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Organosulfates in the Midwestern United States:
abundance, composition and stability

Dagen D. HughesA and Elizabeth A. Stone A,B

ADepartment of Chemistry, University of Iowa, Iowa City, IA 52246, USA.
BCorresponding author. Email: betsy-stone@uiowa.edu

Environmental context. Organosulfates in the atmosphere are an indicator that particulate matter has formed
from gases in the presence of anthropogenic pollution. By characterising organosulfates in atmospheric fine
particulate matter from the Midwestern USA, we found that organosulfates account for a significant fraction of
organic carbon and that they are associated with both plant-derived and anthropogenic gases. Our results
demonstrate that anthropogenic pollution significantly influences atmospheric particle concentrations and
composition.

Abstract. Organosulfates are components of secondary organic aerosol resulting from the oxidation of volatile organic
compounds in the presence of acidic sulfate. This study characterises organosulfates in the Midwestern United States for

the first time. In fine particulate matter (PM2.5) collected in Iowa City, IA, in September 2017, organosulfates were
analysed using liquid chromatography coupled to high-resolution and tandem mass spectrometry (MS) to identify and
quantify (or semi-quantify) major species. Among the 22 identified species, methyltetrol sulfate (m/z 215; C5H11SO7

�)
had the largest contribution to the bisulfate (m/z 97) product ion, as determined by precursor-ion MS/MS (59.5% of

signal), followed by ten other isoprene-derived organosulfates (15.2%), seven monoterpene-derived organosulfates
(5.6%), three anthropogenic organosulfates (4.3%) and one species of unknown origin (0.6%). Among the quantified
species were hydroxyacetone sulfate (4.8� 1.1 ng m�3), glycolic acid sulfate (21.0� 1.5 ng m�3), 2-methylgyceric acid

sulfate (15.1 � 0.8 ng m�3), C5H7SO7
� (m/z 211; 17.9 � 0.9 ng m�3), C5H9SO7

� (m/z 213; 16.0 � 1.0 ng m�3), and
methyltetrol sulfate (214� 8 ng m�3); together, these species accounted for 4.4% of organic carbon. To further validate
the measurement of organic species in PM using filter samples, the stability of organosulfates on filters frozen at�20 8C

was evaluated over the course of 1 year. The stored samples revealed no degradation of organosulfates, indicating their
stability on filters stored frozen for extended periods of time. This study provides new insight into the abundance and
identity of organosulfates in theMidwestern US and demonstrates that isoprene-derived organosulfates, in particular, are a
significant contributor to PM2.5 organic carbon.

Additional keywords: atmospheric aerosols, chemical composition, isoprene, PM2.5, secondary organic aerosol.
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Introduction

Atmospheric fine particulate matter (PM2.5; particles #2.5 mm
in aerodynamic diameter) influences the Earth’s climate through
direct and indirect radiative forcing (Novakov and Penner 1993;

Hansen et al. 1997; Jacobson et al. 2000; Ramanathan et al.
2001) and adversely affects human health by causing inflam-
mation of the respiratory system, morbidity and, in some cases,

premature death (Brunekreef and Holgate 2002; Kampa and
Castanas 2008; Valavanidis et al. 2008). A large fraction of
PM2.5 is organic and can enter the atmosphere directly (from

primary sources) or form in the atmosphere as secondary organic
aerosol (SOA) through the oxidation of volatile organic com-
pounds (VOCs) and subsequent partitioning to the aerosol phase

(Turpin and Lim 2001; Hallquist et al. 2009). Chamber studies
have demonstrated that the formation of SOA increases in the
presence of acidic sulfate (Surratt et al. 2007; Surratt et al. 2008);
however, the impact of SOA formation on the atmospheric

organic carbon (OC) budget remains unclear, with estimates of
global SOA production ranging from 13 to 121 Tg year�1

(Tsigaridis et al. 2014).

Organosulfates are a portion of SOA formed from the oxida-
tion of VOCs in the presence of sulfate and are estimated to
account for as much as 5–10% of the organic mass across the
continental US (Tolocka and Turpin 2012). Organosulfates are

ubiquitous, being detected at many sites globally, including in
megacities, and urban, rural and remote environments (Surratt
et al. 2008; Iinuma et al. 2009; Kristensen and Glasius 2011;

Olson et al. 2011; Stone et al. 2012; Hansen et al. 2014; Meade
et al. 2016; Hettiyadura et al. 2017; Wang et al. 2018). They are
primarily formed through the acid-catalysed reactive uptake of

gas-phase epoxides onto sulfate aerosol (Surratt et al. 2010), but
have also been found to form by the nucleophilic substitution of
organic nitrate by sulfate (Darer et al. 2011) and through the

oxidation of VOCs via sulfate radical anions (Nozière et al. 2010;
Schindelka et al. 2013). Through a combination of chamber
experiments and field studies, organosulfates have been shown
to form mainly from biogenic precursors that include isoprene

(Surratt et al. 2007), monoterpenes (Iinuma et al. 2009), sesqui-
terpenes (Chan et al. 2011), 2-methyl-3-buten-2-ol (MBO)
(Zhang et al. 2012) and 3-Z-hexenal (Shalamzari et al. 2014).
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With sulfate primarily resulting from fossil fuel combustion

(Carlton et al. 2010), organosulfates are unique tracers for
biogenic SOA influenced by anthropogenic emissions.

