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rmation of a long-chain alkyl
organosulfate via heterogeneous OH oxidation:
a case study of sodium dodecyl sulfate†

Sze In Madeleine Ng, a Kwan Hung Ng,b Pui Wo Felix Yeung, b Rongshuang Xu,a

Pui-Kin So,c Yuanlong Huang,d Jian Zhen Yu, e Chun Kit K. Choi, f

Ying-Lung Steve Tse *b and Man Nin Chan *ag

Organosulfates (OSs) are regarded as stable tracers of secondary organic aerosols. However, recent studies

have reported their potential chemical instability, which is dependent on their structures. In this study, we

aim to investigate the transformation and kinetics of a long-chain alkyl OS upon heterogeneous hydroxyl

radical (OH) oxidation. We selected sodium dodecyl sulfate (SDS, C12H25O4SNa) as a model compound due

to its atmospheric relevance. We conducted experiments using an oxidation flow reactor at 80% RH and

room temperature. We analyzed the reaction kinetics and products by liquid chromatography-mass

spectrometry and ultrahigh-resolution mass spectrometry. We quantified inorganic sulfate formation by ion

chromatography. We have proposed reaction pathways based on aerosol composition data. Our results

reveal that dodecyl sulfate decays at (4.09 � 0.09) � 10�13 cm3 per molecule per s with an atmospheric

lifetime of �19 days upon heterogeneous OH oxidation. Compared with the literature results, we observe

a significant kinetics enhancement when ammonium sulfate is present in aerosols. Our molecular dynamics

simulations suggest that ammonium ions tend to displace sodium ions from the air–water interface and

attract OH more strongly, which promotes collisions between dodecyl OS and OH. Therefore, the effects

of counterions on surface-active organics should be considered during interpretation of experimental

kinetics data. We detected sequential oxygenation of dodecyl sulfate, which dominated over fragmentation

and inorganic sulfate formation. Our identified products indicate a potential source of some oxygenated

aliphatic C6- to C10- and C12-OS detected in the atmosphere. Collectively, our work highlights the need for

more comprehensive investigations of structural factors governing OS chemistry.
Environmental signicance

Organosulfates (OSs), occupying an important organic mass fraction in atmospheric aerosols, are frequently considered chemically stable. However, studies
have shown that OSs undergoing oxidative aging in the troposphere can produce highly oxidized species, and inorganic sulfates which can heavily alter radiative
forcing. Here, we demonstrate that an alkyl OS can readily react with the hydroxyl radical (OH), leading to the formation of oxygenated derivatives. Our results
indicate that inorganic sulfate formation is less signicant as the carbon chain of the OS lengthens, but the signicance increases with OH exposure.
Furthermore, the reaction kinetics depend on the presence of ions in aerosols. Therefore, we stress the importance of a thorough understanding of structural
factors governing OS oxidative chemistry for a better assessment of OS lifetimes and budget in the atmosphere.
1. Introduction

Organosulfur compounds are important contributors to
secondary organic aerosol formation.1–5 By observing the
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discrepancy between the total aerosol sulfur measured by X-ray
uorescence spectrometry and the sulfur present as inorganic
sulfate measured by ion chromatography (IC) in ne atmo-
spheric aerosols, organosulfur compounds were shown to
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occupy up to 30% of the total organic aerosol mass at a forest
site in K-puszta, Hungary.6 Using the same method, organo-
sulfur compounds were found to contribute as high as 5–10% of
the organic aerosol mass at 12 sites in the US.1 More recently,
emerging eld measurements have suggested that a large
variety of organosulfur compounds originate from different
precursors in clean and polluted atmospheric environments.6–15

For instance, organosulfur compounds found in cleaner cities
such as Mainz, Germany, are mainly derived from biogenic
organic compounds, whereas those in polluted atmospheres in
China are attributed to anthropogenic organic precursors.16–20

These studies convey that organosulfur compounds contribute
to an important fraction of aerosols worldwide, particularly in
regions where photochemical activities are strong.5,17,21,22

Among all organosulfur species (including organosulfates
(OSs), sulfoxides, sulfonates, and sulfones), OSs with a sulfate
ester functional group (R–O–SO3

�) are quantied as the most
abundant class.6–13,23 The formation pathways of some OSs (e.g.
isoprene derived OSs) have been well-studied and incorporated
into photochemical box models such as GAMMA and UNIPAR
and chemical transport models such as CMAQ, to examine the
abundances of OSs in the atmosphere.7,24–29 Numerous studies
have also reported the role of OSs in governing the physico-
chemical properties of aerosols such as surface tension, light
absorption, water uptake, and cloud formation potential, which
exert direct climatic impacts.30–33

Several laboratory studies complemented by eld studies
identied and quantied a wide variety of OSs in atmospheric
aerosols, including hydroxy OSs,6,34 nitroxy and carboxy
OSs,19,35–40 aromatic OSs,12,41–43 and aliphatic OSs (i.e., alkyl OSs,
alkenyl OSs, and their oxygenated derivatives).16–18,44–46 OSs
primarily exist in the aerosol phase due to low volatility,30,47 and
are assumed to be relatively stable compounds. Several OSs
have frequently been used as tracers of secondary organic
aerosols (SOAs).13,48–50 However, recent laboratory investigations
have revealed the potential of OSs to transform signicantly
into other unidentied OSs (OSs which have been detected in
the atmosphere but the precursors are unknown) or inorganic
sulfates, via hydrolysis and heterogeneous oxidation on a short
atmospheric timescale. For instance, Elrod and his co-workers
reported their potential to form polyols and sulfuric acid via
hydrolysis, with the shortest chemical lifetime being less than
half a day.7,9 These ndings further suggested that the trans-
formation rate of OSs depends on the aerosol acidity and their
chemical structures, e.g., tertiary OSs are prone to faster trans-
formation than their primary and secondary counterparts.

