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Abstract. Aromatic organosulfates (aromatic OSs) are widely detected in the atmosphere and exhibit high abun-
dance in urban areas. However, the atmospheric fate and environmental impacts of aromatic OSs remain poorly
understood. In this study, we investigated the liquid-phase reactions of three aromatic OSs (i.e., phenyl sulfate,
p-tolyl sulfate, and 4-ethylphenyl sulfate) with OH radicals (+OH). The second-order reaction rate constants (k)
of aromatic OSs with *OH were measured in the range of 4.3-6.4 x 10° M~ s~! at different pHs. It is found
that k values are similar for the homologues of aromatic OSs, whereas they are slightly affected by the solution
pHs. These three aromatic OSs oxidized by *OH mainly yielded functionalized OSs, along with fragmented OSs
and inorganic sulfate. The observation of inorganic sulfate formation, for the first time, indicates that aromatic
OSs can also be converted into inorganic sulfate in analogous to aliphatic OSs. Furthermore, generated function-
alized OSs can significantly enhance the light absorption capacity, particularly under acidic conditions. These
findings provide new insights into the understanding of the fate of aromatic OSs in the atmosphere that they can
rapidly undergo atmospheric transformation, affecting the atmospheric sulfur cycle and altering aerosol optical

properties.

1 Introduction

Secondary organic aerosols (SOA) play a significant role in
regional air quality, climate change, and public health (Shri-
vastava et al., 2017; Peng et al., 2023; Liu et al., 2022).
Organosulfates (OSs), organic compounds characterized by
a sulfate ester functional group (R—O—SO37), have been
widely detected in SOA in various environments (from re-
mote to highly polluted) (Kristensen and Glasius, 2011;
Zhang et al., 2012; Hansen et al., 2014; Hu et al., 2015;
Wang et al., 2018; Ma et al., 2025), accounting for up to 30 %
of particulate organic mass (Surratt et al., 2008; Lukécs et
al., 2009; Tolocka and Turpin, 2012; Li et al., 2025). OSs
can be produced from the reactions involving either bio-
genic volatile organic compounds (VOCs) such as isoprene
and monoterpenes, or anthropogenic VOCs such as diesel

fuel vapor and aromatics (Hettiyadura et al., 2019; He et al.,
2022; Wang et al., 2022; Thomas et al., 2025). In remote or
clean areas, OSs were typically measured with the structure
characterization of isoprene, monoterpenes, and their deriva-
tives (Surratt et al., 2008; Zhang et al., 2012; Hettiyadura et
al., 2017). For example, Thomas et al. (2025) reported that
IEPOX-OS (C5H1207S) is the dominant species of OSs in
aerosols in the Amazonian rainforest. In urban areas, in ad-
dition to isoprene and monoterpenes derived OSs, other OSs
containing an aromatic ring were also observed in collected
aerosols (Kundu et al., 2013; Staudt et al., 2014; Huang et
al., 2018; Wang et al., 2021; He et al., 2022). He et al.
(2022) identified four kinds of aromatic OSs (i.e., phenyl
sulfate, methylphenyl sulfate, benzyl sulfate, and phenethyl
sulfate) with concentrations ranging from 0.04 £0.08 to
2.374+3.59 ngm’3 in PM» 5 collected in Chengdu, China.
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Previous study observed that aromatic OSs can account for
up to 63.5 % of the total identified OSs in a megacity in China
(Ma et al., 2014).

Extensive research has been conducted to elucidate the
mechanisms of OS formation in the atmosphere. The pro-
posed formation mechanisms include: (a) the reactive uptake
of epoxides on acidic sulfate aerosols. This pathway has been
established as an important mechanism for the formation of
isoprene-derived OSs (Surratt et al., 2010; Lin et al., 2013;
Riva et al., 2019; Lei et al., 2022); (b) the multiphase reac-
tions of unsaturated hydrocarbons with either sulfate radical
(+SO47) or sulfur dioxide (SOy). Previous studies revealed
that the addition of *SO4~ on the C=C bond can result in the
formation of OSs in aqueous aerosols (Noziere et al., 2010;
Schindelka et al., 2013), and SO; can effectively react with
unsaturated fatty acids to form OSs (Shang et al., 2016; Pas-
sananti et al., 2016); (c) heterogeneous reactions of organic
peroxides with SO;. Recent laboratory studies have shown
that SO, can also be oxidized by organic peroxides rapidly
with the production of OSs other than sulfate (Wang et al.,
2019; Yao et al., 2019, 2023); (d) substitution reaction of or-
ganic nitrates (ONs) by sulfate (Darer et al., 2011; Hu et al.,
2011). Darer et al. (2011) and Hu et al. (2011) observed the
formation of OSs during the process of ON hydrolysis in the
presence of HySOy; (e) acid-catalyzed esterification of alco-
hols. While laboratory studies reported OS formation from
sulfate esterification (Iinuma et al., 2007), subsequent kinetic
studies suggested that this reaction is too slow under typical
tropospheric conditions (Minerath et al., 2008).