The composition and abundance of organosulfates have yet

to be studied in theMidwestern US. This region is recognised as
being affected by biogenic SOA and anthropogenic sulfate
(Lewandowski et al. 2008; Stone et al. 2009; Jayarathne et al.
2016). At our study site in Iowa City, IA, PM2.5 mass in late

summer (27 August to 23 September 2011) was demonstrated to
be largely composed of OC (22%), ammonium (14%) and
sulfate (13%) (Jayarathne et al. 2016). Primary sources includ-

ing vegetative detritus, biomass burning, diesel engines, gaso-
line engines and coal combustion were estimated to account for
34% of OC. The majority of the remaining OCwas attributed to

secondary sources, although only 3 and 4% of OC was attrib-
uted to isoprene and monoterpene SOA respectively by the
SOA-tracer method (Jayarathne et al. 2016). Notably, these
SOA estimates do not account for organosulfates and thus the

total impact of SOA is expectedly larger. Peak levels of biogenic
SOA concentrations coincided with elevated levels of PM,
sulfate and southerly winds (Jayarathne et al. 2016), and are

expected to contain organosulfates.
The chemical analysis of organosulfates often involves col-

lecting PM on filters and subjecting them to chemical analysis

by techniques such as Fourier-transform infrared spectroscopy
(Maria et al. 2003; Hawkins and Russell 2010) or mass spec-
trometry (MS) coupled with reversed-phase chromatography

(Surratt et al. 2008; Kristensen and Glasius 2011; Rattanavaraha
et al. 2016; Riva et al. 2016a), hydrophilic interaction liquid
chromatography (HILIC) (Hettiyadura et al. 2015; Cui et al.
2018; Spolnik et al. 2018), or capillary electrophoresis (Yassine

et al. 2012). Filter sample collection is subject to both positive
and negative sampling artefacts (Turpin et al. 2000). Previous
work has shown that organosulfates are capable of forming on

filters from b-pinene oxide (Kristensen et al. 2016). Positive
sampling artefacts due to gas-phase adsorption were shown to be
negligible (i.e. within the analytical measurement uncertainty) in

Centreville, AL, owing to the low volatility and gas-phase
concentrations of organosulfates (Hettiyadura et al. 2017). In
addition, the formation of organosulfates on filters through acid-
catalysed reactions with sulfate was determined to be negligible

(Hettiyadura et al. 2017). A recurring concern with respect to
chemical analysis of PM filter samples is the stability of material
on filters after collection. In the present study, we test the

assumption that organosulfates are stable on filters after sample
collection when those filters are stored frozen in the dark.

The present study characterises atmospheric organosulfates

in PM2.5 in the Midwestern US for the first time. Our measure-
ments in Iowa City provide the first insight into the contribution
of organosulfates to OC in this region. PM2.5 at our suburban

study site was previously characterised in the late summer as
being influenced by secondary reactions, as indicated by ammo-
nium sulfate and SOA tracers associated with isoprene and
monoterpenes that are characteristic of theMidwesternUSmore

broadly (Jayarathne et al. 2016). Regional transport is a major
contributor to PM2.5 loadings in theMidwesternUS, particularly
from southerly air masses that coincide with elevated levels of

ammonium sulfate and SOA tracers (Jayarathne et al. 2016).
Notably, two sites in Iowa City separated by 8 km had signifi-
cant differences in their levels of organic molecular markers for

primary and secondary sources, indicating local influences on
primary and secondary organic PM2.5 (Jayarathne et al. 2016).
Hence, our measurements represent a site-specific case study

that is expected reveal trends in the relative abundance of

organosulfates relevant to the Midwestern US more broadly,
while their absolute concentrations are expected to vary across
study sites, with air masses, and by season.

Our study centers around three primary objectives. First, we
identify the major organosulfate MS signals and quantify (or
semi-quantify) these species in PM2.5 collected in IowaCity, IA.
Second, we compare our observations in the upper Midwestern

US with prior field measurements to gain insight into how their
absolute and relative concentrations compare with other regions
in the US and other continents. Third, we evaluate the integrity

of organosulfate compounds during extended periods of storage
following sample collection. This work provides the first chem-
ical characterisation of organosulfates in the upper Midwestern

US and the first investigation of their stability on archived filter
substrates. The measurements presented in this study provide
new insight into the chemical nature and sources of organosul-
fates and SOA in an understudied region.

