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ABSTRACT: Aromatic organosulfates and sulfonates have
recently been observed in ambient aerosols collected in urban Fe:s 503~
sites. Anthropogenic volatile organic compounds including Sav) 0,
aromatics are considered as their precursors in the atmosphere, /\ :

but the mechanism for the formation of these compounds is still G‘R

not adequately understood. In the present study, we investigated f

the aqueous phase reactions of benzoic acid with sulfite in the ©

presence of Fe*" under various conditions. Aromatic organosulfates "

and sulfonates [hereafter called aromatic organosulfur compounds \ Q

(AOSCs)] can be formed during the reaction. The yield was ‘I A H

measured as 7.3 & 0.6%, suggesting that the formation of AOSCs )4 %ro 2

may provide an additional pathway for the fate of benzoic acid in

the atmosphere. The mechanism for AOSC formation is proposed

to be through the combination of organic radical intermediates with sulfoxy radicals, that is, SO;™ and SO, radicals. In addition to
benzoic acid, other monocyclic aromatics (i.e., benzene, toluene, salicylic acid, benzyl alcohol, and phenol) can also undergo
analogous mechanisms to produce various AOSCs. Interestingly, AOSC formation through this pathway can retain the aromatic ring
of parent aromatics, shedding light on the fact that monocyclic aromatics can also serve as the hitherto unrecognized precursors of
AOSCs in the atmosphere. Our findings provide new insights into potential sources and pathways for AOSC formation in the
atmosphere.

25-30

B INTRODUCTION

Atmospheric aerosols play a 51gn1ﬁcant role in climate,
atmospheric chemistry, and air quality.' Atmospherlc aerosols
can also have adverse impacts on human health.” A major
component of submicron aerosols is organic aerosol (OA),
comprising up to 20—90% of particle mass.” OA can be

in urban sites. Kundu et al.*® quantified the concentration
of benzyl sulfate in PM, g collected in Lahore, Pakistan, as
0.05—0.50 ng m™>. Huang et al.”’ reported that phenyl sulfate
and benzyl sulfate are the major aromatic organosulfates in
PM, ; in Xi’an, China. The concentration of phenyl sulfate and
benzyl sulfate was measured as 0.14 and 0.04 ng m™>,

measured that the contribution of

directly emitted from human activities (e.g., fossil fuel
combustion, biofuel burning, and cooking) as primary oA*
or formed as secondary OA (SOA) in the atmosphere through
the oxidation of biogenic (e.g., isoprene and monoterpenes)
and anthropogenic (e.g, aromatics) volatile organic com-
pounds (VOCS) by atmospheric oxidants (e.g, O;, OH, and
NO, radicals).”

Organosulfates are ubiquitous in atmospheric aerosols and
are considered as important tracers of SOA.°”'> Among the
most quantified and identified organosulfates are those derived
from 1sog)rene, monoterpenes, and their oxidation prod-
ucts.””?™" Laboratory studies have provided several insights
into biogenic VOC-derived organosulfate formation: uptake of
biogenic VOC-derived epoxides on ac1d1c sulfate aerosols;'>™'*
sulfate radical-initiated reactlons,16 substitution reaction of
organonltrate by sulfate,”"** and oxidation of SO, by organic
peroxides.”**

In addition to biogenic organosulfates, aromatic organo-
sulfates have also been detected in ambient aerosols collected
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respectively. Ma et al.*
benzyl sulfate to the total identified organosulfates could be up
to ~63% in Shanghai, China. Aromatic organosulfates seem to
become more significant when anthropogenic VOCs appear to
be the dominant source of SOA. Laboratory studies have
revealed that aromatic organosulfates can be produced from
the interaction of aromatics with sulfur-containing species.”**
Riva et al.’’ observed the formation of organosulfates and
sulfonates from the photo-oxidation of polycyclic aromatic
hydrocarbons (PAHs, i.e., naphthalene and 2-methylnaphtha-
lene) in the presence of sulfate aerosols. Blair et al.** detected a
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number of aromatic organosulfur species in SOA particles
formed from the photo-oxidation of diesel fuel with SO,.
However, the detailed mechanism for aromatic organosulfate
formation was not determined in these studies. However, the
photo-oxidation of monocyclic aromatics (e.g., toluene) under
conditions, that observing organosulfate formation from
biogenic VOC (e.g, methacrolein) photo-oxidation,” did
not produce detectable aromatic organosulfates.”” Monocyclic
aromatics were not regarded as aromatic organosulfate
precursors via this pathway because they were converted to
ring-opened products.””** Furthermore, it seems that current
known pathways for biogenic organosulfate formation do not
adequately explain the formation of detected aromatic
organosulfates in the atmosphere.”” Despite the fact that
aromatic organosulfates have been ubiquitously observed in
field and laboratory studies, their sources and formation
pathways are still not fully understood.

