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Abstract. Measurements of organosulfates in ambient
aerosols provide insight to the extent of secondary organic
aerosol (SOA) formation from mixtures of biogenic gases
and anthropogenic pollutants. Organosulfates have, however,
proved analytically challenging to quantify, due to lack of
authentic standards and the complex sample matrix in which
organosulfates are observed. This study presents a sensi-
tive and accurate new analytical method for the quantifica-
tion of organosulfates based upon ultra-performance liquid
chromatography (UPLC) with negative electrospray ioniza-
tion mass spectrometry (MS) with the aid of synthesized
organosulfate standards. The separation is based upon hy-
drophilic interaction liquid chromatography (HILIC) with an
amide stationary phase that provides excellent retention of
carboxy-organosulfates and isoprene-derived organosulfates.
The method is validated using six model compounds: methyl
sulfate, ethyl sulfate, benzyl sulfate, hydroxyacetone sulfate,
lactic acid sulfate and glycolic acid sulfate. A straightforward
protocol for synthesis of highly pure organosulfate potas-
sium salts for use as quantification standards is presented.
This method is used to evaluate the efficiency and preci-
sion of two methods of ambient PM, 5 sample extraction.
Spike recoveries averaged 98 + 8 % for extraction by ultra-
sonication and 98 4+ 10 % for extraction by rotary shaking.
Ultra-sonication was determined to be a better method due to
its higher precision compared to rotary shaking. Analysis of
ambient PM> 5 samples collected on 10-11 July 2013 in Cen-
treville, AL, USA during the Southeast Atmosphere Study
(SAS) confirms the presence of hydroxyacetone sulfate in
ambient aerosol for the first time. Lactic acid sulfate was the
most abundant compound measured (9.6-19 ngm~—3), fol-
lowed by glycolic acid sulfate (8-14 ngm~23) and hydroxy-

acetone sulfate (2.7-5.8ngm~3). Trace amounts of methyl
sulfate were detected, while ethyl sulfate and benzyl sulfate
were not. Application of this HILIC separation method to
ambient aerosol samples further demonstrates its utility in
resolving additional biogenic organosulfates.

1 Introduction

On a large scale, particulate matter (PM) in the atmosphere
impacts the earth’s radiative balance directly by scattering
and absorbing solar radiation (Jacobson et al., 2000) and in-
directly by acting as cloud condensation nuclei (CCN) (No-
vakov and Penner, 1993). PM also contributes to negative hu-
man health outcomes, such as cardiovascular and respiratory
diseases (Davidson et al., 2005). Knowledge of the chemi-
cal composition of PM can aid in the identification of PM
sources and better management of air resources. SOA are
formed in the atmosphere by reactions of gaseous precursors
that yield products that partition to the particle phase. It re-
mains one of the most poorly understood PM sources (Foley
et al., 2010), in part because of its chemical complexity and
the fact that it forms in complex environmental mixtures.
Atmospheric organosulfates are SOA compounds that con-
tain a characteristic sulfate ester functional group (R-O-
SO3). It has been suggested that organosulfates are a sig-
nificant component of fine particulate organic matter (Stone
et al.,, 2012; Tolocka and Turpin, 2012; Frossard et al.,
2011; Hawkins et al., 2010; Surratt et al., 2008; Shakya
and Peltier, 2013). Laboratory chamber experiments have
demonstrated that SOA formed from biogenic volatile or-
ganic compounds (VOCs, e.g., isoprene, 2-methyl-3-buten-

Published by Copernicus Publications on behalf of the European Geosciences Union.



2348 A. P. S. Hettiyadura et al.: Determination of atmospheric organosulfates using HILIC chromatography

2-ol (MBO), monoterpenes, and sesquiterpenes) in the pres-
ence of oxidants and sulfuric acid, contain a large organosul-
fate component (linuma et al., 2009; Chan et al., 2011; Sur-
ratt et al., 2007b; Zhang et al., 2012a, b, 2014).

