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ABSTRACT: Organosulfates are tracers for secondary organic aerosol
(SOA) formation. We propose a new mechanism of organosulfur product

r..
SO,

formation in the atmosphere, in which sulfur dioxide (SO,) reacts directly

with alkenes. The experiments were conducted at the gas—liquid interface
with a coated-wall flow tube reactor. It was shown, for the first time, that

Air
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SO, reacts efficiently with the unsaturated bond in oleic acid under
atmospheric conditions (without ozone), leading to the formation of Cy and

C,s organosulfur products. The associated uptake coefficients were in excess

Oleic Acid OrganoSulfates

of 107% decreasing with initial SO, concentration and increasing with

humidity. These results might explain a fraction of organosulfur products detected in atmospheric particles. This work tends to
elucidate the role of organosulfates’ interfacial chemistry as a potentially unrecognized pathway for their contribution to SOA
formation; however, it remains to be determined how significant this pathway is to the overall organosulfate abundances

measured in ambient aerosol.

1. INTRODUCTION

Heterogeneous reactions have attracted much attention in
recent years because of their potential importance in affecting
the transformation of trace gas pollutants and properties of
particles in the atmosphere."™* Sulfur dioxide (SO,) is an
important trace gas, and its fate may have an impact on
atmospheric chemistry; indeed, its oxidation by hydroxyl radical
(OH®) or in-cloud oxidation by various oxidants (including
transition metals) and/or stabilized Criegee intermediates
(sCIs) leads to sulfuric acid (H,SO,), which plays a key role
in new particle formation.”~® SO, can also react at the surface
of many aerosol particles such as mineral dust’'> and black
carbon,”®™*° but there have been few studies about its reactions
on organic surfaces and its contribution to organosulfate
formation.

Organosulfates are ubiquitous in atmospheric aerosols and
contribute up to 30% of the organic mass.'®'” They are tracers
for secondary organic aerosol (SOA) formation,'’~*' and they
might influence the climate by light absorption and/or by
affecting aerosol hygroscopicity.””*® Several organosulfate
formation pathways have been suggested in the past few
years,”* ™ and it is generally accepted that they are produced
through heterogeneous and multiphase reactions of oxidized
species (produced by ozone or OH®) on sulfate-containing
particles.”” " However, the knowledge of the spatial
distribution of organosulfates, conditions of formation, and
environmental impact is still limited.”"”*" We investigated the
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possible direct chemical interactions of SO, with unsaturated
compounds, i.e., oleic acid, as a source of organosulfates.

Oleic acid (OA), a monounsaturated long-chain fatty acid
(pK, = 9.85),”” has been detected in urban, rural, and marine
aerosols.”> ™ It is the most common fatty acid found in plant
membranes and has been detected at concentrations of >25 ng
m™ in atmospheric aerosols.”* Oleic acid is present in many
cooking oils and for this reason is a marker for meat cooking
aerosols.'**° The low vapor pressure of OA makes it suitable
for studies of heterogeneous chemistry. Indeed, it has been
chosen as an unsaturated model compound for atmospheric
oxidation studies.””~*

The heterogeneous reaction of SO, with OA was investigated
using a coated-wall flow tube reactor and was compared to the
reactions of SO, with stearic acid and sodium oleate. We show
for the first time that SO, reacts with OA without ozone or
other reactive oxidants (e.g, OH*®), and we report the uptake
kinetics and reaction products in the liquid and gas phases.

2. MATERIALS AND METHODS

2.1. Heterogeneous Uptake of SO, on an Oleic Acid
Film. The uptake experiments were conducted in a coated-wall
flow tube (Figure S1) coupled to a SO, detector (Thermo
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Scientific model 43i SO, analyzer) under atmospheric
conditions (293 K, 1 atm). Oleic acid (C,sH;,0,, Alfa Aesar,
99% purity) was used to coat the inner wall of a 20 cm long, 1.2
cm internal diameter (i.d.) Pyrex tube and then introduced into
the flow tube. The deposited OA mass in Pyrex tubes ranged
from 5.7 to 424 mg, corresponding to a calculated film
thickness between 0.92 and 6.87 um (see the Supporting
Information). The SO, gas phase concentration ranged from
0.3 to 11.3 X 10" molecules cm™ (corresponding to 13—453
ppb), and the relative humidity (RH) was between 0.1 and
74%. The SO, flow in synthetic air was introduced into the flow
tube through a horizontal movable injector at a flow rate of 150
or 300 mL min™". As seen for OA films, stearic acid (Alfa Aesar,
98% purity) and sodium oleate (Sigma-Aldrich, >99% purity)
films were prepared. A detailed description of the experimental
procedure is reported in the Supporting Information.