Experimental

Chemicals and reagents

Standards for methyl sulfate and ethyl sulfate were purchased
from Sigma–Aldrich. Standards for glycolic acid sulfate,

hydroxyacetone sulfate, acetoin sulfate and benzyl sulfate were
synthesised as potassium salts (.95% purity) as described
in Hettiyadura et al. (2015). Ultrapure water was generated on

site (Thermo, Barnsted EasyPure-II; .18.2 MO cm resistivity,
OC ,40 mg L�1). Acetonitrile (Optima, Fisher Scientific),
ammonium acetate ($99%, Sigma–Aldrich) and ammonium

hydroxide (Optima, Fisher Scientific) were used as received.

PM2.5 sample collection

Two PM2.5 samples were collected on prebaked (550 8C for

18 h) quartz fibre filters (QFFs; 90-mm diameter, Pall Life
Science) from16 to 20 September 2017 at theUniversity of Iowa
Air Monitoring Site (IA-AMS; 41.6647N, 91.5845W), which is
surrounded by woods, agricultural fields and a parking lot.

Measured by a local outdoor monitor managed by the Envi-
ronmental Protection Agency, the temperature ranged from 12
to 33 8C with predominate southerly winds. The 5-day sampling

time, rather than a 24-h sample, was preferred to amass a rela-
tively large amount of PM2.5 on a single filter so that subsamples
of that filter could be extracted and analysed over the course of

1 year to evaluate organosulfate stability on filters. PM2.5 was
collected using two medium-volume air samplers (3000B, URG
Corporation) affixed to a platform 1 m above the ground and
equipped with a cyclone operating at a flow rate of 90 L min�1.

PM2.5 mass, measured using a federal reference method at a
local Environmental Protection Agency Air Monitoring site
(41.6572N, 91.5035W) 8 km east of our sampling site, averaged

8.56 � 4.03 mg m�3 during the study period. Following col-
lection, QFFs were stored in aluminium foil (prebaked at 550 8C
for 5.5 h)-lined Petri dishes and transported to the laboratory for

immediate analysis and subsequent storage at �20 8C.

Extraction of organosulfates

As described in Hettiyadura et al. (2015), subsamples of the
QFFs were extracted via sonication in 10 mL acetonitrile and
ultrapure water (95 : 5 v/v) for 20min. The extracts were filtered

through a polypropylene membrane syringe filter (0.45-mm
pore size; Puradisc, Whatman), evaporated to dryness under
ultrahigh purity nitrogen at 50 8C (Turbovap LV, Capiler Life

D. D. Hughes and E. A. Stone
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Sciences; Reacti-Vap I 18825, Thermo Scientific), and recon-

stituted to a final volume of 300 mL using 95 : 5 (v/v) acetoni-
trile : ultrapure water. This extraction protocol efficiently
recovered a range of organosulfates, including methyl sulfate

(102%), ethyl sulfate (96%), benzyl sulfate (111%), acetoin
sulfate (96%), hydroxyacetone sulfate (105%) and glycolic
acid sulfate (90%). An initial extraction was carried out
immediately following sample collection where a 2.56-cm2

punch of each filter was analysed to evaluate organosulfate
loadings on each filter and develop the experimental plan.
Following the initial extraction, three 0.78-cm2 punches were

extracted from each filter 2, 8, 29, 83, 180, 251 and 364 days
after collection, giving a total of six samples at each time period.
Filters were removed from storage at �20 8C immediately

before sub-sampling and replaced immediately after.

Separation and quantitation

Using the optimised conditions described in Hettiyadura et al.
(2015), an ultraperformance liquid chromatograph (UPLC)

interfaced to a triple quadrupole mass spectrometer (TQD) with
negative electrospray ionisation ((–)ESI) operating in multiple
reaction monitoring (MRM) mode was used to quantify orga-

nosulfates. Separation was achieved using an ethylene-bridged
hybrid amide (BEH-amide) column (2.1 � 100 mm, 1.7-mm
particle size; AcquityUPLCWaters). The eluents, delivered as a
gradient outlined by Hettiyadura et al. (2015), included an

organic eluent of ammonium acetate buffer (10 mM, pH 9) in
acetonitrile and ultrapure water (95 : 5 v/v) and an aqueous
eluent of ammonium acetate buffer (10 mM, pH 9) in ultrapure

water. Data were acquired and analysed using MassLynx and
QuanLynx software (Waters Inc., Version 4.1).

Qualitative analysis of organosulfates

Organosulfate specieswere defined as species that fragmented to
a bisulfate anion (m/z 97) or a sulfate radical anion (m/z 96) using
HILIC-TQD in precursor ion mode scanning masses ranging
from 100 to 400 Da. The organosulfates identified in the pre-

cursor ion scans were further characterised using UPLC coupled
with (–)ESI time-of-flight mass spectrometry (TOF-MS)
(Bruker Daltonics MicrOTOF) to determine their monoisotopic

mass and elemental composition. The working resolution for the
TOF-MS was 9000. Data were acquired and analysed using
MassLynx and Quanlynx software (Waters Inc., Version 4.1),

and molecular formulae were assigned considering both odd
and even electron states, C0–20, H0–50, N0–10, O0–10, S0–6, and a
maximum error of 5 mDa.