Previous studies suggested that aqueous phase reactions and
heterogeneous chemistry are efficient pathways for organo-
sulfate formation."> >*>>3¢ For instance, it was found that
organosulfates can be generated from the aqueous phase
reactions of methacrolein (MACR) and methyl vinyl ketone
(MVK) with SO, radicals.'”~*° The SO, radical is one of the
major intermediates in the autoxidation of S(IV) catalyzed bg
transition metal ions (TMIs), for example, Fe>* and Mn*',’
which is known to be an imgortant pathway for sulfate
formation in the atmosphere.”®” The mechanism proposed
involves the addition of sulfate radicals to the carbon—carbon
double bonds (C=C) of MVK and MACR as shown in
R1."72° 1t is noted that the SO, radical can also react with
aromatics through an electron transfer process that proceeds

through a different mechanism (R2).*
¢SO,” + H,C = CHR — HRCe — CH,080,"  (R1)
¢SO,” + CHy — CeH' + SO,>” (R2)

However, the formation of organosulfates, particularly for
aromatic organosulfates, from this pathway is yet to be
investigated.

Therefore, in this study, the aqueous phase reactions of
several monocyclic aromatics with sulfite in the presence of
Fe** were investigated. Benzoic acid and other abundant
atmospheric aromatics, such as benzene, toluene, salicylic acid,
benzyl alcohol, and phenol, were selected as representative
monocyclic aromatics for this study. Our study aims to show
the mechanism for the formation of aromatic organosulfates
and sulfonates from these reactions and uncover that
monocyclic aromatics can serve as precursors of aromatic
organosulfur compounds (AOSCs) in the atmosphere.

B MATERIALS AND METHODS

Batch Reactor Experiments. Details of the experiments
conducted in this study are summarized in Table 1. Aqueous
phase reactions were carried out using a 100 mL custom-built
quartz reactor thermostated by a water jacket. Na,S,0; (>97%,
Alfa Aesar) was used as the source of S(IV) in the solution
(R3). Solutions of various pH (2—5) containing Na,$,0;,
sodium benzoate (99.5%, Sigma-Aldrich), Fe,(SO,); (97%,
Sigma-Aldrich), and dissolved O, were introduced into the
reactor for a total volume of 90 mL (exp. 1—3), and then, the
reactor was sealed. The initial pH of the solution was adjusted
by H,SO, (1 M, Fluka). Field studies reported that the
concentration of dissolved iron can vary from 0.0009 to 600

Table 1. Summary of the Different Experiments Conducted
in This Study

conc. sulfur conc. conc.

aromatics (mM)  species  (mM) TMI (uM) pH

1 benzoic 2 Na$,0s 1 FeSO,); 20 S
acid

2 benzoic 2 Na,$,04 1 Fe,(SO,); 20 3
acid

3 benzoic 2 Na,$,05 1 Fe,(SO,); 20 2
acid

4 benzoic 0.5 Na,$,05 1 Fe,(SO,); 20 3
acid

5 N3,S,0, 1 Fe,(SO,), 20 3
benzoic 2 Na,S,05 1 3
acid

7 benzoic 2 Na,SO, 2 3
acid

8 benzoic 2 Na,S,05 1 MnSO, 40 3
acid

9  salicylic 2 Na,$,04 1 Fe,(SO,), 20 3
acid

10  phenol 2 Na,$,04 1 Fe,(SO,); 20 3

11  benzene 2 Na,$,05 1 Fe,(SO,) 20 3

12 toluene 2 Na,$,04 1 Fe,(SO,); 20 3

13 benzyl 2 Na,$,04 1 Fe,(SO,); 20 3
alcohol

14 benzoic 2 K,S,04 N
acid

15 salicylic 2 K,S,04 S
acid

16  phenol 2 K,S,04 S

UM in the atmospheric aqueous phase (rain, droplet, and
fog);*' thus the concentration of Fe®* was determined as 40
UM in this study. The concentration of Na,S,0; and benzoic
acid was 1 and 2 mM, respectively. The elevated benzoic acid
concentration used is aimed to obtain an unambiguous signal
of products in mass spectrometry; nevertheless, the reaction
with lower benzoic acid concentration (0.5 mM) was also
investigated (exp. 4). Several control experiments, such as the
solution of Na,S,0; mixed with Fe*, the solution of benzoic
acid mixed with Na,S,0q alone, the solution of benzoic acid
mixed with Na,SO,, were carried out (exp. 5—7). In exp. 8 in
Table 1, the effect of different TMI, MnSO, (>99%, Acros) on
AOSC formation was investigated.