The uptake coefficient (y) was determined by observing the
loss of SO, as it was exposed to OA and was calculated from
the measured first-order loss rate constant (see the Supporting
Information).*"**

2.2. Characterization of Liquid Phase Products by
Ultra-High-Performance Liquid Chromatography
Coupled with High-Resolution Mass Spectrometry. The
liquid phase was analyzed via ultra-high performance liquid
chromatography coupled with high-resolution mass spectrom-
etry (UHPLC—HRMS). Analyses were performed on a Dionex
UltiMate 3000 UHPLC system with a C,g column coupled with
a high-mass resolution Q-Exactive Hybrid Quadrupole-Orbi-
trap mass spectrometer (Thermo Scientific) equipped with a
heated electrospray ionization source (H-ESI). Electrospray
ionization was performed in negative mode. After the reaction
of SO, with OA, the inner side of the flow tube was washed
with a certain volume of methanol calculated according to the
weight of the coated OA film to obtain a 20 mM OA solution.
The solution was then diluted with acetonitrile and ultrapure
water to obtain a 2 mM OA solution to be analyzed by
UHPLC—HRMS. More details of UHPLC—HRMS analysis are
reported in the Supporting Information.

2.3. Characterization of Gas Phase Products with a
Switchable Reagent lon Time-of-Flight Mass Spectrom-
eter. A commercially available switchable reagent ion time-of-
flight mass spectrometer (SRI-ToF-MS, Ionicon Analytik
GmbH) using both H;0* and NO" ionization modes was
used to characterize gas phase products. The SRI-ToF-MS
system was mounted at the exit of the flow reactor and sampled
at a rate of 80 mL min~! through 1.5 m of 1/4 mm id. peek
tubing heated at 60 °C. Measurements were performed at a
drift voltage of 600 V, a drift temperature of 60 °C, and a drift
pressure of 2.25 mbar, resulting in an E/N of approximately
130—135 Td (1 Td = 1077 ecm?® V'), where E is the electric
field strength and N the particle density number. The
resolution of the spectra was approximately 4000 at m/z 100.
A more detailed description of the instrument is given
elsewhere*’ (see also the Supporting Information).

3. RESULTS AND DISCUSSION

3.1. Uptake of SO, on Oleic Acid. While no significant
loss of SO, was observed on the clean glass insert (Figure S2), a
sharp and sustained decrease was observed upon its exposure to
an OA film (Figure S3). The magnitude of the SO, signal
clearly decreased with an increasingly exposed OA surface.
After exposure, the injector was moved downstream and the
SO, concentration returned to its original level, without any
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indication of SO, desorption. This suggested an irreversible
uptake of SO, on the OA surface under our experimental
conditions. These experiments were conducted under clean
carrier gas, in the absence of any additional gas phase oxidants
(such as ozone), and are indicative of an efficient uptake of SO,
onto these surfaces, which is reported here for the first time.
Table S1 summarizes the uptake coefficients at different initial
concentrations, humidities, and OA mass conditions.

While no dependence was observed as a function of the
deposited OA mass (Figure S4), Figure la illustrates the
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Figure 1. Dependence of the uptake coefficient on the initial SO,
concentration (a) and relative humidity (RH) (b).

decrease in the uptake coefficient with an increasing initial SO,
concentration, indicative of a Langmuir—Hinshelwood-type
mechanism, characterized by the adsorption of SO, followed by
a chemical reaction (on the surface or within the bulk). OA is a
viscous liquid at room temperature (viscosity of 39.2 cSt at 20
°C);* thus, SO, still could diffuse into the bulk of the film. On
the other hand, increasing humidity was seen to accelerate the
uptake process (Figure 1b), either by promoting the adsorption
of SO, or by increasing the water content of the film and
therefore the SO, solubility, in both cases enhancing the rate of
reaction of SO, with OA.