Measurement of organic carbon

OC was measured on a 1.0-cm2 PM2.5 subsample using a ther-
mal-optical analyser (Sunset Laboratory) according to the
Aerosol Characterisation Experiment-Asia base case protocol

(Schauer et al. 2003).

Statistical analysis

Differences inmeans were assessed by a two-sample t-test using
Minitab software and were considered significant if P , 0.05,
corresponding to the 95% confidence interval.

Results and discussion

Identification of major organosulfates in Iowa City

Organosulfates exhibit characteristic product ions under (–)ESI
conditions: the bisulfate anion (HSO4

� at m/z 97), the sulfate

radical anion (SO4
�� at m/z 96), the bisulfate anion (HSO3

� at

m/z 81) and the bisulfite radical anion (SO3
�� at m/z 80)

(Attygalle et al. 2001; Gómez-González et al. 2008; Surratt et al.
2008). In the present study, precursors to the bisulfate anion and

sulfate radical were used to identify organosulfates in ambient
PM2.5 collected in IowaCity, IA. The bisulfate ion forms by syn-
elimination and is the predominant sulfur-containing fragment
ion for organosulfates with sp3-hybridised carbon atoms in the

a and b positions from the sulfate group and an abstractable
proton in the b position (Attygalle et al. 2001). When a proton
cannot be abstracted from the b position, it may be abstracted

from carbon atoms more distant from the sulfate group
(Attygalle et al. 2001). Bisulfate is the major sulfate-containing
product for many organosulfates observed in atmospheric

aerosols, such as hydroxyacetone sulfate and methyltetrol
sulfate. The sulfate radical anion forms from the homolytic
cleavage of the C–O bond associated with the sulfate group and
is the major sulfur-containing product ion for allylic and ben-

zylic organosulfates, such as benzyl sulfate, that stabilise the
radical by resonance (Attygalle et al. 2001). The sulfate radical
anion is also the predominant sulfur-containing fragment ion for

nitro-oxy organosulfates observed in atmospheric aerosols. The
bisulfite anion (m/z 81) and sulfite radical anion (m/z 80) are also
observed in MS/MS spectra from organosulfates, but results

from their precursor ion scans are largely redundant with those
from the bisulfate anion (m/z 97) and sulfate radical anion
(m/z 96) (Hettiyadura et al. 2019). Consequently, precursors to

the bisulfite anion and sulfite radical anionwere not measured in
the present study.

Major organosulfates were defined as the organosulfate
species that exhibited either: (1) a contribution $0.5% to the

precursor to the m/z 97 signal; (2) a contribution $1.0% to the
precursor to them/z 96 signal; or (3) a retention time (TR) greater
than 4 min on the HILIC column. The selection criteria were

utilised to focus our attention on organosulfates of high atmo-
spheric abundance and maximise instrument sensitivity by
limiting the number of ions monitored. In addition to the species

with a significant contribution to the precursor ion signal,
organosulfates eluting after 4minwere also selected for analysis
because despite having a high atmospheric abundance, these
compounds have a low instrumental response owing to the

mobile phase gradient shifting from acetonitrile to aqueous,
which decreases mobile phase desolvation and ionisation effi-
ciency (Hettiyadura et al. 2017). The MS signals corresponding

to the major organosulfate species are labelled in Fig. 1 and are
the focus of the ensuing discussion, although many additional
minor signals were observed. The strongest signals were

observed in the precursor to m/z 97 scans owing to the greater
stability of the bisulfate anion compared with the sulfate radical
anion; for example, the precursor to the m/z 96 signal was only

1.9% of the precursor to the m/z 97 signal. Using product ion
signals to evaluate the relative abundance of organosulfates
relies on the assumption that each organosulfate has an equal
ability to form fragment ions. As discussed in Hettiyadura et al.

(2017), this approach does not account for differing ionisation
efficiencies or fragmentation patterns that may introduce posi-
tive or negative biases. Nonetheless, it provides a means of

evaluating the presence of organosulfates by their relative signal
strengths in the absence of quantification standards for each
species. The major organosulfates observed are summarised in

Table 1 along with their calculated monoisotopic mass, molec-
ular formula determined using HILIC-TOF, molecular struc-
tures and expected precursor(s) based on previous chamber

Organosulfates in the Midwestern United States
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experiments and field work, and relative contribution to precur-
sor ion signals.