Compared to the formation of OSs, understanding of the
fate of OSs is still limited. Hydrolysis has been identified as
an atmospheric removal process for OSs, with rates depend-
ing on the acidity of the aerosol and the molecular structure
(Darer et al., 2011; Hu et al., 2011; Mael et al., 2015). Ter-
tiary OSs were found to hydrolyze effectively under acidic
conditions, while primary and secondary OSs were relatively
stable. Additionally, OSs can also be further oxidized by
OH radicals (+OH) after formation. Lai et al. (2024) inves-
tigated the kinetics of reactions of methyl sulfate and ethyl
sulfate with OH, finding that the rate constant (k) may be
significantly affected by the carbon chain length. This find-
ing was also confirmed for more kinds of aliphatic OSs (i.e.,
methyl sulfate, ethyl sulfate, and propyl sulfate) (Gweme and
Styler, 2024). Chen et al. (2020b) detected the products of
2-methyltetrol sulfate diastereomers (IEPOX-OS) oxidized
by *OH heterogeneously, observing various fragmented and
functionalized OSs after reactions, which their formation
pathways were previously unknown in the atmosphere. Dur-
ing the oxidation of some OSs (e.g., methyl sulfate, ethyl
sulfate, 2-methyltetrol sulfate, and «-pinene derived OSs)
by +OH, it is interesting to find that OSs can also return
to inorganic sulfate except for new OS formation (Kwong
et al., 2018; Xu et al., 2020, 2024). In addition to labora-
tory studies, Tsona et al. (2025) employed quantum chem-
ical calculation based on density functional theory to ver-
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ify the formation of inorganic sulfate from the gas-phase
and aqueous-phase reactions of OSs with +OH. It should be
noted that currently limited research about the fate of OSs
has focused on the biogenic OSs or small alkyl OSs. Little
is known about the kinetics and mechanisms for the con-
version of aromatic OSs, which is another important kind of
OSs, particularly in the urban aerosols. A very recent study
investigated the liquid-phase *OH oxidation of phenyl sul-
fate other than aliphatic OSs (Gweme and Styler, 2024), ob-
serving that the k& value of phenyl sulfate is much higher
than that of aliphatic OSs. After reactions, they observed the
new OSs formed (e.g., hydroxyphenyl sulfate and dihydrox-
yphenyl sulfate), but without any evidence of inorganic sul-
fate production. However, whether aromatic OSs can be con-
verted into inorganic sulfate or not remains unclear since they
did not observe the presence of inorganic sulfate for aliphatic
OSs as well. Therefore, to better characterize and understand
the liquid-phase reactions of aromatic OSs with *OH, further
research is warranted.

In this study, we investigated the liquid-phase reactions
of atmospherically relevant aromatic OSs (i.e., phenyl sul-
fate, p-tolyl sulfate, and 4-ethylphenyl sulfate) with «OH. Our
study aims to explore the influence of substituent structure on
reaction kinetics and elucidate the mechanisms for the con-
version pathways of aromatic OSs in the atmosphere. More-
over, given that the oxidation of aromatic organic compounds
often induces significant alteration in the optical properties of
the reaction system (Li et al., 2021; Arciva et al., 2024), the
changes in optical properties were also examined.

2 Materials and methods

2.1 Baitch reactor experiments

Experiments of the liquid-phase *OH oxidation of aromatic
OSs were carried out in a 150 mL custom-built quartz reactor
thermostated by a water jacket. OH radicals were generated
through the aqueous photolysis of 10 mM H>O; (30 %, Hu
Shi) under irradiation from a 300 W Xenon arc lamp to sim-
ulate sunlight. Three commercial aromatic OSs (i.e., phenyl
sulfate (> 98 %, Macklin), p-tolyl sulfate (> 98 %, Macklin),
and 4-ethylphenyl sulfate (> 98 %, Sigma-Aldrich)) were
used as representative of aromatic OSs. The solution con-
taining each aromatic OS, H>O5, and dissolved O; was intro-
duced into the quartz reactor with a total volume of 100 mL,
and was agitated by an electromagnetic stirrer. Subsequently,
the reactor was sealed, and the lamp was ignited to start the
reaction. Given the varied pH values in aqueous environ-
ments in the atmosphere (from 1 to 9) (Herrmann et al., 2015;
Pye et al., 2020), the solution was adjusted to pH3 (using
36 %-38 % HCI, Hu Shi) and pH 8 (using phosphate buffer
(NaaHPO4 and NaH,PO4)) to represent acidic and alkaline
conditions, respectively. All experiments were performed at
298 K at least in duplicate. Details of the experiments carried
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out in this study are summarized in Table S1 in the Supple-
ment.

