NO, o Integrated sulfate desorption
run (350 ppm) (350 ppm) Water 3wt % NH; peak area (x 10° cps)
1(3) In N, In N, R X 6.8+£2.6
2(3) In N, In N, X R 11.0 +4.3
3(1) In air In air R X 6.5
4(1) In air In air X v 10.0

The symbols “¥” and “x” indicate whether a water or NH; solution was used and not used in the exposure, respectively. The
number in parenthesis on the right column denotes the number of repeating experiments.

Table S4. Detection of particle growth and sulfate formation in the reaction chamber

Experimental SO, NO, NH; Water vapor Sulfate formation Particle growth
run (250 ppb) (250 ppb) (1 ppm) (70% RH) (m/z=96)
1 N X X v No No
2 S X S R No No
3 S R S R Yes Yes
4 S R X R No No
5 V \ V X No No

The symbols “\” and “x” indicate whether a species is included or excluded in the exposure, respectively.

Table S5. Uptake coefficient (y) of SO, on aerosols during Beijing 2015

Averazge RH N . Average S P [SOa(2)] (S0, dt
891 (o 10 Do CIO Tpb)  (mgm®) (i) v=lo
(ug m™) (cm™) (nm) (cm’ cm”)
Clean 4 21 75 75.0 1.3 16.3 3.0 72 (1.6£0.7) x107
Transition 14 41 9.0 114.2 3.7 242 12.7 6.0 (2.1£1.6) x107°
Polluted 26 56 8.1 116.2 3.4 16.2 14.7 7.0 (4.5£1.1) x107°
Table S6. Uptake coefficient (y) of SO, on oxalic acid particles in the reaction chamber
RH D N S [SO4(2)] dt
o D,/D, a (x107) 2 X y+1o
0,
(%) (nm) (cm™) (cm? em™) (ppb) (min)
30 45 1.06 1.0x10° 1.3 250 60 (6.7+9.1) x10°¢
65 45 1.5 1.0x10° 4.0 250 60 (8.3+£5.7) x107
70 45 231 1.0x10° 3.4 250 60 (3.9 +1.2) x10™

Wang et al. www.pnas.org/cgi/content/short/1616540113
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