Organosulfates derived from isoprene

Isoprene-related organosulfates accounted for 11 of the 22
major organosulfates and accounted for 74.8% of the bisulfate

ion signal. Methyltetrol sulfate (C5H11SO7
�; m/z 215), formed

via acid-catalysed nucleophilic addition of sulfate to isoprene
epoxydiols (IEPOX) (Surratt et al. 2010), was themost abundant

organosulfate and accounted for 59.5% of the bisulfate ion
signal. Four isomers of methyltetrol sulfate that corresponded to
secondary diastereomers (TR of 1.40 and 1.72) and tertiary

diastereomers (2.76 and 3.44) (Cui et al. 2018) were baseline-
resolved. Sulfate esters of cyclic methyltrihydroxyaldehyde
hemiacetal (C5H9SO7

�; m/z 213) and of methydihydroxy-
lactone (C5H7SO7

�; m/z 211), with tentatively identified

structures (Hettiyadura et al. 2015), were the next strongest
signals and contributed 5.5 and 4.2% to the bisulfate ion signal
respectively. These organosulfur species result from the pho-

tooxidation of isoprene (Surratt et al. 2008) and have also been
suggested to result from further oxidation of methyltetrol sul-
fates (Hettiyadura et al. 2015). Smaller contributions (#1.1%)

from numerous other organosulfates (m/z 183, 153 and 197) and
a nitro-oxy organosulfate (m/z 260) that primarily result from
the atmospheric processing of isoprene were also identified

(Table 1) (Surratt et al. 2008; Riva et al. 2016a).
The organosulfates eluting after 4 min on the HILIC column

included glycolic acid sulfate (C2H3SO6
�; m/z 155), 2-methyl-

glyceric acid sulfate (C4H7SO7
�;m/z 199) and lactic acid sulfate

(C3H5SO6
�; m/z 169), and together accounted for 1.0% of the

bisulfate anion signal and were also associated with isoprene.

Glycolic acid sulfate has been shown to form from both glyoxal

and more efficiently from glycolic acid (Liao et al. 2015).
Although both have biogenic and anthropogenic sources, gly-
colic acid sulfate is primarily associated with the oxidation of

isoprene (Nozière et al. 2010; Liao et al. 2015). Lactic acid
sulfate has been reported to form via isoprene photooxidation
(Surratt et al. 2008) and isoprene ozonolysis (Riva et al. 2016a)
whereas 2-methylglyceric acid sulfate forms from isoprene

photooxidation under high NOx conditions (Nguyen et al.
2015). In total, these species indicate that isoprene is the major
precursor to organosulfates.

Terpene-derived organosulfates

Terpenes contributed to SOA to a lesser extent, with seven

organosulfur compounds associated with terpene oxidation
identified among the top 22 signals and a total contribution of
5.6% to the bisulfate ion signal. Themost abundant signal among
the organosulfates derived from terpenes corresponded to a

species with the chemical formula C7H11SO7
� (m/z 239), which

has been reported as a product of limonene photooxidation
(Surratt et al. 2008). Other products of limonene oxidation cor-

responded to C9H15SO7
� (m/z 267) and C9H15SO6

� (m/z 251)
(Surratt et al. 2008). Although C9H15SO6

� may also arise from
the photooxidation of b-caryophyllene (Chan et al. 2011), it has

been suggested to formprimarily from limonene in previous field
measurements (Hettiyadura et al. 2019). Additional organo-
sulfates with m/z 223 (C7H11SO6

�), m/z 237 (C8H13SO6
�), m/z

279 (C10H15SO7
�) and m/z 281 (C10H17SO7

�) have been iden-
tified as SOA products of a-pinene oxidation as well as the oxi-
dation of other monoterpenes in the presence of NOx and sulfate
(Surratt et al. 2008). Two monoterpene-derived nitro-oxy orga-

nosulfates, C10H16NSO7
� (m/z 294) and C10H16NSO10

� (m/z
342), were two of the eight strongest signals in the precursor to
the m/z 96 scan (Fig. 1b and Table S1, Supplementary Material).

These organosulfates have been shown to result from numerous
monoterpenes in the presence of NOx (Surratt et al. 2008). The
observed organosulfates associated with monoterpenes highlight

the role of NOx on monoterpene SOA formation.

Anthropogenic organosulfates

Although organosulfate compounds are inherently influenced by

anthropogenic emissions owing to their sulfate moiety, some
organosulfates have been associated with anthropogenic VOC or
primary emissions. Three such compounds were detected and

collectively accounted for 4.3% of the bisulfate anion signal.
Two of these are associated with the photooxidation of cyclo-
hexene (Liu et al. 2017), a common solvent used in industry, and

include C6H9SO6
� (m/z 209), which had the fourth strongest

signal, and C6H9SO7
� (m/z 225). Dodecyl sulfate (C12H25SO4

�;
m/z 265), a common surfactant in detergents and wastewater

treatment (Hettiyadura et al. 2017), was likely emitted from
primary source. Its relatively large contribution to the bisulfate
anion signal is likely influenced by efficient ionisation of sur-
factants in electrospray ionisation (Cort�es-Francisco andCaixach
2013). Additional anthropogenic organosulfates were identified
in the precursor to the m/z 96 scan (Fig. 1b and Table S1, Sup-
plementary Material): C4H7SO4

� (m/z 151) and C3H5SO4
� (m/z

137), which have been identified as oxidation products of diesel
emissions (Blair et al. 2017), and C6H9SO6

� (m/z 165), which is
derived from the oxidation of cyclohexene (Liu et al. 2017).