Kinetic experiments were performed with 0.05mM of
each aromatic OS in the presence of a reference compound
(i.e., sodium benzoate (BA, 98 %, Macklin)) over the reac-
tion time of 2h. Two sets of control experiments were car-
ried out. One involved irradiating a solution of each aro-
matic OS alone to investigate the effects of light only. An-
other set combined each aromatic OS with H,O, in the dark
to preclude the interference from H,O,. Reaction progress
was tracked by withdrawing 1 mL aliquots at 30 min in-
tervals for direct analysis via either ultrahigh-performance
liquid chromatography (UPLC, Agilent 1260) or ion chro-
matography (IC, Dionex ICS-600), without any intermedi-
ate processes or dilution. Mechanism experiments were con-
ducted the same as the kinetic experiments, except that BA
was not added. After reactions, 0.5 mL of the sample was
taken and was immediately stored at —20 °C prior to prod-
uct analysis using ultra-performance liquid chromatography
equipped with a quadrupole time-of-flight mass spectrome-
ter (UPLC-Q-TOF-MS, Bruker Impact HD). Control experi-
ments of each aromatic OS and H,O; in the dark were also
performed for comparison in order to eliminate the possibil-
ity of detected products resulting from analytical artifacts. To
enhance the detection of optical changes, we also conducted
experiments at higher aromatic OS concentrations (0.5 or
1 mM) over an extended period of 8 h. For these experiments,
the sample was taken every 4 h for immediate measurement
of its absorbance spectra using a UV-vis spectrophotome-
ter (Duetta™, Horiba Scientific) and its excitation-emission
matrix (EEM) fluorescence spectra by a fluorescence spec-
trometer (Duetta™, Horiba Scientific). After reactions, the
sample was also analyzed by ultrahigh-performance liquid
chromatograph coupled with a photodiode array detector and
an Orbitrap mass spectrometer (UPLC-PAD-MS, Thermo
Fisher Scientific) to investigate how optical changes were af-
fected by the formation of chromophores. 0.5 mL sample was
diluted with 0.5 mL H,O and 0.25 mL acetonitrile, and then
the resulting solution was stored at —20 °C before analysis.

2.2 Kinetic measurements

The second-order rate constant of each aromatic OS with
*OH was measured by the competition kinetic method us-
ing 0.05mM sodium benzoate as the reference compound
(Smith et al., 2015). It is noted that one of the important
principles of this method is that aromatic OS and the ref-
erence compound are consumed only by *OH oxidation in
the liquid phase. Control experiments of the direct photol-
ysis of each aromatic OS without the addition of HyO; as
well as the reactions of each aromatic OS, BA, and 10 mM
H>0O, without illumination were carried out to preclude in-
terferences from other reactions. Figures S1 and S2 in the
Supplement show that the influences of either hydrolysis or
photodegradation on the kinetic measurements of these three
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aromatic OSs are negligible, verifying that the decay of re-
actants results from *OH oxidation. Therefore, in this study,
the second-order rate constant for aromatic OS (kpg) can be
calculated using Eq. (E1) based on following Reactions (R1)
and (R2).

k
ln<[os]0> - ﬁln<[reﬂ°> (E1)
[OS], kref [ref],
Aromatic OS + *OH — Products, kog (R1)
Reference + *OH — Products, ket (R2)

where [OS] and [ref] are concentrations of aromatic OS
and the reference compound (BA) (time =0 and ¢). The
time dependence of aromatic OS consumption is shown
in Fig. S3. ks is the rate constant of BA with ‘OH. kpr
value at pH3 and 8 was reported as 4.3+ 0.8 x 10° and
6.3+02x10°M™! s respectively (Buxton et al., 1988;
Richards-Henderson et al., 2014). Figure 1 displays the rel-
ative kinetic plots for aromatic OSs oxidized by *OH under
acidic (pH 3) and basic (pH 8) conditions. These plots exhibit
strong linearity (R? > 0.99), with the slope of each linear fit
corresponding to the kos/kref. According to the slope and
value of krf, the kos can be calculated.

2.3 Reactant and product analysis

The concentrations of aromatic OSs and BA were detected
using a UPLC coupled with a UV detector operating at
254 nm. Chromatographic separation was performed on a
ZORBAX Eclipse Plus CI18 column (4.6mm x 250 mm,
5 um) maintained at 40 °C. The mobile phase consisted of
acetonitrile and 0.1 % formic acid aqueous solution (20 : 80,
v/v) delivered at a flow rate of 0.8 mL min_l, with an injec-
tion volume of 10 uL.. Quantification of aromatic OSs and BA
was achieved by calibration curves (Fig. S4) based on their
corresponding peak areas in the chromatogram.

Inorganic sulfate was analyzed by IC with an analytical
column (AS 11-HC, 4mm x 250 mm, IonPac) and a guard
column (AG11-HC, 4 mm x 250 mm, IonPac). The eluent was
20 mM potassium hydroxide at a flow rate of 1 mLmin~".

Reaction products were detected using a UPLC-Q-TOF-
MS. Separation was achieved on a C18 column (4.6 mm x
250mm, particle size = 5um; ZORBAX Eclipse Plus) at
40°C, with a mobile phase of pure water and acetonitrile
(40 : 60, v/v) at a flow rate of 1 mLmin~"'. The mass spec-
trometer was equipped with an electrospray ionization (ESI)
source operated in the negative (-) ionization mode. The in-
strumental conditions for the (-) ESI-MS analysis were as
follows: capillary voltage, 4000 V; gas temperature, 200 °C;
dry gas flow rate, 5 Lmin’l; and nebulizer pressure, 0.4 bar.
Data were collected over the mass range of 50-500 Da. We
also conducted complementary chromophore product analy-
ses using a UPLC-PAD-MS. Separation was carried out on a
C18 column (4.6 mm x 250 mm, particle size = 5 ym; ZOR-
BAX Eclipse Plus) at 40 °C, with a binary mobile phase con-
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Figure 1. Loss of aromatic OSs and BA during the process of the liquid-phase *OH oxidation at (a) pH 3 and (b) pH 8.

sisting of acetonitrile and 0.1 % formic acid (20 : 80, v/v)
delivered at a flow rate of 0.8 mLmin~!. Mass spectromet-
ric detection was conducted in negative ionization mode
over a mass range of 50-500Da, with the spray voltage
set at —3.0kV, the capillary temperature at 320 °C, the S-
lens RF level at —50V, the sheath gas (nitrogen) pressure at
2.76 x 10° Pa, and the auxiliary gas (nitrogen) flow rate at
3.33Lmin"".