3.2. Comparison of the Reactivity of Stearic Acid,
Sodium Oleate, and Oleic Acid Films. To improve our
understanding of the reaction between SO, and OA, we
measured the reactivity of stearic acid (a saturated Ciq
carboxylic acid) and sodium oleate (unsaturated Cg bearing
a carboxylate function). For this purpose, stearic acid and
sodium oleate were exposed to SO, as described above (Figure
SS). While stearic acid did not show any reactivity, sodium
oleate moderately reacted with SO, with a surface passivation
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Table 1. Exact Masses, Detected by UHPLC—HRMS, of an Oleic Acid Film Exposed to Synthetic Air and to SO, (4.3 X 10"

molecules cm™)“

oleic acid film exposed to SO, in synthetic air

oleic acid film exposed to synthetic air

chemical detected mass integrated peak area product/oleic acid integrated peak area product/oleic acid
formula (m/z) Appm (x10% au.) ratio (x10% au.) ratio
Oxidation Products
Cy  CiHy0,” 281249 +0.4 171 1.00 125 1.00
CgH33,05 297.244 +0.8 49.34 2891 0.72 0.57
CysHayy0,” 313239 +0.8 29.83 17.48 2.90 232
CsH30,~ 315.254 +0.7 3.97 2.33 1.81 1.45
CysHy0,” 311.223 +0.9 1.84 1.08 0.03 0.03
CsHy 05" 295228 +0.6 15.40 9.02 - -
Cy,  CoH,0, 173.118 +0.9 1.64 0.96 0.83 0.67
CyH,50,” 187.098 +1.1 39.81 2333 645 517
CoH 04 171.103 +1.5 1.39 0.81 0.08 0.06
Organosulfur Products
Cis  CueHy 0,8 391.180 +14 1.00 0.59 - -
CgH33065™ 377.201 +1.2 15.01 8.79 - -
C3H3;,0,58™ 393.196 +1.3 5.26 3.08 - -
CgH350,58™ 395.211 +1.2 3.41 2.00 - -
Cy CoH,,05S™ 237.080 +1.1 9.35 5.48 - -
“Experimental conditions: flow rate of 150 mL min™" and relative humidity of 30%.
after 23 min. In comparison, the OA film sustained the o
reactivity for more than 3 h. This difference could be explained HOP S S
by the viscous nature of OA, while the oleate film was solid Oteic acid (C1eM0z)
under these conditions. Thus, saturated compounds do not l
react, in contrast to the unsaturated oleic acid and sodium o o
oleate. In addition, acidity could catalyze the uptake rate. These JOL /;:Sf\
results highlight for the first time an efficient chemical reaction HO™ (CH,)7 (CHa);~
of SO, with double bonds. Oleic acid-SO, = complex
3.3. Products, Mechanism, and Impact. Table 1 lists the l
main condensed phase products, when oleic acid is exposed to o 0.0 5.
synthetic air or SO,. Under air, UHPLC—HRMS analysis . _ JOL i . © P
shows that OA is only slowly oxidized and that, as expected, no HOT CHa) (CH7 HO™ (CHa)y (CHa)7
organosulfate products are formed. When OA is exposed to Diradical organosulfur intermediates
SO,, in the absence of any other oxidant, the formation of o,
sulfur-containing products is unambiguously observed as
reported in Table 1. Moreover, compounds with the same ros —— Oleic acia

formula (except C;gH;,0,S”) were also detected in atmos-
pheric aerosols.””*® We have to underline the fact that in the
absence of MS/MS analysis and chemical standards, these
compounds could also correspond to isomeric compounds
sharing the same formula, but arising from different sources.
The most abundant products under laboratory conditions are
detected at m/z 377.201 (C;sH;;04,87) and m/z 237.080
(C4H,,0487). The exposure of the film to SO, also increases
the extent of formation of OA oxidation products. The product
at m/z 377.201 is a Cj3 compound with the same degree of
unsaturation as OA. It could therefore be a cyclic organosulfate,
as previously observed in some photochemical reactions”’ and
for addition of SO, to double bonds.*®

Sulfur dioxide can react with alkenes via ene-reactions that
generally lead to isomerization of the double bond and in some
cases to sulfinic acids or polymeric products.** ™" Sulfur
dioxide can form 7z complexes with carbon—carbon double
bonds;>" in some cases (first step of the ene-reaction), the
complex may undergo a transformation to the corresponding
dipolar & complex (with charge separation).’’ Under our
conditions (nonpolar surface), radical, rather than ionic
reactions might be promoted, leading to diradical intermediates
(Figure 2). These kinds of intermediates have been proposed
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oxidation products

Organosulfur products

Figure 2. Suggested reaction mechanism of addition of SO, to oleic
acid.