$,0,°” + H,0 — 2HSO;~ (R3)

In addition to benzoic acid, the reactions of other
monocyclic aromatics, that is, salicylic acid (99%, Alfa
Aesar), phenol (>99%, Alfa Aesar), benzyl alcohol (>99%,
Fisher), benzene (99.9%, Sigma-Aldrich), and toluene (99.8%,
ACROS), with Na,S,0; in the presence of Fe** at pH 3 were
also examined (exp. 9—13). All experiments were done in the
dark at 298 K in triplicate. Aliquots were extracted at the
specific time for the duration of 60 min. Each ~1.5 mL of the
aliquot taken was immediately added with 75 uL of
formaldehyde (1 M) to quench further oxidation of S(IV).
After that, samples were analyzed using ultrahigh-performance
liquid chromatography (UPLC) equipped with a heated
electrospray ionization—high-resolution hybrid linear ion trap
mass spectrometer (HESI-HRMS Thermo Orbitrap Elite).

Additional experiments (exp. 14—16) were conducted to
investigate the mechanism of aromatic organosulfate formation
employing K,S,05 (>99%, Sigma-Aldrich) as the source of
sulfate radicals. Reactions of benzoic acid, phenol, and salicylic
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Figure 1. Mass spectra for the aqueous reaction of benzoic acid (2 mM) with Na,$,05 (1 mM) in the presence of Fe** (40 uM) at pH 3 acquired
at (a) 0 and (b) 60 min. Peaks of benzoic acid and AOSCs are labeled with green and blue color, respectively.

acid with K,S,04 were carried out at 323 K without any pH
control in the dark for 90 min, where sulfate radicals can be
produced by heating K,S,0;5 under this condition (R4).*”?
Although the OH radical is the byproduct during SO,~ radical
generation (RS), in a previous study, it was suggested that the
concentration of produced OH radicals can be negligible.*’
The concentration of aromatics and K,S,04 was 2 and S mM,
respectively. Similarly, the solution was extracted for UPLC—
MS analysis after the reaction.

$,05"" — 2080, (R4)

¢SO,” + H,0 — ¢OH + SO,>” + H” (RS)

Reactants and Products Analysis. Quantitative analysis
for reactants and products was performed by a UPLC/HESI—
HRMS operated in the negative ionization mode. A total of 10
uL of the sample without dilution was injected into the UPLC.
Products were separated by reverse-phase liquid chromatog-
raphy equipped with an Acclaim OA column (4.0 X 250 mm, §
um; Thermo Fisher Scientific) at 303 K prior to mass
spectrometric analysis. The isocratic elution was performed at
a flow rate of 0.5 mL min™" for 25 min using 70% A mobile
phase (0.1% formic acid with ultrapure water) with the
remaining B mobile phase (0.1% formic acid with methanol).
Mass spectral data were collected in the range of m/z 100—
1000, with the resolution set to 120,000. The capillary of the
MS inlet was maintained at 653 K, and the S-Lens was set to
60%.

As noted above, formaldehyde (HCHO) was immediately
added after solution extraction, as unreacted S(IV) can be
combined with HCHO to form hydroxymethanesulfonate,
corresponding to m/z 111 (CH;SO,”) in the mass spectra.
Therefore, the intensity of the peak at m/z 111 was used to
represent the concentration of S(IV) in this study. Several
commercial aromatic organosulfates and sulfonates were
employed as standards for AOSC quantitation and structure
identification. Phenyl sulfate (>98%, TCI, retention time (RT)
11.47) and tolyl sulfate (>98%, TCI, RT 14.52) were
employed as surrogates to quantify formed aromatic organo-
sulfates. 4-phenolsulfonic acid (99%, Acros, RT 6.03), 4-
sulfobenzoic acid (98%, Acros, RT 6.43), and 2-formylbenze-
nesulfonic acid (>98%, Frontier Scientificc RT 8.74) salts
served to quantify the amount of aromatic sulfonate formation.
Their calibration curves are provided in Figure S1.