2.4 UV-vis absorption and fluorescent spectra

The light absorption spectra of samples during the processes
of reactions were collected using a UV-vis spectrophotome-
ter with a scanning interval of 1nm in the range of 250-
700nm. A reference absorption spectrum of hydrochloric
acid solution (pH 3) or phosphate buffer solution (pH 8) was
recorded in the same cuvette before sample analysis for base-
line correction.

The excitation-emission matrix (EEM) fluorescence spec-
tra were recorded by a fluorescence spectrometer. The ex-
citation wavelength (Ex) and emission wavelength (Em) of
EEM were both set to the range of 250—-600 nm. The scan-
ning intervals were set to 5 and 2 nm. Hydrochloric acid so-
lution (pH 3) or phosphate buffer solution (pH 8) was used as
a blank to correct the data as well.

3 Results and discussion

3.1 Kinetics of liquid-phase reaction of aromatic OSs
with -OH

The kos values for the reactions of three aromatic OSs (i.e.,
phenyl sulfate, p-tolyl sulfate, and 4-ethylphenyl sulfate)
with *OH are summarized in Table 1. At pH 3, the kos value
of phenyl sulfate was measured as 4.34+0.1 x 10° M~ !5,
This value is comparable to the literature result of phenyl
sulfate at pH 2 using pimelic acid as the reference compound
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(5.34 £0.06 x 10° M~ s71) (Gweme and Styler, 2024). The
slight difference may be attributed to the reference com-
pound selection and the experimental conditions. Values of
kos for the other two aromatic OSs were similar to that
of phenyl sulfate (Table 1). The similar kog value among
these three aromatic OSs suggests that the substituent car-
bon chain length on the aromatic ring has a negligible effect
on the reaction kinetics. This observation is quite different
from that for alkyl OSs, which shows that kog is strongly
dependent on the carbon number of OS molecule contained
(Lai et al., 2024; Gweme and Styler, 2024). Lai et al. (2024)
reported that kog of ethyl sulfate (3.8 £0.1 x 103 M~1s~1)
was approximately five times higher than that of methyl sul-
fate (7.540.1 x 10’ M~'s~!). Gweme and Styler (2024)
also found that kpg value increased with increasing carbon
chain length for methyl sulfate (1.03 £0.21 x 10 M~1s~1),
ethyl sulfate (4.01 £0.17 x 108 M~!s~1), and propyl sulfate
(1.2240.03 x 10° M~! s~1). This distinct behaviour may be
ascribed to the different mechanisms for aromatic OSs and
alkyl OSs oxidized by *OH. For aromatic OSs, the OH rad-
ical predominantly attacks the aromatic ring with multiple
addition sites (Bloss et al., 2005; Garmash et al., 2020).
While alkyl OSs react primarily through hydrogen abstrac-
tion, the increasing carbon chain length can enhance reactiv-
ity through the inductive effect of —CH, groups, the increas-
ing electron density at the hydrogen abstraction site, and the
stabilization of resulting alkyl radicals (Dorfman and Adams,
1973; Monod and Doussin, 2008). As such, aromatic OSs
have higher reactivity compared to alkyl OSs. The negligible
effect of carbon number on the reactivity of aromatic com-
pounds was also observed in other homologues of aromatic
compounds. For example, Schuler and Albarran (2002) re-
ported a similar rate constant for the reactions of toluene
(8.1 x 10°M~'s!) and benzene (7.8 x 10° M~'s~!) with
*OH. It is noted that the kgs values are lower than those of
their parent aromatic hydrocarbons. This reduction in reac-
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Table 1. The second-order rate constant (k) of aromatic OSs react-
ing with *OH in the liquid phase at different pHs.

Species k(10°M~Ls—h
pH=3 pH=38
Phenyl sulfate 43£0.1 5940.1
p-Tolyl sulfate 44+0.1 64+£02
4-Ethylphenyl sulfate 4.5+0.1 6.3+0.1
Benzoic acid* 434+0.8 63£0.2

* Rate constants for benzoic acid are obtained from Buxton et
al. (1988) and Richards-Henderson et al. (2014).

tivity may be attributed to the electron-withdrawing effect of
the —OSO3;~ groups, which can reduce the reactivity of the
aromatic ring toward *OH (Lai et al., 2024).