These observations indicate that anthropogenic organosulfates
are among the strongest organosulfate signals, but with lower
signal strength compared with biogenic organosulfates.
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Fig. 1. Mass spectra corresponding to precursor ion scans of (a) bisulfate

anion (m/z 97), and (b) sulfate ion radical (m/z 96). The maximum absolute

signal for each precursor ion scan was 55 600 au and 218 au respectively,

reflecting a much stronger signals for the m/z 97 product ion compared with

m/z 96. The organosulfates observed by each precursor ion scan type are

influenced by their chemical structures and fragmentation pathways, dis-

cussed in the section Identification of major organosulfates in Iowa City.
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Table 1. Organosulfates identified in Iowa City, IA from the precursor to the m/z 97 scan

Summarised for each compound is the calculatedmonoisotopicmass, formula determined byTOF-MS, proposed structure, VOCprecursor(s) with reference to

prior studies, HILIC retention time for major peaks, m/z error (mDa), and percentage contribution to the precursor ion signal

Calculated mass

[M – H]�
Formula Proposed structure VOC precursor(s) TR (min) Error (mDa) Contribution to

precursor ion

signal (%)

215.0225 C5H11SO7
–

2-methyltetrol

sulfate

A

HO

HO OSO3
�

OH

IsopreneA,B 1.40 �0.6 59.5

1.72 0.7

2.76 �0.6

3.44 0.5

213.0069 C5H9SO7
� C O

OSO3
�HO

OH
IsopreneB 1.11 0.2 5.5

1.49 0.4

2.14 �0.4

210.9912 C5H7SO7
� C

O

OSO3
�O

OH

IsopreneB 0.54 1.0 4.2

0.71 1.1

0.87 1.3

209.0120 C6H9SO6
� Unknown CyclohexeneD 0.55 0.6 3.0

239.0225 C7H11SO7
� E

OH O
O

OSO3
� LimoneneB

MVK/MACRE–F

0.75 0.8 1.4

182.9963 C4H7SO6
� G

OSO3
�

HO

O IsopreneH

MVK/MACRI

1.03 0.8 1.1

152.9858 C3H5SO5
�

Hydroxyacetone

sulfate

B

OSO3
�

O IsopreneB

MVK/MACRI

0.70 1.0 1.1

197.0120 C5H9SO6
� H

OSO3
�

HO

O IsopreneH 0.91 1.1 1.0

223.0276 C7H11SO6
� J

OSO3
�O

O a-PineneB 0.65 2.5 0.9

265.1474 C12H25SO4
�

Dodecyl sulfate

K

OSO3
�

10

AnthropogenicK 0.53 0.6 0.8

237.0433 C8H13SO6
� Unknown a-PineneB 0.67 1.0 0.8

279.0538 C10H15SO7
� B

OSO3
�

O

O

O
a-PineneB,E

MonoterpenesB

Dodecane and

cyclododecaneL

0.80 1.3 0.7

251.0589 C9H15SO6
� B

OSO3
�

O OH

LimoneneB

b-CaryophylleneM
0.59 1.3 0.6

260.0076 C5H10NSO9
� N

OSO3
�

HO

OH ONO2

IsopreneB 0.65 1.1 0.6

140.9858 C2H5SO5
� O

OSO3
�

HO
Numerous sources 1.79 0.9 0.6

281.0695 C10H17SO7
� D

OSO3
�

O
OH

OH

a-pineneB,E

LimoneneB
0.59 0.3 0.6

(Continued)
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Organosulfates from unknown sources

An organosulfate with the formula C2H5SO5
� (m/z 141) was

tentatively identified as 2-hydroxyethyl sulfate and accounted for
0.6% of the bisulfate ion signal. This compound has been shown

to form through the oxidation of ethyl sulfate (Kwong et al. 2018);
however, given the low atmospheric concentration of ethyl sul-
fate (0.08 ng m�3), we propose this organosulfate could also
result from the oxidation of ethylene through the reactive uptake

of ethylene oxide via acid-catalysed ring opening and subsequent
nucleophilic addition of sulfate. The sources of atmospheric
ethylene are both biogenic and anthropogenic, and include veg-

etation (Goldstein et al. 1996), marine water (Gist and Lewis
2006), biomass burning (Lewis et al. 2013), vehicle exhaust
(Wang et al. 2013) and industrial processes (Na et al. 2001).

Therefore, this organosulfate cannot be tied to a specific source,
but is likely to be associatedwith emissions frombiomass burning
and vehicle exhaust in Iowa City based on previous source

apportionment modelling (Jayarathne et al. 2016).