Heterogeneous oxidation, different from aqueous or gas-
phase oxidation, is triggered by gas-phase oxidants that can
react with aerosol components conned to the aerosol
surface.51–53 Heterogeneous oxidation by the hydroxyl radical
(OH) is an efficient way to chemically transform OSs.54–57 Liter-
ature studies utilized oxidation ow reactors to investigate OS
species such as short-chain alkyl OSs (methyl sulfate (methyl
OS, CH3SO4

�) and ethyl sulfate (ethyl OS, C2H5SO4
�)),55,56

monoterpene-derived OSs (a-pinene OS, C10H17O5S
�),57 and

isoprene-epoxydiol-derived OSs (2-methyltetrol sulfates and 3-
methyltetrol sulfates (2-/3-methyltetrol OS, C5H11SO7

�)).58 Their
© 2022 The Author(s). Published by the Royal Society of Chemistry
results demonstrated that all these OSs can be oxidized by OH
efficiently with a chemical lifetime ranging from 10 to 15 days.
Importantly, several unidentied OSs can be explained, with
respect to formation mechanisms, by heterogeneous OH
oxidation of OSs.54,57 Regarding the formation of other products,
Xu et al.56 reported a signicant molar yield of inorganic sulfates
from methyl OS, dened as the number of moles of bisulfate
(HSO4

�) and sulfate (SO4
�) ions generated per mole of parent

OS, which increased up to 62 � 18% upon heterogeneous OH
oxidation. From these ndings, it is reasonable to hypothesize
that a portion of OS may not be as atmospherically stable as
previously presumed. Potentially, they can further transform to
produce some of the currently unidentied OSs in the atmo-
sphere. However, because the stability of OSs depends heavily
on their chemical structures, the potential of structurally
different OSs to transform remains unclear.

In addition to short-chain alkyl OSs, their long-chain coun-
terparts, whose precursors are mainly anthropogenic alkanes,
have also been detected in atmospheric aerosols.15–18,39,44–46,50,59

Long-chain OSs are commonly present as surfactant coatings on
marine and continental aerosols.60–62 Dodecyl sulfate (hereaer
referred to as dodecyl OS), with the chemical formula
C12H25O4S

�, is a relevant example of an anionic surfactant in
atmospheric aerosols.15,59,63,64 Because dodecyl OS is widely used
as a manufactory detergent, it has been detected to be omni-
present in aerosols generated from waste water.65 Through
waste water drainage and river runoff into the seawater, dodecyl
OS is also abundant in coastal sea spray aerosols.60 The sodium
salt of dodecyl OS, namely SDS, is therefore atmospherically
abundant and relevant. Due to the surface-active nature of SDS,
heterogeneous oxidation can be one of its potential sinks in the
atmosphere. In fact, previous laboratory investigations have
studied heterogeneous oxidation of aerosols involving SDS.
However, in these studies, the role of dodecyl OS was presented
as a surfactant assisting in the probing of the properties of other
aerosol constituents.66,67 Faust and Abbatt66 investigated the
shielding effect of dodecyl OS on dissolved tricarballylic acid
against heterogeneous OH oxidation and suggested that the
presence of surfactants in aerosols can prolong the atmospheric
lifetime of inner constituents. Huang et al.67 deduced the
heterogeneous OH oxidation kinetics of surface-active pinonic
acid by using competitive kinetics with dodecyl OS. Their results
implied that the air–water interfacial reaction chemistry is
crucial in determining the fate of surface-active organic species
in aerosols.67 In their study, sequential oxygenation of dodecyl
OS was observed.

To the best of our knowledge, direct investigation of the
transformation and kinetics of dodecyl OS upon heterogeneous
OH oxidation is scarce. Particularly, the potential of dodecyl OS
undergoing oxidation to fragment into short-chain OSs and
inorganic sulfates is largely unknown. A fundamental study to
address these subjects can serve to better characterize the
reactivity of long-chain alkyl OSs in atmospheric aerosols. In
our study, we conducted experiments via controlled laboratory
oxidative aging of SDS aerosols at 80% relative humidity (RH)
and at room temperature (Table 1). Heterogeneous OH oxida-
tion of SDS aerosols was performed using an oxidation ow
Environ. Sci.: Atmos., 2022, 2, 1060–1075 | 1061
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Table 1 Chemical structure and properties, experimental conditions,
kinetics data, and inorganic sulfur yield of SDS aerosols upon
heterogeneous OH oxidation

Compound
Sodium dodecyl
OS (SDS)

Molecular structure

Molecular formula C12H25O4SNa
Molecular weight (g mol�1) 288.37

Experiment

Relative humidity (RH%) 80
Maximum OH exposure (� 1011 molecules per cm3 s) 16.3 �

0.3
Mean surface-weighted particle diameter before/aer
oxidation (nm)

279.5/
278.0

Effective heterogeneous OH oxidation rate constant, k
(�10�13 cm3 per molecule per s)

4.09 �
0.09

Atmospheric lifetime against OH oxidation (days) 18.9 �
0.4

Inorganic sulfur yield at maximum OH exposure (%) 1.82 �
6.57
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reactor (OFR) (a.k.a. potential aerosol mass reactor, PAM). Aer
oxidation, we collected the aerosols onto Teon lters for off-
line chemical analysis using various mass spectrometry tech-
niques. Collectively, the overall study was designed to achieve
the following objectives: (1) to determine the heterogeneous
reactivity of SDS (pure organic) aerosols, (2) to supplement our
ndings with molecular dynamics (MD) simulations, in order to
account for the difference between our experimental kinetics
data and those in the literature utilizing amixture of SDS and an
inorganic salt (ammonium sulfate), (3) to examine the signi-
cance of smaller OS (C < 12) formation and inorganic sulfate
yield upon heterogeneous OH oxidation of a long-chain alkyl
OS, and (4) to propose reactionmechanisms for dodecyl OS. Our
results offer new insight into the heterogeneous OH reactivity of
a long-chain alkyl OS and the chemical conversions of sulfur
between its inorganic and organic forms, initiating a re-
evaluation of the sources and budget of atmospheric OSs and
inorganic sulfates.
2. Experimental methods