Table 1 shows that the carbon chain length has an in-
significant effect on the kos values of aromatic OSs at
pH 8 as well. kos values of phenyl sulfate, p-tolyl sulfate,
and 4-ethylphenyl sulfate were calculated as 5.9 4 0.1 x 10°,
6.4+0.2x10% and 6.3+0.1 x 10° M~ s~ ! at pH 8, respec-
tively. These values were higher than those measured at pH 3.
It should be noted that different matrices (HCI vs. phosphate
buffer) were used to adjust the solution pH, and the ionic
strength of the solution is different at different pHs. The
ionic strength of solution at pH3 and pH8 was estimated
as 1 x 1073 and 6.9 x 1073 M, respectively. Previous study
reported that a substantial increase in ionic strength from ca.
zero to 6.5 M only resulted in a tenfold decrease in kos value
of phenyl sulfate (Gweme and Styler, 2024). Therefore, the
relatively low ionic strength variation between pH conditions
in this study may not account for the observed differences in
kos values of aromatic OSs. Gweme and Styler (2024) mea-
sured the kog of phenyl sulfate at pH 2 and pH9, observing
that it is pH independent. They attributed this pH indepen-
dence to phenyl sulfate remaining fully deprotonated (pKa =
—2.2) across the entire experimental pH range. However,
previous studies demonstrated that even though methoxyphe-
nol, benzene-diols, and highly substituted phenols mainly ex-
ist in their protonated form within the pH range of 26, their
k values at pH 2 were generally lower than those at pH5 or
6 (Arciva et al., 2022). One possible explanation is that the
acidic condition could hinder +OH attack on aromatic sys-
tems or reduce the lifetime of hydroxycyclohexadienyl radi-
cal intermediates, slowing irreversible diol formation (Smith
et al., 2015). Another possible explanation is the uncertainty
of the k value for the reaction of the reference compound
with *OH (Arciva et al., 2022). Therefore, the difference and
uncertainty of the rate constant of the reference compounds
selected may also explain the discrepancy between the find-
ings of Gweme and Styler (2024) and our study.
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3.2 Product measurements and reaction mechanism

In this study, products generated from the liquid-phase re-
actions of three aromatic OSs with ‘OH were characterized
by mass spectrometry. The identified species were consis-
tent across both pH3 and pH8 conditions. The observa-
tion that product intensities were substantially higher un-
der illumination conditions than in dark controls implies that
these products arise from *OH oxidation, not from analyti-
cal artifacts or hydrolysis (Fig. S5). Table S2 lists the iden-
tified products from the reaction of phenyl sulfate with OH.
The predominant signals corresponded to hydroxyphenyl
sulfate (CgHsO5S™, m/z 189) and dihydroxyphenyl sul-
fate (CeHs506S™, m/z 205), aligning with previous work
(Gweme and Styler, 2024). Additionally, the multiple —OH
group addition products (e.g., C¢H507S™) were also de-
tected. As illustrated in Fig. 2, *OH-initiated oxidation of
phenyl sulfate follows a mechanism analogous to conven-
tional aromatic compounds (e.g., benzene). The reaction ini-
tiates via the addition of «OH to the aromatic ring, generat-
ing hydroxycyclohexadienyl radicals (OH-PS radicals) (Lay
et al., 1996; Minakata et al., 2015). OH-PS radicals rapidly
react with O3 to yield phenolic compounds that can undergo
further multi-step «OH additions to form these polyhydroxy
products (CeH50,S™, n = 5-7). Alternatively, OH-PS radi-
cals can also react with Oy to form peroxyl radicals (RO +).
The reversible cyclization of RO,+ and the subsequent O>
addition generate bicyclic RO;+. Bicyclic RO,+ can react
with RO, « to produce ring-opening products as shown in Ta-
ble S2 (Wang et al., 2013; Dong et al., 2021). Fragmented
OS formation resulting from ring-opening pathways during
*OH oxidation of aromatic OSs has not been reported previ-
ously. Notably, some of these ring-opening fragments (e.g.,
C,H305S™, CsH708S7) have the same formula as OSs de-
tected in the atmosphere, and their precursors were regarded
as biogenic VOCs (Cai et al., 2020; Wang et al., 2022; Huang
et al.,, 2023). For example, previous studies inferred that
m/z 139 (C,H305S7) is produced from reactions related to
isoprene and its derivatives (Cai et al., 2020; Wang et al.,
2022). In this study, we found that this compound can also
be formed through the oxidation of phenyl sulfate by <OH,
providing the additional pathway for its formation in the at-
mosphere.

Previous studies revealed that some aliphatic OSs (e.g.,
methyl sulfate, ethyl sulfate, 2-methyltetrol sulfate, and «-
pinene-derived OS) can be converted into inorganic sulfate
during *OH oxidation (Kwong et al., 2018; Xu et al., 2022,
2024; Lai et al., 2025). The reaction is initiated through hy-
drogen abstraction from the alkyl group, forming an alkyl
radical (R-) followed by rapidly reacting with O, to form
RO;-. The self- or cross-reactions of RO,+ can further pro-
duce an alkoxy radical (RO-). Typically, the formation of in-
organic sulfate results from the production of *SO4~, which
is generated from the decomposition of ¢-OSO3~ alkoxy
radical (defined as the containing of —OSO3~ group at

Atmos. Chem. Phys., 26, 8211-8223, 2026
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Figure 2. Scheme for the mechanism of phenyl sulfate reacting with *OH.