for photoreactions of SO, with alkenes, and their interaction
with oxygen can lead to formation of reactive oxygen species
(ROS).">? Organosulfur products could be generated via
addition of SO, to the double bond,**® whereas the OA
oxidation products could be explained by radical chain reactions
triggered by ROS. Indeed, the observed products at m/z
297244 (C;gH;;057) and m/z 187.098 (CyH;sO,”) are
common lipid oxidation products.”* Gas phase products were
analyzed by connecting an SRI-ToF-MS to the exit of the flow
tube reactor. Both H;O* and NO" ionization modes were used
to analyze the gas phase. Gaseous sulfur-containing products
were not observed, probably because of their low volatility.
However, the formation of gaseous oxygenated compounds was
observed. In the H;O" ionization mode, the main product
signals detected were at m/z 143.134 [(C,H;gO)H'], m/z
145.122 [(CgH,40,)H"], m/z 131.143 [(CgH,;O)H*, octanol],
and m/z 117.127 [(C,H;cO)H", heptanol]. In NO* ionization
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mode, an increase in the level of typical fragments of nonanoic
acid and aldehydes®® was observed when the film was
exposed to SO,.

To the best of our knowledge, this is the first time that a
direct heterogeneous reaction between SO, and OA has been
reported (i.e., without any further oxidant being required). This
reaction leads to the formation of organosulfur compounds in
addition to other possible major pathways, including the acid-
catalyzed chemistry of epoxides, such as the isomeric isoprene
epoxydiols (IEPOX).””® The direct SO, addition could be
relevant in highly polluted regions such as in some urban areas
of China, where average concentrations of SO, and ozone of 15
and 65 ppbv, respectively, were reported for 2014, with peak
concentrations of SO, of >34 ppbv.”” Under such pollution
levels and by taking into consideration the reported uptake
coefficient of ozone on oleic acid at long reaction times,” and
the data presented here, we were able to estimate that
approximately 1.6—3.3% of the double bonds will still react
directly with the addition of SO, in regions with high sulfur
loadings.” This simple calculation, based on the reported
relative uptake rates, also tends to support the fact that SO,
addition, while being a minor pathway as compared to ozone
addition, will still exist in the presence of other oxidants. As
such heterogeneous SO, addition could be generalized to other
alkenes, we suggest that it could be one of several pathways of
organosulfur compound formation in the atmosphere. More-
over, this reaction triggers oxidation reactions that might
change the hygroscopicity of particles. Determining the exact
structure of the sulfur-containing product by this addition and
their existence in ambient air remains a challenge because of the
lack of standards. Nevertheless, these preliminary results are a
starting point for investigating in more detail the addition of
SO, to alkenes under environmental conditions using, for
instance, atmospheric simulation chambers or aerosol flow
tubes to assess its real significance for ambient atmospheric
aerosols.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.estlett.6b00006.

Additional information regarding the flow tube experi-
ments and product analysis (PDF)

H AUTHOR INFORMATION

Corresponding Author

*E-mail: christian.george@ircelyon.univ-lyonl.fr. Phone:
+33472445492.

Author Contributions

J.S. and ML.P. contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This study was supported by the Marie Curie International
Research Staff Exchange project AMIS (Grant 295132), the
Agence Nationale de la Recherche through the COGNAC
grant (ANR-13-BS06-0002-01), and the European Research
Council under the European Union’s Seventh Framework
Programme (FP/2007-2013)/ERC Grant Agreement 290852-
AIRSEA.

70

B REFERENCES

(1) George, C.; Ammann, M; D’Anna, B, Donaldson, D. J;
Nizkorodov, S. A. Heterogeneous Photochemistry in the Atmosphere.
Chem. Rev. 2015, 115, 4218—4258.

(2) Han, C; Liu, Y.; Ma, J.; He, H. Key Role of Organic Carbon in
the Sunlight-enhanced Atmospheric Aging of Soot by O,. Proc. Natl.
Acad. Sci. U. S. A. 2012, 109, 21250—21255.

(3) Kolb, C. E; Cox, R. A; Abbatt, J. P. D.; Ammann, M.; Davis, E.
J; Donaldson, D. J; Garrett, B. C,; George, C,; Griffiths, P. T,;
Hanson, D. R;; et al. An Overview of Current Issues in the Uptake of
Atmospheric Trace Gases by Aerosols and Clouds. Atmos. Chem. Phys.
2010, 10, 10561—10605.

(4) Rudich, Y.; Donahue, N. M.; Mentel, T. F. Aging of Organic
Aerosol: Bridging the Gap between Laboratory and Field Studies.
Annu. Rev. Phys. Chem. 2007, 58, 321—352.

(5) Finlayson-Pitts, B. J.; Pitts, . N., Jr. Chapter 1: Overview of the
Chemistry of Polluted and Remote Atmospheres. In Chemistry of the
Upper and Lower Atmosphere; Pitts, B. J. F.-P. N, Ed.; Academic Press:
San Diego, 2000; pp 1—14.