For the reaction of benzoic acid (exp. 2) or toluene (exp.
12) with Na,S,05 in the presence of Fe®’, complementary
analyses were carried out by HESI-HRMS using the direct
infusion mode under the negative ionization mode. Samples
were diluted by a factor of 10 with methanol (Fluka) before

11859

analysis. The details of this method can be seen in our previous
work."” Selected products were further analyzed using MS?
fragmentation to confirm their structures with a normalized
collision energy level of 10—35 V in the range of m/z 50—500.

B RESULTS AND DISCUSSION

AOSC Formation from Benzoic Acid. Figure 1 shows the
mass spectra for the reaction of benzoic acid with Na,S,05 in
the presence of Fe’* at pH 3 acquired at (a) 0 and (b) 60 min
using the direct infusion mode. Comparison of the spectra
reveals a number of products formed after the reaction. Major
products containing the R—SO; or R—SO, group, that show
the appearance of peaks at m/z 80 (SO;~), 81 (HSO;"), or 96
(SO,7) in MS? spectra,”* are labeled in Figure 1. Their exact
mass, number of isomers, suggested formula, and possible
structure are displayed in Table 2. Figure S2 presents extracted

Table 2. Exact Mass, Formula, the Number of Isomers, and
the Structure of AOSCs Formed in the Reaction of Benzoic
Acid with Na,$,0; in the Presence of Fe®*

m/z Error Retention time
Formula . Structure
M-H] (ppm) (min)
SO;~
156.99658 0.57 CeHsS03 7.29
SO;~
6.03,9.47
OH
17299142 0.10 CsHsS04 050;-
11.47
0805~
188.98625 -0.36 C¢HsS0s 7.22,7.46,11.68 P
0S0;~
21698109 -0.65 C7HsS0¢ 7.14
COOH

ion chromatograms (EICs) of these compounds, and Figure S3
shows the corresponding MS® spectra. The MS? spectrum of
m/z 157 shows a peak at m/z 80 and the loss of SO, (m/z 93,
M-S0,) in accordance with the expectation of sulfonate.
Thus, m/z 157 was identified as phenyl sulfonate. Three
isomers were observed for m/z 173 with the formula of
C¢H;SO,~ (Figure S2b). Two of these isomers were identified
as phenyl sulfate (RT 11.47) and 4-phenolsulfonate (RT 6.03)
by the comparison with authentic standards. The remaining
isomer may be a different structure of phenolsulfonate. Figure
S2c displays that m/z 189 also contains three isomers. The m/z

https://dx.doi.org/10.1021/acs.est.0c05644
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Scheme 1. Proposed Pathways for the Formation of Aromatic Organosulfates, m/z 173, 189, and 217, from the Aqueous

Reaction of Benzoic Acid with Sulfate Radicals
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Scheme 2. Proposed Pathways for the Formation of Aromatic Sulfonates, m/z 157 and 189, from the Aqueous Reaction of

Benzoic Acid with Sulfite and Sulfate Radicals
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189 corresponds to the formula C4H;SO;~, which is
compatible with a hydroxyphenyl sulfate or dihydroxyphenyl
sulfonate. However, because of the absence of an ion at m/z
125 (C¢H;O5~, M—S0,) and high intensity of the fragmenting
ion at m/z 109 (C¢H;O,”, M—S0,), indicating the loss of SO,
as the neutral fragment, m/z 189 was tentatively assigned to
hydroxyphenyl sulfate. The peak at m/z 217 with the formula
of C;H SOy reveals the benzoic acid backbone on the basis of
the fragmenting ion at m/z 173 (C4HSO,~, M—CO,). The
possible isobaric structure of sulfosalicylic acid was excluded by
the absence of fragmenting ion at m/z 153 (C,H;0,”, M—
SO,), which is specific to aryl sulfonate. Thus, the assignment
of m/z 217 was determined to be most likely benzoic sulfate.
EICs shown in Figure S2 also provide the convincing evidence
that these ions are the substantial products formed from the
reaction rather than adducts that form because of the
electrospray ionization process. The results of control
experiments verify that these AOSCs cannot be generated
either from the solution of benzoic acid mixed with Na,S,04
alone or from the solution of benzoic acid mixed with Na,SO,.
Therefore, the formation of these products most likely arises
from the oxidation of benzoic acid by sulfoxy radicals (i.e.,
SO;™ and SO,” radicals) formed during the autoxidation of
S(IV) catalyzed by Fe®'.