the a-position of RO-¢). Additionally, a recent study pro-
posed an alternative mechanism for the formation of inor-
ganic sulfate, proceeding via sulfite radicals (+SO37) (Xu
et al., 2024). In this pathway, a B-OSO3~ alkoxy radi-
cal (—C(0+)—C(0OSO37)—) undergoes C—C bond cleavage,
yielding an «-OSO3~ alkyl radical, subsequently generat-
ing non-sulfate products and +SO3 ™. Upon the formation of
«SO4~ and +SO37, inorganic sulfate can be formed through
the further reactions of these radicals. In this study, the for-
mation of inorganic sulfate during the reaction of phenyl sul-
fate with OH was also examined. Figure S6a shows that the
SO4%~ peak in IC increased progressively with reaction time.
The formation of inorganic sulfate was further supported
by the evidence of the observed prominent HSO4~ peak at
m/z 97, which is assigned to HSO4™ in the mass spectra.
The intensity in the extracted ion chromatograms (EIC) was
substantially higher than in dark controls (Fig. S6b), ruling
out in-source fragmentation or hydrolysis as the source of
HSO47. The results of IC and mass spectrometry suggest
that in addition to new OSs, inorganic sulfate can be formed
during the reaction. The mechanism of inorganic sulfate for-
mation is elucidated to be produced from the elimination of
the sulfate group from phenyl sulfate, as well as the ipso-
addition followed by disproportionation reaction as shown
in Fig. 2. Phenyl sulfate can undergo ipso-addition to form
OH-PS radical, the ipso-OH-adduct can either rapidly elim-
inate HSO4~, or undergo bimolecular reactions with other
isomers of the OH-PS radical to yield phenol upon elimi-
nation of HSO4™ as well. However, compared to other OH
addition pathways (0-add, m-add, and p-add), there is only
very little room for the ipso-addition. It is noted that a pre-
vious study has shown that benzoic acid can undergo decar-
boxylation reactions (Singla et al., 2004). Another possible
pathway for HSO4 ™ production is proposed to occur via the
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elimination of the sulfate group from phenyl sulfate, similar
to the decarboxylation mechanism of benzoic acid.

Tables S3 and S4 summarize the identified products
from the liquid-phase reactions of p-tolyl sulfate and 4-
ethylphenyl sulfate with +OH, respectively. The mechanisms
of p-tolyl sulfate and 4-ethylphenyl sulfate oxidized by -OH
are similar to that of phenyl sulfate as mentioned above.
Similar to phenyl sulfate, the addition of <OH to the aro-
matic ring predominantly yields phenolic compounds, such
as C7H705S™, C7H706S™, CgH9Os5S™, and CgHoOcS™.
Further oxidation initiated by addition of *OH can also gener-
ate fragmented products, such as CsHs0¢S ™ and C4H507S™
(Tables S3 and S4). Moreover, the presence of alkyl sub-
stituents for p-tolyl sulfate and 4-ethylphenyl sulfate can en-
able additional hydrogen abstraction pathways (Forstner et
al., 1997; Baltaretu et al., 2009; Liu et al., 2017), leading
to the formation of aromatic aldehydes (e.g., C7H505S™,
CgH705S7). In addition to new OSs formed, the formation
of inorganic sulfate was also observed during the process
of either p-tolyl sulfate or 4-ethylphenyl sulfate oxidized by
-OH. For p-tolyl sulfate, the gradual increase of the SO4>~
peak with reaction time in IC as well as the pronounced sig-
nal of m/z 97 (HSO4 ™) observed in mass spectra provide ro-
bust evidences for the formation of inorganic sulfate during
the reaction (Fig. S7). For 4-ethylphenyl sulfate, S042~ peak
in IC was found to overlap with that of the compound itself
(Fig. S8a). The inference that 4-ethylphenyl sulfate converts
to inorganic sulfate is supported by comparing the intensity
of HSO4~ (m/z 97) peak of samples collected from illumi-
nation and dark conditions (Fig. S8b).

3.3 Optical property changes

Kinetic and mechanism results show that aromatic OSs can
undergo rapid *OH oxidation to form a series of function-
alized and fragmented compounds. The changes of optical
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properties resulting from the formation of these compounds
were also investigated. Figure S9 shows the time-dependent
absorption spectra of aromatic OSs during *OH oxidation at
pH 3. As the reaction progressed, the consumption of reac-
tants accompanied by an increase in absorbance across 250-
400 nm. To establish the relationship between light absorp-
tion and organic compounds, chromophores formed in the
reaction were identified by correlating UV absorption bands
with the retention time based on UPLC-PAD-MS analysis.
For phenyl sulfate, Fig. 3a and b display that phenyl sul-
fate (m/z 173) was the prominent chromophore with the re-
tention time of 5.67-6.16 min at the beginning of the reac-
tion, exhibiting a characteristic absorption peak at 262 nm
(Fig. S10). After the liquid-phase «OH oxidation, five ma-
jor chromophores were observed as shown in Fig. 3c. Chro-
mophore #4 was assigned to the unreacted phenyl sulfate.
Figure 3c shows that Chromophore #1, #2, and #3 eluted
at 3.47-3.72, 4.004.18, and 5.46-5.60 min, respectively.
These newly formed chromophores exhibit red-shifted ab-
sorption peaks (Fig. S10), likely due to the electron-donating
effect of hydroxyl groups increasing aromatic ring elec-
tron density (Hems and Abbatt, 2018). The results of EIC
suggest that these chromophores correspond to co-eluting
mixtures containing CeH505S™ isomers (m/z 189), along
with CcHsO06S™ (m/z 205), CeHs07S™ (m/z 221) and
CeH708S™ (m/z 239) (Fig. 3d). Among these compounds,
CsHs06S ™ exhibited the highest intensity. Chromophore #5,
eluting at 14.98—-15.67 min, remained unidentified. Its later
elution time suggests a larger molecular structure and lower
polarity (Fleming et al., 2020). Additionally, there may ex-
ist other chromophores unidentified since these five chro-
mophores cannot fully explain the total light absorption as
shown in Fig. S10.