Heterogeneous OH oxidation of SDS aerosols was investigated
using an OFR at 80% RH and room temperature. The experi-
mental setup and procedures have been described else-
where.57,68 In brief, SDS was dissolved in ultra-pure deionized
water. Aqueous aerosols were then generated by atomizing the
solution through a constant output atomizer (without passing
through a diffusion dryer) and subsequently mixing with
nitrogen (N2), oxygen (O2), and ozone (O3) before being intro-
duced into the OFR. The RH was controlled by varying the
mixing ratios of dry and wet gas ows. A total ow rate of �5
L min�1 was fed into the reactor corresponding to �156 s of
1062 | Environ. Sci.: Atmos., 2022, 2, 1060–1075
residence time. The aerosols were oxidized inside the reactor by
gas-phase OH radicals generated by the photolysis of O3 under
ultraviolet (UV) light (l ¼ 254 nm) illumination in the presence
of water vapor. O3 was generated by passing O2 through an
ozone generator. The OH concentration was regulated by
changing the O3 concentration and was determined by
measuring the decay of sulfur dioxide (SO2) in independent
experiments in the presence or absence of SDS aerosols. We
ascertained that the presence of aerosols did not signicantly
affect the generation of gas-phase OH radicals and the deter-
mination of OH exposure, for which the uncertainty was less
than �10%. OH exposure, dened as the product of gas-phase
OH concentration and residence time, ranging from 0 to (16.3
� 0.3) � 1011 molecules per cm3 s was utilized. This number
corresponds to a maximum of 12.6 � 0.3 days of exposure time
assuming a 24 h averaged ambient OH concentration of 1.5 �
106 molecules per cm3.69

Aer oxidation, the aerosol stream exiting the reactor then
passed through an annular Carulite catalyst denuder and an
activated charcoal denuder to remove residual O3 and the gas-
phase species remaining in the stream, respectively. As such,
only aerosol-phase reaction products were collected for offline
analysis. The size distribution of the aerosols was measured
with a scanning mobility particle sizer (SMPS, TSI). Before
oxidation, the mean surface weighted diameter for aerosol
distribution was about 279.5 � 0.5 nm with a geometric stan-
dard deviation of 1.3, and the aerosol mass loading was �2200
mg m�3. Aerosols were collected onto Teon lters with a ow of
3 L min�1 for 30 min, allowing for a total gas sampling volume
of �90 L. The lters were immediately stored at �20 �C in the
dark prior to chemical analysis, which was conducted within
three weeks aer experiments. An overview of the chemical
analysis for product identication and reaction kinetics deter-
mination is shown in Scheme S1.† Ultrahigh-performance
liquid chromatography-electrospray ionization-high resolution
mass spectrometry (UHPLC-ESI-HRMS) was employed to
quantify the decay of dodecyl OS for derivation of reaction
kinetics. The composition of reaction products was character-
ized using an ultrahigh-resolution Orbitrap Eclipse Tribrid
mass spectrometer. The formation of inorganic sulfates was
quantied by ion chromatography. The details of the analytical
procedures and measurement uncertainties are outlined in the
ESI (Sections S1 and S2†).

To decouple the effects of O3 and UV light on the composi-
tion of SDS aerosols, we ran control experiments. No signicant
change in the amount of dodecyl OS was found in the presence
of O3 without UV light, suggesting a negligible reaction between
SDS and O3. The quantied amount was also similar to that
obtained in the absence of O3 with UV light, suggesting that the
photolysis of SDS is not likely to occur. These results are
consistent with previous observations by Faust and Abbatt.66

3. Results and discussion
3.1 Reaction products

To examine the heterogeneous oxidation of dodecyl OS, we
conducted aerosol speciation by ultrahigh-resolution mass
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Aerosol mass spectra (y-axis on the logarithmic scale) acquired using an ultrahigh-resolution mass spectrometer (a) before and (b) after
heterogeneous OH oxidation of SDS aerosols. The m/z values of 279 and 281 (lst generation products, in blue) represent C12H23O5S

� and
C12H25O5S

�; m/z of 293, 295, and 297 (2nd generation products, in green) represent C12H21O6S
�, C12H23O6S

�, and C12H25O6S
�; m/z of 307,

309, and 311 (3rd generation products, in yellowish brown) represent C12H19O7S
�, C12H21O7S

�, and C12H23O7S
�, respectively. The peaks in light

grey are background ions.

Fig. 2 (a) Intensity evolution of oxygenated C12-OS derived from
different generations of oxygenation of dodecyl OS formed upon
heterogeneous OH oxidation of SDS aerosols (left axis) and dodecyl
OS (right axis); (b) intensity evolution of oxygenated short-chain OSs
(C6 to C10-OS) (left axis) and bisulfate ions (right axis) formed upon
heterogeneous OH oxidation of SDS aerosols.
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spectrometry. Fig. 1 depicts the aerosol mass spectra before and
aer oxidation. Before oxidation, the peak at m/z 265 with the
chemical formula C12H25O4S

� was predominantly detected as
the major component, corresponding to the parent dodecyl OS.
Aer oxidation, the absolute intensity of this peak substantially
decreased by 49.1% while several new peaks appeared, possibly
due to the formation of various products. Notably, detectable
peaks of bisulfate ions (HSO4

�, m/z 97) and other short-chain
OSs (C < 12) emerged. Products with m/z values larger than
265 were the oxygenated C12-OS, which were likely formed by
functionalization processes without cleavage of the carbon
chain. To generalize, the addition of m hydroxyl groups (–OH)
and n carbonyl groups (]O) to dodecyl OS will produce C12-
H25�2nO4+m+nS

�, in the (m + n)th generation of oxygenation.
Specically, the products from the 1st generation of oxygena-
tion have chemical formulae of C12H23O5S

� (m/z 279) and
C12H25O5S

� (m/z 281), which, respectively, correspond to the
addition of a carbonyl and a hydroxyl group to dodecyl OS. The
products from the 2nd generation include m/z 293, 295, and
297, with chemical formulae of C12H21O6S

�, C12H23O6S
�, and

C12H25O6S
�, respectively. These OSs represent the addition of 2

carbonyl groups, 1 carbonyl and 1 hydroxyl groups, and 2
hydroxyl groups to dodecyl OS, respectively. Similarly, the 3rd
generation products include C12H19O7S