The oxidation of benzoic acid by the SO, radical is initiated
via an electron transfer step that generates a carboxyphenyl
radical intermediate. This radical can react with H,O to form
hydroxyl benzoic acid or undergo decarboxylation to produce a
phenyl radical.***” Upon further reactions, the phenyl radical
can be converted into phenol or other products, for example,
catechol and hydroquinone.”” In addition to phenol and
hydroxyl benzoic acid, as mentioned above, AOSCs were also
observed during the reaction. To the best of knowledge, the

11860

formation of AOSCs has not been previously reported.
Interestingly, except m/z 217, m/z 157, 173, and 189 reveal
the structure that does not retain the carboxylic group,
suggesting that these AOSCs are produced from phenyl
radicals. The plausible pathways for the formation of observed
AOSCs are proposed in Schemes 1 and 2.

Scheme 1 shows the mechanism for the formation of
observed aromatic organosulfates. According to the structure
of m/z 217, it is elucidated through the combination of the
carboxyphenyl radical with the SO, radical. Although the peak
intensity of m/z 217 is weak, its appearance complements the
addition pathway for the fate of the carboxyphenyl radical.
Similarly, the reaction of the phenyl radical with the SO,~
radical results in the production of phenyl sulfate (m/z 173).
The m/z 189 signal shows the structure of phenyl sulfate with
the substitution of a hydroxy group (Table 2); hence, this
product seems to arise from the further oxidation of phenol. It
is noted that hydroxyl benzoic acid can also be the precursor of
m/z 189 through decarboxylation followed by the combination
with sulfate radicals. However, contrary to benzoic acid,
decarboxylation is not the preferential pathway for the fate of
hydroxyl benzoic acid oxidized by sulfate radicals.*® The m/z
189 produced from hydroxyl benzoic acid may not be the
major pathway for the formation of this product.

Overall, organosulfates are mainly thought to be produced
from the combination of the corresponding precursor radicals
with SO, radicals. To verify the involvement of SO, radicals,
the reaction of benzoic acid with K,S,04 at 323 K was
performed. Figure 2 shows that m/z 173 and 189 can also be
produced from the reaction. Without pH control and other
reactants added, the observation of organosulfate formation
must originate from the reaction of benzoic acid with SO,~
radicals. As discussed above, observed m/z 189 is speculated to

https://dx.doi.org/10.1021/acs.est.0c05644
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Figure 2. Concentrations of identified aromatic organosulfates (m/z
173, 189, and 233) produced from the reaction of benzoic acid,
phenol, or salicylic acid with K,S,04 at 323 K for 90 min. The
concentration of aromatics (i.e, benzoic acid, phenol, and salicylic
acid) and K,S,0; was 2 and S mM, respectively.

be mainly produced from phenol rather than hydroxyl benzoic
acid. Therefore, we also carried out the reactions of phenol and
salicylic acid with K,S,0y4 at 323 K to validate the speculation.
It is noted that m/z 233 (C,HSO,”), which retains the
benzoic acid backbone, is the dominant AOSC formed in the
reaction of salicylic acid with SO,” radicals. This result
demonstrates that decarboxylation is not the major pathway
for hydroxyl benzoic acid degradation. Another robust
evidence is that the concentration of m/z 189 produced
from phenol is an order of magnitude greater than that
produced from salicylic acid.

Analogous to aromatic organosulfates, the pathways for
aromatic sulfonate formation shown in Scheme 2 are
elucidated through the combination of organic radicals with
SO;™ radicals. The reaction is also initiated from the oxidation
of benzoic acid by SO, radicals with carboxyphenyl radical
production. m/z 157 and 173 are generated from the reaction
of benzyl radicals and phenyl radicals with sulfite radicals,
respectively. Similar to m/z 189, m/z 173 is speculated to be
mainly produced from phenol rather than hydroxyl benzoic
acid.