Quantitation and semi-quantitation of organosulfates

The concentrations of organosulfates with the strongest MS/MS

signals are listed in Table 2, with additional notable species
reported in Table S2 (Supplementary Material). For species
quantified against authentic standards, methyl sulfate and ethyl

sulfate were low in concentration (0.7 � 0.2 ng m�3 and
0.08� 0.02 ng m�3) and accounted for 0.01 and 0.001% of OC
respectively. Benzyl sulfate and acetoin sulfate were below the

limit of detection (,0.1 ng m�3). These results are consistent
with those reported by Hettiyadura et al. (2017) for Centreville,
AL, in which methyl sulfate only accounted for 0.007% of OC
whereas ethyl sulfate and benzyl sulfatewere consistently below

detection limits.
Additional organosulfates were semi-quantified using surro-

gate standards. Two anthropogenic organosulfates, dodecyl

sulfate (m/z 265) and C6H9SO6
� (m/z 209), averaged

1.4 � 0.3 ng m�3 and 8.3 � 0.4 ng m�3 respectively. In
comparison with Atlanta, GA, these two organosulfates had

comparable atmospheric concentrations (Hettiyadura et al.
2019), but contributed ,1.75� more to OC in Iowa City. Four
monoterpene-derived organosulfates (C7H11SO7

�, C7H11SO6
�,

C8H13SO6
� and C10H15SO7

�) had a total concentration of

6.4 � 0.6 ng m�3. Relative to other studies, these four organo-
sulfates had significantly higher concentrations than in Towson,
MD (,14� higher) (Meade et al. 2016) and a much lower

concentration than in Atlanta, GA (,5� lower) (Hettiyadura
et al. 2019). Additionally, the concentration of C7H11SO7

�

(m/z 239) was ,4� lower in Iowa City when compared with

Centreville, AL (Hettiyadura et al. 2018). In comparison with
the isoprene-derived organosulfates quantified in Iowa City
(Table 2), the four most abundant monoterpene-derived orga-

nosulfates were much lower in their estimated concentrations
(,45� lower) and their contribution to OC (,44� lower).
Hydroxyethyl sulfate was estimated to have an ambient concen-
tration of 2.9 � 0.2 ng m�3 and accounted for 0.03% of OC in

Iowa City. Together, these additional organosulfates further
support that organosulfate formation in Iowa City is largely
isoprene-related with minor contributions from monoterpenes

and anthropogenic sources.

Comparison of major organosulfates with previous work

The major organosulfates identified in this study are consistent

with those observed in previous studies. Methyltetrol sulfate
(m/z 215) was the most abundant organosulfate in Iowa City and
is the most common organosulfate observed in ambient samples
worldwide (Meade et al. 2016; Rattanavaraha et al. 2016;

Hettiyadura et al. 2018; Cui et al. 2018; Wang et al. 2018).
In comparison with studies utilising similar methodology
(Hettiyadura et al. 2017, 2019), the major organosulfates

Table 1. (Continued)

Calculated mass

[M – H]�
Formula Proposed structure VOC precursor(s) TR (min) Error (mDa) Contribution to

precursor ion

signal (%)

267.0538 C9H15SO7
� Unknown LimoneneB,P

a-PineneP
0.76 1.3 0.5

225.0069 C6H9SO7
� Unknown CyclohexeneD 0.79 1.3 0.5

253.0382 C8H13SO7
� I

OSO3
�

O
OH

O a-TerpineneB

MVK/MACRE

0.82 1.4 0.5

154.9650 C2H3SO6
�

Glycolic acid

sulfate

Q

OSO3
�

O

HO

IsopreneB 7.46 1.2 0.5

198.9912 C4H7SO7
�

2-methylglyceric

acid sulfate

B

OSO3
�

O

HO
OH

IsopreneB

(high NOx)

7.74 0.7 0.4

169.9807 C3H5SO6
�

Lactic acid sulfate

Q

OSO3
�

O

HO

IsopreneB,H 0.80 1.3 0.7

ASurratt et al. (2010); BSurratt et al. (2008); CHettiyadura et al. (2015); DLiu et al. (2017); ENozière et al. (2010); FMethylvinyl ketone (MVK) methacrolein

(MACR); GShalamzari et al. (2014); HRiva et al. (2016a); ISchindelka et al. (2013); JYassine et al. (2012); KHettiyadura et al. (2017); LRiva et al. (2016b);
MChan et al. (2011); NDarer et al. (2011); OKwong et al. (2018); PYe et al. (2018); QOlson et al. (2011).
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identified via their contribution to the bisulfate anion signal are

largely similar, with m/z 215 the largest, followed by C5H9SO7
�

(m/z 213) and C5H7SO7
� (m/z 211). In addition, our observations

in Iowa City suggest that the primary precursor of organosulfates

in the Midwestern US is isoprene with minor contributions from
other biogenic and anthropogenic precursors.