Due to the atmospheric abundance of organosulfates and
their importance in SOA formation, analytical methods have
been developed to detect them in ambient aerosol by a range
of off-line and on-line instrumentation, including Fourier
transform infrared spectroscopy (FTIR) (e.g., Hawkins and
Russell, 2010; Maria et al., 2003), in situ single particle mass
spectrometry (e.g., Farmer et al., 2010; Froyd et al., 2010),
capillary electrophoresis (CE) (Yassine et al., 2012) and lig-
uid chromatography (LC) coupled with negative electrospray
ionization ((-) ESI) MS (e.g., Olson et al., 2011a; Surratt et
al., 2008; Wang et al., 2013). ESI-MS is especially sensi-
tive to the detection of organosulfates in the negative mode,
because these compounds carry a negative charge (Surratt et
al., 2007a; Romero and Oehme, 2005). High-resolution (HR)
MS may be used to determine organosulfate exact masses,
chemical formulas, structural characteristics, and abundance
(Shalamzari et al., 2013; Laskin et al., 2009; Altieri et al.,
2008; Zhao et al., 2013; Pratt et al., 2013; Staudt et al., 2014;
Surratt et al., 2008; Tao et al., 2014). A major limitation
in the quantification and speciation of organosulfates is the
glaring lack of authentic quantification standards, which are
needed for the calibration of the ESI-MS detector (Staudt et
al., 2014).

Further, the chemical identification and quantification of
organosulfates requires the analytical separation of target an-
alytes from the inorganic aerosol matrix and from each other.
Organosulfates are strongly acidic (Guthrie, 1978) and are
consequently anionic and non-volatile in the environment.
Hence, these cannot be separated using gas chromatographic
techniques and must be approached using a condensed-phase
separation process (e.g., liquid chromatography (LC) or cap-
illary electrophoresis). Prior studies have applied reversed-
phase LC to aqueous atmospheric samples that range from
water-soluble and methanol-extractable aerosol components
to fog water (Surratt et al., 2008; Cappiello et al., 2003; Stone
et al., 2012). Reversed-phase separations that rely upon a
non-polar stationary phase and polar mobile phase are suc-
cessful in retaining higher-molecular weight, monoterpene-
derived nitro-oxy organosulfates (e.g., C10H16NSO7') (Gao
et al., 2006; Surratt et al., 2007a) and aromatic organosul-
fates (e.g., C7H7SO,) (Kundu et al., 2010; Staudt et al.,
2014). However, this mode of LC separation is not optimized
for lower-molecular weight and highly polar organosul-
fates; for example glycolic acid sulfate (CoH306S™) and
2-methyltetrol sulfate (CsH1107S™) are retained less than
2.5min and co-elute with numerous other organosulfates,
small organic acids, polyols, and inorganic sulfate (Stone et
al., 2012). Co-elution of analytes with other compounds may
lead to negative biases in their ESI response due to com-
petition for ionization (Reemtsma and These, 2003). Other
modes of LC separation such as ion pairing with dibutylam-
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monium acetate have shown better separation and retention
of isoprene derived organosulfates (Wang et al., 2013), but
has not been used quantitatively. HILIC is specifically de-
signed to retain molecules with ionic and polar functional
groups (Hemstrom and Irgum, 2006) and has shown promise
in retaining carboxylic acid containing organosulfates, such
as glycolic acid sulfate and lactic acid sulfate, which are
among the most abundant atmospheric organosulfates quan-
tified to date (Olson et al., 2011a).

The objective of this study was to develop an accu-
rate and sensitive method for quantifying highly polar at-
mospherically relevant organosulfates using HILIC chro-
matography for separation and tandem mass spectrome-
try (MS/MS) for detection. Used in concert with commer-
cially available and laboratory-prepared pure standards of
the organosulfates, this combination enables the facile sep-
aration, identification, and quantification of highly polar,
ionic, and nonvolatile organosulfates collected from the at-
mosphere. HILIC separation is achieved using an ethylene
bridged hybrid (BEH) amide column. Organosulfates with
aromatic, keto-, hydroxyl-, and carboxyl- functional groups
are quantified with tandem quadrupole mass spectrometric
detection (TQD) against calibration curves prepared from
commercially available or synthesized standards. In addition
to quantifying these compounds, the new method is shown to
be efficient in the separation of other major organosulfates
present in the southeastern United States, for which stan-
dards are not yet available. A highly efficient sample prepa-
ration protocol for the extraction and pre-concentration of
organosulfates from fine particulate matter (PM3 5) samples
is reported, and the extraction efficiencies of ultra-sonication
and rotary shaking are compared. Also reported here are
the first measurements of hydroxyacetone sulfate in ambi-
ent PMy 5, from samples that were collected in Centreville,
AL.