� (m/z 307), C12H21O7S
�

(m/z 309), and C12H23O7S
� (m/z 311), respectively, formed by the

addition of 3 carbonyl groups, 2 carbonyl and 1 hydroxyl groups,
and 2 hydroxyl and 1 carbonyl groups. A summary of the OSs
detected is shown in Table S1.†

Fig. 2a displays the evolution proles of oxygenated C12-OS
from different generations of oxygenation together with the
signal decay of dodecyl OS. The intensities of the products from
the 1st generation peaked at a lower OH exposure of about 2.5�
1011 molecules per cm3 s, accompanied by a gradual increase in
© 2022 The Author(s). Published by the Royal Society of Chemistry
those from the 2nd generation which peaked aerward at an
OH exposure of about 5.5 � 1011 molecules per cm3 s. The
signal drop of the 2nd generation products was followed by the
Environ. Sci.: Atmos., 2022, 2, 1060–1075 | 1063
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Fig. 3 Normalized decay of dodecyl OS upon oxidation as a function
of OH exposure. Dodecyl OS was quantified to decay at (4.09 � 0.09)
� 10�13 cm3 per molecule per s.
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signal increase of the 3rd generation products which culmi-
nated at about 13.0 � 1011 molecules per cm3 s. This pattern of
intensity evolution coupling between consecutive generations is
characterized as multi-generation sequential oxygenation, in
which the abundancy of carbon atoms within saturated organic
molecules allows for continuous OH-initiated hydrogen
abstraction from the available C–H to generate highly oxygen-
ated species.70 We did not detect products beyond the 3rd
generation, potentially due to the limited range of OH exposure.
Nonetheless, more extensive sequential oxygenation of dodecyl
OS against higher OH exposure was revealed in a study by
Huang et al.,67 who utilized eld-induced droplet ionization
mass spectrometry to detect chemical species at the interface of
a hanging droplet via a surface-selective sampling mechanism.
They used a maximum OH exposure of 5.15 � 1014 molecules
per cm3 s to oxidize SDS aerosols, which was about 300 times
higher than what we used in our study. Their detection of
oxygenated C12-OS of 8 generations67 implies that functionali-
zation likely dominates over fragmentation of dodecyl OS for
a wide range of OH exposure values.

Formation of oxygenated short-chain OSs and inorganic
sulfates was also detected upon a closer examination of the
mass spectra, but their intensities were relatively low (�10�2

times those of oxygenated C12-OS), as evinced in Fig. 1b, 2b and
Table S1.† We expect that some short-chain OS products would
be present in the aerosol phase, because we experimentally
detected the two smallest alkyl OSs (C1- and C2-OS) as aerosols
in our previous study.55 In the present study, short-chain OSs
with carbon numbers ranging from 6 to 10 (C6- to C10-OS) have
been detected and divided into two groups: (1) C6H11O5S

�,
C7H13O5S

�, C8H15O5S
�, and C9H17O5S

�, all of which are char-
acterized by the addition of one oxygen atom; (2) C6H11O6S

�,
C7H13O6S

�, C8H15O6S
�, C9H17O6S

�, and C10H19O6S
�, which are

characterized by the addition of two oxygen atoms. Compared
to the products of the same number of oxygen atoms, the peaks
of short-chain OSs (Fig. 2b) had a lagged appearance with
respect to those of C12-OS products (Fig. 2a). For instance, both
short-chain OSs with the addition of 1 and 2 oxygen atoms
peaked aer the fall of C12-OS from the 1st and 2nd generation.
It is plausible that the majority of short-chain OSs were not 1st
generation products but were likely fragmented from OSs
produced in higher generations, although formation through
direct fragmentation of dodecyl OS was also achievable. These
results might supplement the nding that functionalization
processes in general dominate over fragmentation processes
upon oxidation, such that fragmentation to produce short-
chain OSs is not favourable until OH exposure further
increased.

Other fragmentation products (non-OS organics) are likely
formed upon oxidation and partition to the gas phase based on
their volatilities. However, measurement of gas-phase species is
not the scope of this work, because volatile products will be
rapidly further oxidized inside the OFR before detection.71

Detection of volatile species can only provide limited informa-
tion on the formation and volatilization of fragmentation
products formed upon oxidation. Future measurements of gas-
phase species formed upon oxidation are warranted, for
1064 | Environ. Sci.: Atmos., 2022, 2, 1060–1075
providing greater insights into the heterogeneous reaction
mechanisms, in particular the formation and volatilization of
fragmentation products. Based on the observed aerosol-phase
products, the proposed formation mechanisms of oxygenated
short-chain OSs will be discussed in Section 3.3.2.
3.2 Oxidation kinetics

3.2.1 Oxidation kinetics of dodecyl OS in SDS aerosols.
Following the identication of reaction products, we deter-
mined the oxidation kinetics based on the normalized parental
decay of dodecyl OS upon different levels of OH exposure,
quantied using an UHPLC/ESI-QToF-MS. Fig. S1a and S1b†,
respectively, show the total ion chromatogram (TIC) of SDS
aerosols before and aer heterogeneous OH oxidation. Prior to
oxidation, a single peak representing dodecyl OS (with a reten-
tion time of about 6.1 min) dominated the chromatogram. Aer
oxidation at an OH exposure of (16.3 � 0.3) � 1011 molecules
per cm3 s, the peak decreased to about 50% of its initial inte-
grated area.