(6) Sipilae, M; Berndt, T.; Petaja, T.; Brus, D.; Vanhanen, J;
Stratmann, F.; Patokoski, J.; Mauldin, R. L.; Hyvarinen, A.-P;
Lihavainen, H.; et al. The Role of Sulfuric Acid in Atmospheric
Nucleation. Science 2010, 327, 1243—1246.

(7) linuma, Y.; Kahnt, A; Mutzel, A; Boge, O.; Herrmann, H.
Ozone-Driven Secondary Organic Aerosol Production Chain. Environ.
Sci. Technol. 2013, 47, 3639—3647.

(8) Mauldin, R. L., I1I; Berndt, T.; Sipila, M.; Paasonen, P.; Petaja, T ;
Kim, S.; Kurten, T.; Stratmann, F.; Kerminen, V. M.; Kulmala, M. A
New Atmospherically Relevant Oxidant of Sulphur Dioxide. Nature
2012, 488, 193—196.

(9) Adams, J. W.; Rodriguez, D.; Cox, R. A. The Uptake of SO, on
Saharan Dust: A Flow Tube Study. Atmos. Chem. Phys. 2008, S, 2679—
2689.

(10) Li, L; Chen, Z. M,; Zhang, Y. H.; Zhu, T.; Li, S.; Li, H. J.; Zhy,
L. H; Xu, B. Y. Heterogeneous Oxidation of Sulfur Dioxide by Ozone
on the Surface of Sodium Chloride and its Mixtures with Other
Components. J. Geophys. Res. 2007, 112, D18301.

(11) Nanayakkara, C. E.; Pettibone, J.; Grassian, V. H. Sulfur Dioxide
Adsorption and Photooxidation on Isotopically-labeled Titanium
Dioxide Nanoparticle Surfaces: Roles of Surface Hydroxyl Groups
and Adsorbed Water in the Formation and Stability of Adsorbed
Sulfite and Sulfate. Phys. Chem. Chem. Phys. 2012, 14, 6957—6966.

(12) Wy, L. Y;; Tong, S. R; Wang, W. G; Ge, M. F. Effects of
Temperature on the Heterogeneous Oxidation of Sulfur Dioxide by
Ozone on Calcium Carbonate. Atmos. Chem. Phys. 2011, 11, 6593—
6605.

(13) Nienow, A. M; Roberts, J. T. Heterogeneous Chemistry of
Carbon Aerosols. Annu. Rev. Phys. Chem. 2006, 57, 105—128.

(14) Novakov, T.; Chang, S. G.; Harker, A. B. Sulfates as Pollution
Particulates: Catalytic Formation on Carbon (Soot) Particles. Science
1974, 186, 259—261.

(15) Song, H.; Shang, J.; Zhu, T.; Zhao, L.; Ye, J.-H. Heterogeneous
Oxidation of SO, by Ozone on the Surface of Black Carbon Particles.
Chem. J. Chinese U. 2012, 33, 2295—2302.

(16) Liao, J; Froyd, K. D.; Murphy, D. M,; Keutsch, F. N;; Yu, G;
Wennberg, P. O,; St. Clair, J. M; Crounse, J. D.,; Wisthaler, A;
Mikoviny, T.; et al. Airborne Measurements of Organosulfates over the
Continental US. J. Geophys. Res.-Atmos. 2018, 120, 2990—3005.

(17) Surratt, J. D.; Gomez-Gonzalez, Y.; Chan, A. W. H.; Vermeylen,
R.; Shahgholi, M.; Kleindienst, T. E.; Edney, E. O.; Offenberg, J. H.;
Lewandowski, M.; Jaoui, M,; et al. Organosulfate Formation in
Biogenic Secondary Organic Aerosol. J. Phys. Chem. A 2008, 112,
8345—8378.

(18) Liggio, J.; Li, S.-M. Organosulfate Formation During the Uptake
of Pinonaldehyde on Acidic Sulfate Aerosols. Geophys. Res. Lett. 2006,
33, L13808.

(19) Liggio, J; Li, S. M. Reversible and Irreversible Processing of
Biogenic Olefins on Acidic Aerosols. Atmos. Chem. Phys. 2008, 8,
2039-20S5S.