For p-tolyl sulfate, the increase in absorbance, contribut-
ing by the formation of chromophores, was also observed af-
ter *OH oxidation. The primarily newly formed chromophore
(Chromophore #1), eluting at 5.23-5.78 min, was identified
as C7HsO5S™ (m/z 201) based on the corresponding EIC
(Fig. S11). A blue-shift peak at 258 nm was observed upon
the formation of C7H50s5S™, which is associated with the
generation of a carbonyl (C=0) functional group (Fig. S12).
Other newly formed chromophores were characterized as
Chromophore #2 and Chromophore #3. Chromophore #2
corresponded to a mixture of C;H7;05S™ (m/z 203),
C7H506S™ (m/z 217), and C7H706S™ (m/z 219) with ab-
sorption band at 274 nm, and Chromophore #3 was assigned
to an isomer of C7H705S™ with the absorption band at
266 nm (Figs. S11 and S12). Figures S13 and S14 show
the characterization of chromophores formed from liquid-
phase reaction of 4-ethylphenyl sulfate with OH radicals.
After reactions, Chromophore #2 (CgH70s5S™, m/z 215)
with a characteristic absorption peak at 254nm was the
dominant contributor to total light absorption. Four addi-
tional chromophores were also identified: Chromophore #1,
a mixture of C7H505S™ (m/z 201), CsHoO5S™ (m/z 217),
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CgH704S™ (m/z 231), and CgHoOgS™ (m/z 233), with ab-
sorption peak at 258 nm; Chromophore #3, an isomer of
CgH704S™, with absorption peak at 262 nm; Chromophore
#4, an isomer of CgHy9OsS™, with absorption peak at 274 nm;
and Chromophore #5, another isomer of CgHoO5S™, also
with a characteristic absorption peak at 274 nm.

Furthermore, fluorescence evolutions during liquid-phase
*OH oxidation of aromatic OSs were investigated as shown
in Fig. 4. The initial maximum excitation/emission (Ex/Em)
wavelengths of phenyl sulfate, p-tolyl sulfate, and 4-
ethylphenyl sulfate at pH 3 were Ex/Em = 255/275, 260/284,
and 260/284 nm, respectively. The different initial fluores-
cence intensities among these three aromatic OSs may be
attributed to the substituent effect of the compound. Com-
pared to phenyl sulfate, p-tolyl sulfate and 4-ethylphenyl
sulfate contain additional methyl and ethyl groups, respec-
tively. These electron-donating substituents extend the con-
jugation system, lowering the = — 7™ transition energy and
resulting in both emission redshift and fluorescence enhance-
ment (Cao et al., 2023). During the reaction, the fluores-
cence intensity initially decreased due to phenyl sulfate con-
sumption, followed by an increase from fluorescent prod-
uct formation. After 8 h of illumination, a redshifted fluo-
rescence peak emerged at Ex/Em = 260/284 nm, implying
the formation of products with expanded conjugated systems
(e.g., CeH50557, CgHs06S™, and CcH507S7) (Tang et al.,
2020). The fluorescence intensity of p-tolyl sulfate and 4-
ethylphenyl sulfate monotonically decreased with the reac-
tion time and showed a redshift in the fluorescence band at
Ex/Em = (250 — 300)/(400 — 500). Previous studies uncov-
ered that the emission wavelengths of 400-500 nm are in-
dicative of humic-like substances (HULIS), which can sig-
nificantly contribute to the light-absorbing properties of or-
ganic aerosols (Bianco et al., 2014). Previous studies re-
vealed that the oxidation of non-photolyzable phenolics by
*OH can yield HULIS-like fluorescent products (Chang and
Thompson, 2010; Tang et al., 2020). Here, multi-hydroxy
products from p-tolyl sulfate (e.g., CyH705S~, C7yH706S™
and C7H707S7) and 4-ethylphenyl sulfate (e.g., CgHoO5S™,
CgHgO4S™, and CgHoO7S™) may exhibit spectral features
resembling aerosol HULIS.