To obtain an effective second-order heterogeneous OH rate
constant (k), the decay of dodecyl OS is tted into an exponen-
tial function72 (see Fig. 3):

ln
I

I0
¼ �k � hOHi � t (1)

where I0 is the initial concentration of dodecyl OS, I is the
concentration of dodecyl OS at a given OH exposure, hOHi is the
time-averaged concentration of OH, and hOHi � t is the average
OH exposure. Aer tting our experimental data into the
equation, k was determined to be (4.09 � 0.09) � 10�13 cm3 per
molecule per s. We did not calculate the effective OH uptake
coefficient, geff, dened as the fraction of OH collisions that
yield a reaction, because the calculation requires the assump-
tion of aerosol components being internally well-mixed,73 which
is not applicable for the anionic surfactant dodecyl OS.10,74

Based on the kinetics data, we estimated the chemical lifetime
(s) of dodecyl OS against heterogeneous OH oxidation using

s ¼ 1
khOHi . Assuming the 24 h averaged gas-phase OH
© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentration (hOHi) to be 1.5 � 106 molecules per cm3,69 the
chemical lifetime of dodecyl OS against heterogeneous OH
oxidation was estimated to be 18.9 � 0.4 days. Given that the
diameters of aerosols were 279.5 � 0.5 nm (Table 1), the decay
via heterogeneous OH oxidation is moderately slower than the
removal processes of aerosols with similar sizes (�200 nm) via
wet or dry deposition methods, which have typical timescales of
10–14 days.75,76 In addition, the removal process of dodecyl OS
via heterogeneous OH oxidation can possibly contribute to one
of the potential sources of some oxygenated alkyl-derived C6- to
C10-OS and C12-OS, which have been detected in atmospheric
aerosols (Table S1, ESI†).

3.2.2 Oxidation kinetics of SDS aerosols vs. SDS/AS aero-
sols. We compared the rate constant (k) obtained in our study
with that obtained in the study by Faust and Abbatt,66 in which
aerosols were composed of SDS and ammonium sulfate (AS) in
a mass ratio of 1.3 : 1. During heterogeneous OH oxidation of
SDS/AS aerosols under similar atmospheric conditions (�80%
RH and 300 K), dodecyl OS decayed at (4.4 � 0.4) � 10�11 cm3

per molecule per s, markedly faster than our experimental rate
constant by about 100 times. To verify the heterogeneous
reactivity enhancement of dodecyl OS in the presence of AS, we
performed heterogeneous OH oxidation of SDS/AS aerosols with
different mass ratios. Fig. S1c–f† show the TIC before and aer
heterogeneous OH oxidation of SDS/AS aerosols. The mass
spectra of SDS/AS (with a mass ratio of 1.3 : 1) aerosols before
and aer oxidation are shown in Fig. S2,† in which the identities
of OS products are similar to those of SDS aerosols aer
oxidation (Fig. 1). Nonetheless, we observed that the intensities
of the OS products are enhanced in SDS/AS aerosols. Fig. S3†
displays the normalized decay of dodecyl OS with different mass
ratios. We found that when the SDS/AS mass ratio decreased
from 6 : 1 to 1.3 : 1, the rate constant (k) increased from (8.77 �
0.50) to (11.97 � 0.96) � 10�13 cm3 per molecule per s, both of
which are higher than the rate constant of (4.09 � 0.09) � 10�13

cm3 per molecule per s when AS was absent. The data suggest
that the presence of AS accelerates the reactions between
dodecyl OS and OH.

We postulate that AS may exhibit an ion-specic effect on
modifying interactions between dodecyl OS and OH, which
subsequently alters their reactivities. To gain fundamental
insight, we performed non-reactive all-atom molecular
dynamics (MD) simulations of interactions between species in
aerosols of different mass fractions. A detailed description of
MD simulations is provided in Section S3 (ESI†). As implied by
previous MD studies,77 the occurrence of OH reaction with
dodecyl OS requires OH to be rst absorbed into the aqueous
aerosol, followed by diffusion to collide with dodecyl OS at the
right orientation with sufficient energy. As the reaction is trig-
gered by a successful collision between dodecyl OS and OH, the
average distance between them can serve as an indicative
parameter of reaction rate,77,78 that is, when the distance
decreases, the collision frequency will increase, and vice versa.
To delineate the role of AS in modifying reactivities, we rst
observed how its presence can affect the spatial distributions of
other ions and species, illustrated by the density proles as
© 2022 The Author(s). Published by the Royal Society of Chemistry
a function of the distance away from the water slab center in the
direction normal to the interface as shown in Fig. 4.

We compared four aqueous slab systems, including SDS
and SDS/AS with mass ratios of 6 : 1, 3 : 1, and 1.4 : 1. In each
scenario, equilibrium distributions of ammonium (NH4

+),
dodecyl OS (C12H25O4S

�), sulfate (SO4
2�), sodium (Na+), and

water (H2O) were analyzed, as illustrated in Fig. 4. Generally,
as represented by our simulation (Fig. 4a), dodecyl OS tends to
stay at the air–water interface, which is expected as it is
a surfactant in SDS aerosol. Na+ being the counterion prefers
to stay near dodecyl OS while being dissolved in water away
from the air–water interface. Upon addition of AS, it is
remarkable that NH4

+ tends to replace Na+ from the air–water
interface, while SO4

2� is dispersed within the water body
(Fig. 4b–d). Competition between NH4

+ and Na+ for the air–
water interface is observed, and there is a stronger tendency of
NH4

+ to go to the interface. In fact, NH4
+ preference for the

interface was reported in a study by Gopalakrishnan et al.,79 in
which they examined the air–water interfacial behaviour of
important atmospheric aerosol species, including NH4

+, Na+,
and SO4

2� ions. Combining vibrational sum frequency
generation spectroscopy with polarizable MD simulations,
they also reported that NH4

+ has a stronger propensity for the
air–water interface than Na+.79,80 When the AS mass fraction
increases, there is substitution of Na+ by NH4

+ near the
interface, accompanied by the displacement towards the water
interior, as depicted in Fig. S4.†

The molecular interactions between OH and ions have been
rarely studied. Since these interactions are determined using
the electronic structures which in turn can be determined using
quantum mechanics, we utilized rst-principles quantum
mechanical (ab initio) calculations to better understand the
interactions between OH and NH4

+/SO4
2�. We observed that

there is a reasonably strong attraction between OH and NH4
+,

while there is a reasonably strong repulsion between OH and
SO4

2�. Our classical MD simulations were parametrized to
reproduce these ion–OH interactions as much as possible, and
the results are shown in Section S3 (ESI†).