DOI: 10.1021/acs.estlett.6b00006
Environ. Sci. Technol. Lett. 2016, 3, 67—72


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.estlett.6b00006
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.6b00006/suppl_file/ez6b00006_si_001.pdf
mailto:christian.george@ircelyon.univ-lyon1.fr
http://dx.doi.org/10.1021/acs.estlett.6b00006

Environmental Science & Technology Letters

(20) Surratt, J. D.; Kroll, J. H,; Kleindienst, T. E.; Edney, E. O.;
Claeys, M.; Sorooshian, A.; Ng, N. L.; Offenberg, J. H.; Lewandowski,
M.; Jaoui, M.; et al. Evidence for Organosulfates in Secondary Organic
Aerosol. Environ. Sci. Technol. 2007, 41, 517—527.

(21) Zhang, H; Worton, D. R; Lewandowski, M.; Ortega, J;
Rubitschun, C. L,; Park, J.-H.; Kristensen, K;; Campuzano-Jost, P,;
Day, D. A; Jimenez, J. L; et al. Organosulfates as Tracers for
Secondary Organic Aerosol (SOA) Formation from 2-Methyl-3-
Buten-2-ol (MBO) in the Atmosphere. Environ. Sci. Technol. 2012, 46,
9437-9446.

(22) Staudt, S.; Kundu, S.; Lehmler, H.-J.; He, X.; Cui, T.; Lin, Y.-H.;
Kristensen, K.; Glasius, M.; Zhang, X,; Weber, R. J; et al. Aromatic
Organosulfates in Atmospheric Aerosols: Synthesis, Characterization,
and Abundance. Atmos. Environ. 2014, 94, 366—373.

(23) Nguyen, T. B;; Lee, P. B.; Updyke, K. M.; Bones, D. L.; Laskin,
J.; Laskin, A.; Nizkorodov, S. A. C. D. Formation of Nitrogen- and
Sulfur-containing Light-absorbing Compounds Accelerated by Evap-
oration of Water from Secondary Organic Aerosols. J. Geophys. Res.
2012, 117, D01207.

(24) Noziére, B.; Ekstrom, S.; Alsberg, T.; Holmstrom, S. C. L.
Radical-initiated Formation of Organosulfates and Surfactants in
Atmospheric Aerosols. Geophys. Res. Lett. 2010, 37, L05806.

(25) Perrii M. J; Lim, Y. B; Seitzinger, S. P.; Turpin, B. J.
Organosulfates from Glycolaldehyde in Aqueous Aerosols and Clouds:
Laboratory Studies. Atmos. Environ. 2010, 44, 2658—2664.

(26) Rudzinski, K. J.; Gmachowski, L.; Kuznietsova, 1. Reactions of
Isoprene and Sulphoxy Radical-anions - A Possible Source of
Atmospheric Organosulphites and Organosulphates. Atmos. Chem.
Phys. 2009, 9, 2129—-2140.

(27) Lin, P; Yu, J. Z.; Engling, G.; Kalberer, M. Organosulfates in
Humic-like Substance Fraction Isolated from Aerosols at Seven
Locations in East Asia: A Study by Ultra-High-Resolution Mass
Spectrometry. Environ. Sci. Technol. 2012, 46, 13118—13127.

(28) Paulot, F; Crounse, J. D.; Kjaergaard, H. G.; Kurten, A,; St.
Clair, J. M.; Seinfeld, J. H.; Wennberg, P. O. Unexpected Epoxide
Formation in the Gas-Phase Photooxidation of Isoprene. Science 2009,
325, 730—733.

(29) Riva, M.; Budisulistiorini, S. H.; Zhang, Z.; Gold, A.; Surratt, J.
D. Chemical Characterization of Secondary Organic Aerosol
Constituents from Isoprene Ozonolysis in the Presence of Acidic
Aerosol. Atmos. Environ. 2015, DOI: 10.1016/j.atmosenv.2015.06.027.

(30) Surratt, J. D.; Chan, A. W. H; Eddingsaas, N. C.; Chan, M,;
Loza, C. L.; Kwan, A. J.; Hersey, S. P.; Flagan, R. C.; Wennberg, P. O.;
Seinfeld, J. H. Reactive Intermediates Revealed in Secondary Organic
Aerosol Formation from Isoprene. Proc. Natl. Acad. Sci. U. S. A. 2010,
107, 6640—6645.

(31) Tolocka, M. P.; Turpin, B. Contribution of Organosulfur
Compounds to Organic Aerosol Mass. Environ. Sci. Technol. 2012, 46,
7978—7983.

(32) Kanicky, J. R;; Shah, D. O. Effect of Degree, Type, and Position
of Unsaturation on the pKa of Long-Chain Fatty Acids. J. Colloid
Interface Sci. 2002, 256, 201—-207.