The concentrations of six major organosulfates, along with
their contribution to OC, were compared with prior field studies

to gain insight into how anthropogenic pollutants influence SOA
formation in Iowa City. The six organosulfates selected for
comparison are isoprene-related SOA products (Table 2) that

accounted for 4.4% of OC in Iowa City, and contributed 70.9%
to the bisulfate anion signal. Although methyltetrol sulfate was
found to have a much lower ambient concentration in Iowa City

compared with Centreville, AL (,3� lower), Atlanta, GA
(,8� lower), and Look Rock, TN (,10� lower) (Hettiyadura
et al. 2018, 2019; Cui et al. 2018), it had higher concentrations

compared with Birmingham, AL (,1.3� higher), Towson, MD

(,15� higher), and Changping, China (,40� higher) (Meade

et al. 2016; Rattanavaraha et al. 2016; Wang et al. 2018).
The absolute concentrations of these organosulfates are

lower in Iowa City than in most sites in the Southeastern US,

and thismay arise from differences inmeteorology, variations in
mixing ratios of VOC precursors, and other factors that influ-
ence organosulfate formation. On a relative scale, the six
organosulfates in Table 2 contributed 4.4% of OC in Iowa

City, and this was slightly less than their OC contribution in
Centreville (7.0%) and significantly less than the contribution
observed in Atlanta (14.8%). This finding demonstrates that

isoprene-derived organosulfates make a sizeable contribution to
OC in the Midwestern US similar to the Southeastern US.

Organosulfate stability on filter substrates

The concentrations of methyl sulfate, ethyl sulfate, hydro-
xyacetone sulfate and glycolic acid sulfate within one year of

collection were within 31, 35, 15 and 26% of their initial con-
centrations measured 48 h after collection respectively (Fig. 2).
No significant concentration differences were observed over the

1-year study stability study (P. 0.05; Table S2, Supplementary
Material), with one exception. Glycolic acid sulfate measured at
the 1-year mark was significantly higher than the concentration

measured initially (P¼ 0.01). The 25% increase in glycolic acid
concentration and concurrent (but not significant) increases in
other organosulfates (Fig. 2) occurred immediately after major

instrument maintenance that increased MS/MS signals by a
factor of 2. Hence, the increasing glycolic acid sulfate response
is expected to be due to instrumental maintenance and not a
change in its concentration on the stored filters. Additionally,

the MS/MS responses of methyltetrol sulfate, C5H9SO7
� (m/z

213), and C5H7SO7
� (m/z 211) relative to that of hydro-

xyacetone sulfate were within 35% of their initial values, sug-

gesting neither loss nor formation on filters during storage. From
this, we conclude that organosulfates with a range of alkyl,
carboxylate and hydroxyl functional groups are stable post

collection when stored frozen. Additionally, these species are
expected to remain stable for periods even longer than consid-
ered here as any changes would be expected to occur within the
first year of storage.

Summary and implications

For the first time, we demonstrate that organosulfates are sig-

nificant components of ambient PM2.5 OC in the Midwestern
US. These compounds account for additional OC that was pre-
viously uncharacterised by gas chromatography MS methods

and unapportioned by chemical mass balance source appor-
tionment modelling described in Jayarathne et al. (2016).
Although the upperMidwestern US is not often considered to be

heavily influenced by isoprene SOA, the contribution of orga-
nosulfates to OCwaswithin a factor of 2–3when compared with
the contributions observed in the Southeastern US.

Iowa City was similar to sites throughout the Southeastern

US in that the three most abundant organosulfates corresponded
to methyltetrol sulfate, C5H9SO7

� (m/z 213) and C5H7SO7
�

(m/z 211). However, four methyltetrol sulfate isomers were

detected in Iowa City, corresponding to secondary and tertiary
diastereomers, whereas six isomers were reported in Centreville
(Hettiyadura et al. 2017) andAtlanta (Hettiyadura et al. 2019), and

included additional primary diastereomers that are unique pro-
ducts of d-IEPOX oxidation (Cui et al. 2018). The absence of the
primary diastereomers in Iowa City suggests that organosulfate
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Fig. 2. Concentrations of (a) methyl sulfate, (b) ethyl sulfate, (c) hydro-

xyacetone sulfate, and (d) glycolic acid sulfate at each time period. Error

bars represent the 95% confidence interval where n¼ 5 for Days 2 and 251

and n ¼ 6 for Days 8, 29, 83, 180, 361.
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formation in Midwestern USmay primarily result from b-IEPOX

whereas the Southeastern US appears to have influence from both
d-IEPOX and b-IEPOX.

Multiple isomers of C5H9SO7
� (m/z 213) and C5H7SO7

�

(m/z 211) have also been reported (Hettiyadura et al. 2015;
Spolnik et al. 2018), and given their high abundance in numer-
ous locations, they should be the next priority for standard
development so that differences SOA formation across regions

can be further explored. The identification of other major
organosulfates is useful from the perspective of guiding stan-
dard development to support more accurate quantitation of this

class of compounds. Moreover, the knowledge that organosul-
fates are stable on filters stored over the course of 1 year, and
expectedly longer, indicates that archived samples may be

analysed as new methods of analysis and standards emerge.
Futurework should continue to expand organosulfate analysis in
understudied regions to enhance our understanding of how
anthropogenic emissions influence biogenic SOA formation.

Supplementary material

The supplementary material includes a table summarising the
organosulfates identified in the precursor to m/z 96 scan (Table
S1), the concentrations and OC contributions of additional

organosulfates measured in Iowa City (Table S2) and the sta-
tistical results from the organosulfate stability study (Table S3).
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