Because dodecyl OS is a surfactant and NH4
+ has a propen-

sity for the air–water interface, the attraction between dissolved
OH and NH4

+ brings the radical species closer to dodecyl OS
from the aerosol center. To demonstrate this, we calculated the
average distance between OH and the center of mass of dodecyl
OS as a function of SDS/AS ratio as shown in Fig. 5 (alternatively,
we also calculated the average smallest possible distances
between OH and various carbon atoms of dodecyl OS, as shown
in Fig. S5†). As more AS is added, the average distance tends to
decrease. It implies that the presence of NH4

+ facilitates the
approach of dissolved OH to the air–water interface where
dodecyl OS is located, which subsequently promotes the colli-
sion frequency, and thus the oxidation reaction rate. This
enhancement of the reaction rate may be specic to the
propensity of the ion (NH4

+ in this case) for the surface and its
attraction to OH. In general, we expect that a similar enhance-
ment can be observed if there is another ion sharing a similar
surface propensity with OS and exhibiting strong attraction to
OH.
Environ. Sci.: Atmos., 2022, 2, 1060–1075 | 1065
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Fig. 4 Number density profiles of the species NH4
+, C12H25O4S

�, SO4
2�, Na+, and H2O as a function of the distance from the water slab center in

the direction normal to the interface for four SDS/AS mass ratios.
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It is noteworthy that the rate constant (i.e. k) depends on the
aerosol size because of the variation in surface-to-volume ratio
for oxidation.81,82 Since polydisperse aerosols were generated in
the OFR, the effect of aerosol size and the spread of aerosol size
on reaction kinetics cannot be determined. We suggest future
investigations to measure reaction kinetics for both mono-
disperse (size-selected) aerosols and polydisperse aerosols in
the same reaction system upon heterogeneous oxidation. The
effect of aerosol size on the reaction kinetics can be examined
using different monodisperse aerosol populations. In addition,
the kinetics assembled from different monodisperse aerosol
Fig. 5 Average distance between OH and the center of mass of
dodecyl OS as a function of SDS/AS mass ratios (left axis) and the
corresponding rate constant k (right axis). When more AS is added, OH
comes closer to dodecyl OS on average, in line with the increase in k.

1066 | Environ. Sci.: Atmos., 2022, 2, 1060–1075
populations can be compared with those obtained from poly-
disperse aerosol populations using the mean surface-weighted
diameter in order to assess how the spread in size distribu-
tion of polydisperse aerosols affects the determination of reac-
tion kinetics.
3.3 Reaction mechanisms

3.3.1 Functionalization pathways. SDS, as an ionic salt,
readily dissociates into ions in aqueous aerosols. Based on the
observed products, we postulate the reaction mechanisms of its
anion, dodecyl OS, with OH, as depicted in Schemes 1 and 2.

Functionalization of dodecyl OS refers to the process of
forming oxygenated C12-OS (Scheme 1). Initiated by the
hydrogen abstraction from one of the carbon sites, an alkyl
radical (Rc) is formed, which quickly reacts with O2 to form
a peroxy radical (RO2c). As well-known aerosol-phase reac-
tions,51 the self-reaction of two RO2c can produce products via
carbonylation by the Russell mechanism (R1)83 or Bennett–
Summers reactions (R2),84 characterized by the addition of one
ketone group to form C12H23SO5

� (m/z 279). The Russell
mechanism (R1) is also responsible for the formation of
hydroxyl products.83 Alternatively, the bimolecular reaction of
RO2c can produce two alkoxy radicals (ROc) (R3), which abstract
another O2 (R4)83 to form C12H23SO5

� (m/z 279), or undergo
intermolecular hydrogen abstraction to form products from
hydroxylation (R5), such that C12H25SO5

� (m/z 281) is also a 1st
generation product. The products from higher generations of
oxygenation can be formed by sequential hydrogen abstraction
by OH. The observations of products from sequential
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Proposed formation mechanisms of oxygenated C12-OS detected upon heterogeneous OH oxidation of dodecyl OS via R1–R5.
Certain hydrogen abstraction sites are selected for demonstration. Cn refers to the n-th carbon atom bonded next to the sulfate (–OSO3

�) group
in an OS molecule. The formation pathways of products in the 3rd generation are simplified to illustrate OSs of all chemical formulae detected.
Structural isomers are not included for simplicity.
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functionalization processes are consistent with those in the
literature.66,67

3.3.2 Fragmentation pathways. Although functionalization
likely dominates over fragmentation upon the investigated OH
exposure, decomposition of OS involving the cleavage of a C–C
bond or the C–OSO3

� bond is still a possible process accounting
for the short-chain OS formation observed in Section 3.1. In the
following discussion, we refer to the carbon atom bonded to an
alkoxyl group as a-carbon and its neighboring carbon atom as b-
carbon.

Following the formation of ROc in (R3), it may undergo either
hydrogen abstraction (R5) or decomposition at the b-carbon
(R6) (Scheme 2), in which the latter process is known as b-
scission that breaks the ROc into an alkyl radical (R0c) and
a formyl alkyl molecule (R(]O)0H) (R6).85–89 The phenomenon
of functionalization dominating over fragmentation at early
oxidation stages for long-chain organics (such as squalene
(C30H62) and bis(2-ethylhexyl) sebacate (CH2)8(COOC8H17)2) in
aerosols has previously been observed in the literature.72,90,91

These studies observed that as more oxygen atoms are added to
the organic molecules upon OH exposure, the molecules
undergo more fragmentation instead of functionalization. This
is consistent with a stochastic simulation study by Wiegel
et al.,89 which provided mechanistic insights into the factors
(e.g., O/C, H/C, and degree of carbon) governing the fragmen-
tation processes of squalene. It was suggested that when none
© 2022 The Author(s). Published by the Royal Society of Chemistry
or few oxygen functional groups have been attached to the
parent molecule, the fragmentation of alkyl ROc (via R6) will
encounter a higher activation barrier than functionalization,
resulting in a slow reaction contributing to only �2% of the
total OH-induced hydrogen abstraction rate.89 This instantly
accounts for the insignicance of fragmentation at early stages
of oxidation. Nonetheless, as oxidation proceeds, functional
groups (i.e., carbonyl and hydroxyl) are continuously added (as
reected by an increase in O/C), stepwise decreasing the
number of abstractable hydrogen atoms; in the process, the
probability of ROc forming adjacent to these functional groups
gradually increases89 (i.e. the chance of b-carbon bonding to
functional group(s) increases). Meanwhile, carbonyl and
hydroxyl group substituents at b-carbon can substantially lower
the activation energy for decomposition, the effects of which are
statistically more intense than the barrier reduction caused by
an alkyl substituent.87,88 This leads to the essential involvement
of fragmentation as an emerging reaction pathway at later
stages of oxygenation. The products derived from R6 can
promote further radical chemistry and decompose into volatile
molecules.89