(33) Cheng, Y; Li, S. M. Nonderivatization Analytical Method of
Fatty Acids and Cis-pinonic Acid and its Application in Ambient PM, g
Aerosols in the Greater Vancouver Area in Canada. Environ. Sci.
Technol. 2005, 39, 2239—2246.

(34) Graham, B.; Guyon, P.; Taylor, P. E.; Artaxo, P.; Maenhaut, W.;
Glovsky, M. M.; Flagan, R. C.; Andreae, M. O. Organic Compounds
Present in the Natural Amazonian Aerosol: Characterization by Gas
Chromatography-mass Spectrometry. ]. Geophys. Res.-Atmos. 2003,
108, 4766.

(35) Schauer, J. J.; Rogge, W. F.; Hildemann, L. M.; Mazurek, M. A,;
Cass, G. R;; Simoneit, B. R. T. Source Apportionment of Airborne
Particulate Matter Using Organic Compounds as Tracers. Atmos.
Environ. 1996, 30, 3837—385S.

(36) Rogge, W. F.; Hildemann, L. M.; Mazurek, M. A,; Cass, G. R;
Simoneit, B. R. T. Sources of Fine Organic Aerosol. 1. Charbroilers
and Meat Cooking Operations. Environ. Sci. Technol. 1991, 25, 1112—
1128.

71

(37) Docherty, K. S.; Ziemann, P. J. Reaction of Oleic Acid Particles
with NO; Radicals: Products, Mechanism, and Implications for
Radical-initiated Organic Aerosol Oxidation. J. Phys. Chem. A 2006,
110, 3567—3577.

(38) Lee, J. W. L; Carrascon, V.; Gallimore, P. J.; Fuller, S. J;
Bjoerkegren, A.; Spring, D. R; Pope, F. D.; Kalberer, M. The Effect of
Humidity on the Ozonolysis of Unsaturated Compounds in Aerosol
Particles. Phys. Chem. Chem. Phys. 2012, 14, 8023—8031.

(39) Mendez, M,; Visez, N,; Gosselin, S.; Crenn, V.; Riffault, V,;
Petitprez, D. Reactive and Nonreactive Ozone Uptake during Aging of
Oleic Acid Particles. J. Phys. Chem. A 2014, 118, 9471—9481.

(40) Vesna, O.; Sax, M.; Kalberer, M.; Gaschen, A.; Ammann, M.
Product Study of Oleic Acid Ozonolysis as Function of Humidity.
Atmos. Environ. 2009, 43, 3662—3669.

(41) Keyser, L. F; Moore, S. B.; Leu, M. T. Surface Reaction and
Pore Diffusion in Flow-tube Reactors. J. Phys. Chem. 1991, 95, 5496—
5502.

(42) Zhang, D.; Zhang, R. Y. Laboratory Investigation of
Heterogeneous Interaction of Sulfuric Acid with Soot. Environ. Sci.
Technol. 2008, 39, 5722—5728.

(43) Fu, H; Ciuraruy, R; Dupart, Y.,; Passananti, M.; Tinel, L.
Rossignol, S.; Perrier, S.; Donaldson, D. J; Chen, J; George, C.
Photosensitized Production of Atmospherically Reactive Organic
Compounds at the Air/Aqueous Interface. J. Am. Chem. Soc. 2018,
137, 8348—8351.

(44) Rabelo, J,; Batista, E.; Cavaleri, F.; Meirelles, A. A. Viscosity
Prediction for Fatty Systems. J. Am. Oil Chem. Soc. 2000, 77, 1255—
1262.

(45) Kuang, B. Y; Lin, P.; Hu, M.; Yu, J. Z. Aerosol Size Distribution
Characteristics of Organosulfates in the Pearl River Delta Region,
China. Atmos. Environ. 2015, DOI: 10.1016/j.atmosenv.2015.09.024.

(46) Wang, X. K;; Rossignol, S.; Ma, Y.; Yao, L.; Wang, M. Y.; Chen,
J. M,; George, C.; Wang, L. Identification of Particulate Organosulfates
in Three Megacities at the Middle and Lower Reaches of the Yangtze
River. Atmos. Chem. Phys. Discuss. 2018, 15, 21415—21448.

(47) Jones, P. W.; Adelman, A. H. A Novel Preparation of Cyclic
Sulfites through Photosulfoxidation of Alkenes. Tetrahedron 1974, 30,
2053—-205S.

(48) Vogel, P.; Turks, M.; Bouchez, L.; Markovic, D.; Varela-Alvarez,
A; Sordo, J. A. New Organic Chemistry of Sulfur Dioxide. Acc. Chem.
Res. 2007, 40, 931—942.