Figure 3 shows the time profile of benzoic acid and S(IV)
concentrations and AOSC formation in the reaction of benzoic
acid with Na,$,05 in the presence of Fe** at pH 3. According
to the concentration of AOSCs formed and the concentration
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Figure 3. Time dependence of benzoic acid and S(IV) concen-
trations, as well as AOSC formation in the reaction of benzoic acid
with Na,$,0; in the presence of Fe** at pH 3. Experimental
conditions: [Na,S,0;] = 1 mM; [benzoic acid] = 2 mM; [Fe**] = 40
uM; T = 25 °C.
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of S(IV) consumed after the reaction, the yield of AOSC
formation from sulfur was calculated as 0.4%. Our previous
work reported that the yield of OSC formation in the reaction
of MVK/MACR with S(IV) in the presence of Fe** could be
up to 40%.”° It is noted that the value of yield is much higher
from MVK/MACR than benzoic acid. This discrepancy may
be attributed to the different mechanisms for the formation of
OSCs between benzoic acid and MVK/MACR. OSC produced
from MVK/MACR is initiated by the addition of sulfoxy
radicals to C=C. OSC can be directly formed in the first step
(Reaction R1). However, as shown in R2, the initial step for
the reaction of benzoic acid with sulfate radicals is an electron
transfer, resulting in the formation of the carboxyphenyl radical
and sulfate. OSC is formed via the further oxidation of the
carboxyphenyl radical. The yield of AOSC formation from
benzoic acid is also calculated by the ratio of the concentration
of AOSC formed to the concentration of benzoic acid
consumed after reaction. The yield was measured as 7.3 +
0.6%, indicating that AOSC formation may be an important
pathway for the fate of benzoic acid. At 0.5 mM benzoic acid,
the yield was calculated as 7.5%, which is similar to that at 2
mM benzoic acid under the same experimental conditions.
Except for the formation of AOSCs, Figure S4 shows that the
reaction of benzoic acid with sulfoxy radicals also has an
impact on the S(IV) autoxidation. The autoxidation of S(IV)
catalyzed by Fe®' is significantly inhibited by the presence of
benzoic acid, and the inhibition effect positively depends on
the initial concentration of benzoic acid. This observation is
consistent with the previous study which also investigated the
effect of benzoic acid on S(IV) autoxidation.”® It is noted the
inhibitory effect could also be possibly caused by the decreased
amount of catalytically active Fe** because of the complexation
of Fe** with organic acids.*’” However, a previous study found
that no detectable inner-sphere complexes were formed when
Fe** was added to the solution of benzoic acid.>® Therefore, in
this study, Fe-catalyzed S(IV) autoxidation inhibited by the
presence of benzoic acid may be ascribed to the scavenging of
sulfoxy radicals by benzoic acid.

Benzoic Acid-Derived AOSC Formation at Different
pH Values and Different Sources of Sulfoxy Radicals.
Given the varying range of pH values, from slightly alkaline to
highly acidic, in aqueous phase environments in the
atmosphere,”" the effects of pH on the formation of AOSCs
were investigated. It is expected that higher solution acidity can
promote the production of sulfoxy radicals,”” thereby
facilitating AOSCs formation. However, conversely, the
concentration of AOSCs measured at pH 5 (5.1 + 0.1 uM)
is comparable with that at pH 3 (5.3 + 0.3 uM). It is noted
that the fraction of protonated (C4H;COOH) and deproto-
nated (C¢H;COO™) benzoic acid is also closely related to the
solution pH values. Previous studies reported that the rate
constant of SO, radicals reacted with CH;COO is at least an
order higher than that of reacted with CH;COOH.”>** Thus,
in this study, the reaction of SO, radicals with C¢qH;COO~
may be much faster than the reaction of SO, radicals with
CcH;COOH as well. As shown in Figure S5, ~10% benzoic
acid is in the form of C;qH;COO™ at pH 3, while this ratio
increases to 70% at pH S. Because of the higher fraction of
deprotonated (C4H;COO™) benzoic acid, although the
efficiency of sulfoxy radical production at pH § is lower than
that at pH 3, the concentration of AOSCs at pH 5 is still
comparable with that at pH 3. This may also be the possible
explanation for the observation that the concentration of
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AOSCs at pH 2 (0.83 uM) is much lower than that at pH 3
given that benzoic acid is fully protonated at pH 2 (Figure SS).