We acknowledge that multiple formation pathways are
responsible for the detected short-chain OSs. Scheme 2 illus-
trates a few of the possible pathways, using C6-OS, C7-OS, and
C8-OS as examples. For the sake of simplicity, structural isomers
were not completely included in the proposed pathways. Briey,
Environ. Sci.: Atmos., 2022, 2, 1060–1075 | 1067
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Scheme 2 Proposed formation mechanisms of oxygenated short-chain OS and inorganic sulfate ions detected upon heterogeneous OH
oxidation of dodecyl OS. C6H11O5S

�, C6H11O6S
�, C7H13O6S

�, C8H15O5S
�, and C8H15O6S

� are used as examples for the demonstration of
fragmentation mechanisms via R6–R8. Cn refers to the n-th carbon atom bonded next to the –OSO3

� group in an OS molecule.
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we postulate that fragmentation can occur for both dodecyl OS
and oxygenated C12-OS. Based on the above discussion and
comparison of evolution proles (Fig. 2b), we expect that short-
chain OSs (C6- to C10-OS) are more prone to be fragmented from
the oxygenated C12-OS than from dodecyl OS. As shown in
Scheme 2, C8H15O6S

� can be generated in two steps, by direct
fragmentation of dodecyl OS, followed by the addition of
a hydroxyl group, or by reversing the steps. C8H15O5S

� gener-
ated by the forward process could further fragment into
C6H11O5S

�, prior to hydroxylation to result in C6H11O6S
�;

otherwise, C6H11O6S
� could be produced by fragmentation of

C8H15O6S
�. For demonstration of functional group driven

fragmentation, aer ROc formation at C7 in C8H15O6S
�,

decomposition can be activated at the b-carbon by its bonded
carbonyl group and hence, C7H13O6S

� is formed.
3.3.3 Inorganic sulfate formation. In Fig. 2b, an increase in

the intensity of HSO4
� was observed, suggesting the formation

of inorganic sulfate from heterogeneous OH oxidation of
dodecyl OS. To examine the signicance of OS conversion to its
inorganic form during the reactions, the yield of inorganic
sulfate ions was further quantied. The IC chromatograms of
SDS before and aer oxidation are shown in Fig. S6.† The signal
intensity peak corresponding to SO4

2� was found to have
a retention time of 4.90–5.01 min during the IC measurement.
The small amount of background sulfate ions detected before
oxidation, which may be formed by the hydrolysis of dodecyl
1068 | Environ. Sci.: Atmos., 2022, 2, 1060–1075
OS, has been corrected for the determination of sulfate yield.
Aer oxidation, a small increase in the SO4

2� signal was
observed, indicating that some inorganic sulfate (HSO4

� and/or
SO4

2�) was formed. The amount of inorganic sulfur formed at
each OH exposure was then quantied to calculate the yield,
dened as the total number of moles of HSO4

� and SO4
2�

formed per mole of SDS anions reacted at a given OH
exposure:56

Yield ¼ D
�
SO4

2��

D ½C12H25O4S
�� � 100% (2)

where the [SO4
2�] was quantied by IC and [C12H25O4S

�] is the
dodecyl OS concentration determined by UHPLC/ESI-QToF-MS
before and aer oxidation. Concisely, the yields determined
were small. No signicant molar yield of sulfate was detected
below 12� 1011 molecules per cm3 s. At maximumOH exposure
(Table 1), the yield reached only 1.82 � 6.57%. The large
uncertainty is considerably attributed to the small changes in
C12H25O4S

� and SO4
2� concentrations at those OH exposures,

and this is inevitable when the yield is small (calculation details
can be referred to in Section S2, ESI†).

R7–R11 provide the possible pathways for inorganic sulfate
production from fragmentation of OSs. Scheme 2 further
depicts a formation pathway of inorganic sulfate from a short-
chain OS (C6H11O6S

�). Similar to the b-scission mechanism to
generate short-chain OSs (Section 3.3.2), the proposed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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mechanisms for OSs to dissociate at C–OSO3
� requires ROc to

form at C1 (R7–R8). The presence of an unpaired electron at the
oxygen atom bonded to C1 would reduce the C–O bond strength
leading to ready dissociation. This is known as the inductive
cleavage of bonds, where preferential bond dissociation would
occur between the electronegative group and its bonded carbon,
and the negative charge would be preferably transferred to the
fragmented electronegative group (R7) to restore thermody-
namic stability.92,93 On the other hand, fragmentation can also
subsequently generate the sulfate radical anions (SO4c

�) (R8),
which can further participate in radical chemistry or react to
generate HSO4

� (R9–R11).55,58 It is acknowledged that R7–R8 do
not explicitly represent all reactions between C1 and OH, but
only account for the major pathways of inorganic sulfate
production.

As indicated by Fig. 2b and IC results, inorganic sulfate ions
tend to originate from products from the 2nd or higher gener-
ations. A possible reason to account for this phenomenon is
that at early oxidation stages, hydrogen abstraction at C1 may
not be favorable given that there is a larger number of hydrogen
atoms available for OH abstraction. Also, the electron-rich
sulfate group possibly exhibits an uncharacterized effect on
the neighbouring carbon sites; for instance, it may have
a mesomeric withdrawing effect on the bonded carbon atoms,
similar to the effect of a nitrate group in gas-phase organo-
nitrates, which was found to deactivate the neighbouring sites
against hydrogen abstraction by OH.94 However, as oxidation
proceeds, the probability of hydrogen abstraction occurring at
C1 increases when more functional groups are added to the
carbon backbone, which can also alter the site selectivity for
OH-induced hydrogen abstraction.95,96 In short, we expect that
the fragmentation of the sulfate group occurs at a lower
frequency in the initial stages of oxidation, which is contrarily
more favored as oxidation proceeds, consistent with the
formation pathways of oxygenated short-chain OSs.