Employing phenyl sulfate as the representative, spectral
changes at pH 8 were also examined. Previous studies have
demonstrated that the light absorption properties of carbonyl
compounds (e.g., aldehydes) and nitrophenols exhibit pro-
nounced pH-dependence owing to protonation-deprotonation
equilibria (Calvert and Schnitzler, 2023; Chen et al., 2020a).
In this study, phenyl sulfate remains deprotonated across the
pH range of 3-8, resulting in negligible spectral variations in
the initial solution (Figs. S9a and S15). However, the tempo-
ral evolution of the reaction revealed substantially enhanced
absorbance at pH 3 compared to pH 8, particularly within the
300-400 nm range. Figure S16 shows the molecular compo-
sition of chromophores from the reaction of phenyl sulfate
with *OH at pH 8. Chromophores #1, 2, and 4 were identical
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to Chromophores #1-3 at pH 3 but exhibited stronger absorp-
tion due to their higher concentrations. An additional chro-
mophore #3, eluting at 4.99-5.23 min at pH 8, contributed
significantly to absorption but the detailed composition of
this chromophore is unknown. Compared to pH 3, the solu-
tion at pH 8 exhibited an enhanced peak intensity at 4.99—
5.23 min, while the peak at 14.98-15.67 min was reduced,
which corresponded to distinct changes in the relative contri-
butions to total absorption. For fluorescence spectra, phenyl
sulfate exhibited an initial maximum fluorescence peak at
Ex/Em = 255/279 nm at pH 8 (Fig. S17), displaying minimal
variation compared to the pH 3 conditions (Fig. 4a). How-
ever, the temporal evolution of its fluorescence spectrum dif-
fered obviously at different pH values. Under basic condi-
tions (pH 8), fluorescence decreased monotonically without
recovery and no red shift of fluorescence peak occurred even
after 8 h.

4 Atmospheric implications and conclusions

The current study investigated the liquid-phase reactions of
three aromatic OSs (i.e., phenyl sulfate, p-tolyl sulfate, and
4-ethylphenyl sulfate) with «OH. It was found that function-
alized and fragmented OSs as well as inorganic sulfate can
be yielded during the reactions. The formation of function-
alized OSs can enhance light absorption, thereby influenc-
ing aerosol optical properties. Fragmented OS formation re-
sulting from ring-opening pathways during *OH oxidation
of aromatic OSs has not been reported previously. Several
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fragmented OSs (e.g., CoH305S™, CsH7;08S™, C4H507S7,
and CsH506S ™) detected in our study have been previously
identified in ambient aerosols (Kuang et al., 2016; Cai et
al., 2020; Wang et al., 2022; Yang et al., 2023), suggest-
ing that aromatic OSs may serve as a potential source for
aliphatic OSs in the atmosphere. Furthermore, the observa-
tion of inorganic sulfate formation, for the first time, indi-
cates that aromatic OSs can also be converted into inorganic
sulfate in analogous to aliphatic OSs (Kwong et al., 2018;
Xu et al., 2022, 2024; Lai et al., 2025), potentially contribut-
ing to the atmospheric sulfur cycle. Further investigations are
warranted to examine whether the proposed mechanism can
be also applied to other types of aromatic OSs in the atmo-
sphere.

The results of kinetic measurements reveal that aromatic
OSs can react rapidly with ‘OH. As shown in Table S5,
using the k values coupled with modeled OH concentra-
tions (Herrmann et al., 2005, 2010), the corresponding life-
times (t = 1/(kos x [*OH])) of aromatic OSs can be calcu-
lated. In urban areas, the concentrations of *OH in cloud and
aerosols were estimated as 3.5 x 1071° and 4.4 x 1013 M,
respectively. In contrast to urban areas, remote areas exhib-
ited higher OH concentrations both in cloud (2.2 x 1074 M)
and aerosols (3.0 x 10~2 M) (Herrmann et al., 2003, 2010).
Concentrations of *OH are consistently higher in aerosols
than in cloud across different environments. Consequently,
the lifetimes of aromatic OSs ranged from approximately
1 min in remote aerosols to up to 16 h in urban cloud water
(Table S5), highlighting the significant influence of environ-
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sulfate and (c) 4-ethylphenyl sulfate reacting with *OH at pH 3.

mental conditions on their persistence. Previous studies re-
ported that the lifetimes of aliphatic OSs in such varied envi-
ronments range from several minutes to dozen days (Gweme
and Styler, 2024; Lai et al., 2025). The substantially shorter
lifetimes of aromatic OSs can be attributed to their higher
reactivity toward «OH compared to aliphatic OSs. Given the
high abundance of aromatic OSs and their fast kog values in
urban environments, aromatic OSs likely play a significant
role in both the atmospheric sulfur cycle and environmental
effects. In addition to lifetimes in aqueous environments, pre-
vious studies also estimated the atmospheric lifetimes of sev-
eral aliphatic OSs via heterogeneous *OH oxidation based on
measured uptake coefficients (Kwong et al., 2018; Lam et al.,
2019; Xu et al., 2022). For instance, the atmospheric lifetime
of methyl sulfate ranges from 53 min to 32 d via liquid-phase
*OH oxidation, compared to approximately 20d via hetero-
geneous *OH oxidation (Gweme and Styler, 2024; Kwong
et al., 2018). The results indicate that the atmospheric life-
times of these OSs differ between liquid-phase and hetero-
geneous *OH oxidation pathways. However, experiments of
heterogeneous reactions of aromatic OSs with *OH were not
performed in this study. Thus, we cannot directly compare
the lifetime of aromatic and aliphatic OSs through heteroge-
neous *OH oxidation, and further investigation is warranted.
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