As shown in Schemes 1 and 2, AOSC formation is
elucidated through the reaction of benzoic acid with sulfoxy
radicals formed from Fe-catalyzed S(IV) autoxidation. Mn®* is
known as another important catalyst for S(IV) autoxidation in
the atmosphere.”” In this study, the reaction of benzoic acid
with Na,S,0s in the presence of Mn®* at pH 3 was also
performed. It was found that the concentration of AOSCs
formed in the presence of Mn** (0.10 + 0.01 uM) was much
lower than that in the presence of Fe** (5.3 + 0.3 uM) under
the same experimental conditions. It may be partially
attributed to the lower production of sulfoxy radicals by the
fact that only ~20% of S(IV) was consumed after 1 h reaction.
Nevertheless, the observation of AOSCs formed in the
presence of Mn*" further demonstrates that sulfoxy radicals
play an important role in AOSC formation.

AOSC Formation from Other Monocyclic Aromatics.
In addition to benzoic acid, AOSC formation from other
monocyclic aromatics was also examined (exp. 9—13). Figure
S6a shows the mass spectrum for the reaction of toluene with
Na,$,0; in the presence of Fe**. m/z 171 and 187 were the
major AOSCs produced during the reaction. The weak peak at
m/z 171 (C;H,SO;”) was speculated as arylsulfonate. Two
isomers were observed for m/z 187 with the formula of
C,H,SO,". One of the isomers was established as tolyl sulfate
by the comparison with the authentic standard. It is noted that
MS? spectrum of m/z 187 displays a distinct fragmentation
peak at m/z 96 (SO,~) (Figure S6b). This peak cannot arise
from tolyl sulfate because the elimination of sulfate radicals is
less favorable when the sulfate functional group is directly
attached to the aromatic ring.44 Thus, another isomer of
C,H,SO,” was inferred as benzyl sulfate that can produce the
fragmentation ion at m/z 96. Scheme S1 shows possible
pathways for the formation of tolyl sulfate and benzyl sulfate
via the reaction of toluene with sulfate radicals. Additionally,
other monocyclic aromatics investigated can also undergo
analogous mechanisms as proposed for benzoic acid to
produce corresponding AOSCs. This observation suggests
that this sulfoxy radical-involving mechanism can be potentially
applied for other aromatic compounds in the atmosphere. The
concentration of AOSCs produced from the reaction of
different monocyclic aromatics (i.e., salicylic acid, benzoic acid,
benzyl alcohol, benzene, toluene, and phenol) with Na,$,0; in
the presence of Fe** at pH 3 is shown in Figure 4. The
pronounced difference in terms of the concentration of AOSCs
formed between different aromatics was found. This difference
cannot be fully ascribed to their different reactivity toward
sulfate radicals. For instance, the rate constant (kgo,*~) of

benzene and toluene with sulfate radicals was reported as (6.4
+2.5) x 108 L M~ s7' and (1.3 + 0.6) X 10° L M™* 57}
respectively.”* However, the concentration of organosulfur
compounds produced from toluene is ~20 times larger than
that produced from benzene. The possible explanation for
these differences is not clear, and further study is warranted.
Atmospheric Implication and Conclusions. The
current study reveals a plausible mechanism for AOSC
formation through the aqueous phase reactions of monocyclic
aromatics with sulfite in the presence of Fe**. The mechanism
is elucidated by the combination of organic radical
intermediates with sulfate or sulfite radicals. AOSCs formed
through this pathway can retain the aromatic ring of parent

AOSC formation (uM)
|

2

N . I
| [

0 I I I

Benzene Benzyl alcohol Benzoic acid Phenol  Salicylic acid ~ Toluene

Figure 4. Concentration of AOSCs produced from the reaction of
different monocyclic aromatics (2 mM, i.e., benzene, benzyl alcohol,
benzoic acid, phenol, salicylic acid, and toluene) with Na,S,04 (1
mM) in the presence of Fe** (40 uM) at pH 3 for 60 min.

aromatics, shedding light on that monocyclic aromatics, for
example, toluene, can also serve as the hitherto unrecognized
precursors for aromatic AOSCs in addition to PAHs.”' Many
of AOSCs, such as phenyl sulfate (m/z 173) and benzyl sulfate
(m/z 187) identified in this study were also observed in
ambient aerosols collected in urban sites,*>>”*7° suggesting
that aromatic oxidation by sulfoxy radicals may be the potential
source for AOSC formation in the atmosphere. Further
investigations about extrapolating these reactions from bulk
to the aerosol phase and evaluating the importance of these
reactions in the atmosphere are warranted.
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