Although SO4
2� and/or HSO4

� formation was not signi-
cantly detected for heterogeneous OH oxidation of SDS, an
appreciable inorganic sulfate yield (�60%) was observed for
short-chain OSs (C1-, C2-, and C5-OS).54–56,58 This implies that the
phenomenon of fragmentation domination in methyl and ethyl
OSs might be special cases of alkyl OSs, in which the probability
of hydrogen abstraction at C1 is enhanced by the smaller
number of carbon atoms. Similarly, 3-methyltetrol OS under-
going fragmentation with negligible functionalization can be
explained by the presence of vicinal hydroxyl groups, which
substantially lower the activation energy required for the
decomposition of ROc.58 The presence of vicinal hydroxyl
groups, however, is also structurally unique to this C5-OS
among other long-chain OSs.
4. Conclusion and atmospheric
implications

The ndings of this study imply that dodecyl OS, an atmo-
spherically relevant long-chain alkyl OS, can undergo hetero-
geneous OH oxidation at a relatively slow rate with an
© 2022 The Author(s). Published by the Royal Society of Chemistry
atmospheric lifetime of �19 days. Nonetheless, our calculation
shows that about 52% of dodecyl OS in aerosols can chemically
transform within 14 days, prior to removal via wet and dry
deposition. In addition, when AS is present, the atmospheric
lifetime of dodecyl OS can reduce to 6.45� 0.52 days (for SDS/AS
(1.3 : 1) aerosols). Yet, fragmentation to form inorganic sulfate
was found to be rather insignicant in the present study. Several
atmospheric implications are drawn from the results:

(1) Dodecyl OS reacts predominantly by attaching multiple
carbonyl and hydroxyl groups. Although the formation of short-
chain OSs is a minor process, fragmentation from their long-
chain precursors can represent one of their potential forma-
tion mechanisms. These oxygenated short-chain OSs and C12-
OS would exhibit different propensities for the air–water inter-
face compared to dodecyl OS, for instance, by formation of
hydrogen bonds with water molecules. Meanwhile, oxygenation
of long-chain OSs with minimal fragmentation, responsible for
the O/C ratio enhancement in SOAs, can potentially alter the
physicochemical properties of aerosols such as viscosity and
hygroscopicity. Our results point out the need to revisit our
conventional assumption that OSs, particularly surfactants
such as dodecyl OS, can reside stably at the interface to prolong
the lifetimes of inner compounds in aerosols. We argue that
surface activities will decrease as surfactants become oxidized,
due to the modication in their polarities and hydrophilicity. It
is therefore worthwhile to investigate the changes in protective
effects of these oxygenated products and physicochemical
properties of aerosols, which may consequently alter cloud
nucleation, growth, and albedo effects.97,98

(2) Since the formation of inorganic sulfate requires the
occurrence of OH-induced hydrogen abstraction at C1 prior to
the breakage of the C–OSO3

� bond, it is plausible that the
inorganic sulfate yielded from long-chain OSs will be lower in
amount than that from short-chain OSs in general, as expected
due to the decreased probability of OH reactions with C1. The
number of carbon atoms in alkyl OSs might therefore represent
a factor limiting the inorganic sulfate yield upon heterogeneous
OH oxidation, which is also in agreement with the detected low
sulfate yield from a-pinene OS.57 Our results might imply that
our fundamental understanding of the chemical evolution
principles of structurally different OSs is incomplete; therefore,
further research in the related area is required.

(3) OH oxidation kinetics of dodecyl OS are accelerated by the
presence of NH4

+. We conjecture that this is caused by the co-
occurrence of their propensity for the air–water interface and
the strong NH4

+–OH interaction, which brings OH closer to
dodecyl OS. Na+ and NH4

+, both being atmospherically abun-
dant cations, respectively, originating from marine and
anthropogenic sources,99–101 exhibit different air–water interface
propensities and interactions with OH, eventually resulting in
distinct effects on reactivity alteration of dodecyl OS. Despite
the phenomenon being unique to the investigated combination
of species, future studies on atmospheric fates of organic
compounds, especially surface-active compounds, may require
careful consideration of the effects of their counterions and
other unexplored factors, which altogether potentially affect the
interpretation of experimental kinetics outcomes.
Environ. Sci.: Atmos., 2022, 2, 1060–1075 | 1069
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Overall, the study provides fundamental insight into the
heterogeneous OH oxidation of long-chain alkyl OSs, comple-
mentary to the previous studies on short-chain OSs. The
aqueous-phase structure–activity relationship (SAR) of OH with
aliphatic organic molecules suggests that OH has no signicant
preference to any carbon sites in long-chain alkyl OSs when no
carbonyl or hydroxyl group is bonded;95,96 however, the partial
site reactivity inuenced by the sulfate (–OSO3

�) group has not
been included in the SAR, neither in the aqueous phase nor in
the gas phase. As many OSs are surface-active, development of
a multiphase SAR is advantageous for quantitative prediction of
the effect of –OSO3

� on its neighbouring hydrogen-abstractable
sites. Besides, heterogeneous reactivity was investigated at
a single high RH in this work. Recent studies have demon-
strated that aerosol composition and environmental conditions
such as RH and temperature can determine aerosol viscosity,
which subsequently alters heterogeneous reactivity.102–104 In
general, high viscosity limits bulk diffusion within aerosols,
resulting in slower heterogeneous reactions.105,106 Although
both SDS and SDS/AS aerosols are likely not viscous at high RH,
future explorations into the effects of environmental conditions
and aerosol viscosity on heterogeneous OH reactivity are highly
desired. These would greatly assist in the estimation of atmo-
spheric lifetimes of aliphatic OSs and their potential trans-
formational products under tropospheric conditions. To sum
up, future investigation of the fates of structurally different OSs
upon heterogeneous OH oxidation is necessary, through
coupling laboratory studies with computational approaches to
obtain a thorough mechanistic insight.
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