(49) Raasch, M. S.; Smart, B. E. Annelation of 1,2-cyclononadiene
with Tetrachlorothiophene Dioxide. An Ene Reaction with Sulfur
Dioxide. J. Am. Chem. Soc. 1979, 101, 7733—7734.

(50) Rogic, M. M.; Masilamani, D. Organic Reactions of Sulfur
Dioxide. 3. Ene Reaction: A Facile Regiospecific Isomerization of
Olefins. J. Am. Chem. Soc. 1977, 99, 5219—5220.

(51) Booth, D; Dainton, F. S; Ivin, K. J. Thermodynamics of
Formation and Absorption Spectra of 1:1 Complexes between Sulphur
Dioxide and Olefines. Trans. Faraday Soc. 1959, S5, 1293—1309.

(52) Jones, P. W.; Adelman, A. H. Photosulfoxidation of Hydro-
carbons in the Liquid Phase. Environ. Sci. Technol. 1972, 6, 933—934.

(53) Christl, M.; Brunn, E.; Lanzendorfer, F. Reactions of Benzvalene
with Tetracyanoethylene, 2,3-dichloro-5,6-dicyano-p-benzoquinone,
Chlorosulfonyl Isocyanate, and Sulfur Dioxide. Evidence for
Concerted 1,4-cycloadditions to a Vinylcyclopropane System. J. Am.
Chem. Soc. 1984, 106, 373—382.

(54) Frankel, E. N. Volatile Lipid Oxidation Products. Prog. Lipid Res.
1983, 22, 1-33.

(55) Mochalski, P.; Unterkofler, K; Hinterhuber, H.; Amann, A.
Monitoring of Selected Skin-Borne Volatile Markers of Entrapped
Humans by Selective Reagent Ionization Time of Flight Mass
Spectrometry in NO* Mode. Anal. Chem. 2014, 86, 3915—3923.

(56) Mochalski, P.; Unterkofler, K.; Spanel, P.; Smith, D.; Amann, A.
Product Ion Distributions for the Reactions of NO* with some
Physiologically Significant Aldehydes Obtained using a SRI-TOF-MS
Instrument. Int. J. Mass Spectrom. 2014, 363, 23—31.

(57) Gaston, C. J.; Riedel, T. P.P; Zhang, Z.; Gold, A; Surratt, J. D.;
Thornton, J. A. Reactive Uptake of an Isoprene-Derived Epoxydiol To

DOI: 10.1021/acs.estlett.6b00006
Environ. Sci. Technol. Lett. 2016, 3, 67—72


http://dx.doi.org/10.1016/j.atmosenv.2015.06.027
http://dx.doi.org/10.1016/j.atmosenv.2015.09.024
http://dx.doi.org/10.1021/acs.estlett.6b00006

Environmental Science & Technology Letters

Submicron Aerosol Particles. Environ. Sci. Technol. 2014, 48, 11178—
11186.

(58) Riedel, T. P.P; Lin, Y-H.P; Zhang, Z.; Chu, K. S.; Thornton, J.
A.; Vizuete, W. G,; Gold, A,; Surratt, J. D. Constraining Condensed-
Phase Formation Kinetics of Secondary Organic Aerosol Components
from Isoprene Epoxydiols. Atmos. Chem. Phys. Atmos. Chem. Phys.
Discuss. 2015, 15, 28289—28316.

(59) Report on the State of the Environment of China: 2014.2014.
MPE, Ministry of Environmental Protection the People’s Republic of
China (http://www.mep.gov.cn/gkml/hbb/qt/201506/
W020150605384146647135.pdf) (accessed September 9, 2014).

(60) Carmichael, G. R;; Ferm, M.; Thongboonchoo, N.; Woo, J.-H.;
Chan, L. Y,; Murano, K; Viet, P. H; Mossberg, C; Bala, R;
Boonjawat, J.; et al. Measurements of Sulfur Dioxide, Ozone and
Ammonia Concentrations in Asia, Africa, and South America Using
Passive Samplers. Atmos. Environ. 2003, 37, 1293—1308.

72

DOI: 10.1021/acs.estlett.6b00006
Environ. Sci. Technol. Lett. 2016, 3, 67—72


http://www.mep.gov.cn/gkml/hbb/qt/201506/W020150605384146647135.pdf
http://www.mep.gov.cn/gkml/hbb/qt/201506/W020150605384146647135.pdf
http://dx.doi.org/10.1021/acs.estlett.6b00006