2 Materials and methods
2.1 Chemicals, reagents, and general methods

Six organosulfate standards were used in method develop-
ment, two of which were commercially available: methyl
sulfate (sodium methyl sulfate, 99 %, Acros Organics) and
ethyl sulfate (sodium ethyl sulfate, 96.31 %, Sigma—Aldrich).
Lactic acid sulfate was prepared according to Olson et
al. (2011a). Benzyl sulfate, hydroxyacetone sulfate, and
glycolic acid sulfate were synthesized as described be-
low. Acetonitrile (ACN) was purchased from Fisher Scien-
tific (Optima™) and ultra-pure water was prepared on-site
(Thermo, BARNSTED EasyPure-1l; 18.2 MQ resistivity).
All other reagents and solvents were obtained from Fisher
Acros and used without further purification. Elemental anal-
ysis was conducted by Atlantic Microlab in Norcross, GA
and nuclear magnetic resonance (NMR). spectra were col-
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lected on a Bruker ARX-400 NMR spectrometer with a5 mm
broadband probe.

HR-MS analysis in the (—) ESI mode was performed on
a micrOTOF spectrometer (Bruker Daltonics). The ESI con-
ditions used include capillary voltage 2.6 kV (benzyl sulfate)
and 2.8kV (for other five standards), sample cone voltage
15V (benzyl sulfate), 30 V (methyl sulfate, ethyl sulfate, lac-
tic acid sulfate and glycolic acid sulfate) and 35V (hydrox-
yacetone sulfate), desolvation temperature 350°C, source
temperature 110°C, cone gas flow rate 30 L h~1, and desol-
vation gas flow rates of 550-650 L h—1. Data were collected
from a mass range 40 to 400 with V geometry in reflectron
mode. Signals below a threshold level (set at 5-18 % of the
relative abundance) were filtered out. A small peptide (Val-
Tyr-Val, m/z378.2029, Sigma—Aldrich) was used for lock
mass correction.

2.2 General procedure for the synthesis of
organosulfates

Each sulfate ester standard was synthesized using a general
method derived from that of Hoff et al. (2001). To synthe-
size a sulfate ester, 1 molar equivalent (eq) of the appropriate
alcohol was added with stirring to 15 mL of dry pyridine in
a round bottom flask under nitrogen. To that clear, colorless
mixture, slightly more than 1eq of pyridine sulfur trioxide
complex was added at once and the resulting cloudy white
mixture was stirred for 8 h, after which the solution was clear.
The pyridine was removed via distillation under vacuum, and
the resulting clear oil (the pyridinium salt of the ester), vary-
ing in color from colorless to slight yellow, was converted to
the potassium form. The conversion to the potassium salt and
the crystallization procedures varied among the esters.

2.2.1 Benzyl sulfate, potassium salt

To synthesize the potassium salt of benzyl sulfate, once the
pyridine solvent had been removed via distillation under
vacuum, the resulting clear yellow oil was dissolved in ap-
proximately 10 mL of distilled water and titrated with 1 M
potassium hydroxide (KOH) until the pH was above 11.
Then, 50mL of ethanol (neat) was added to the remain-
ing aqueous solution. The resulting solution (approximately
75% ethanol) was heated to boil and quickly vacuum fil-
tered to remove a small amount of stark white precipitate
that gave no 'H or 13C NMR spectrum when analyzed. The
mother liquor was then placed in a freezer (—5 °C) overnight.
Potassium benzyl sulfate formed in the mother liquor as
colorless needles that were collected by vacuum filtration
and rinsed with cold 90 % ethanol. The needles proved to
be analytically pure benzyl sulfate. Yield: 75%; 'H NMR
(400 MHz, DMSO-d6): §/ppm 4.84 (s, 2 H); 7.25-7.41 (m,
5H). 13C NMR (400 MHz, DMSO-d6): 8/ppm 8.45; 56.01;
67.54; 127.42; 127.59; 128.13; 137.56. HR-MS ((—) ESI)
m/z (relative intensity, %): 187.0072 (81.75, C7H7SOy),
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95.9497 (100.00), 80.9636 (15.74). Analysis calculated for
C7H7SOZK+: C37.15, H3.12, S14.17. Found: C36.64,
H2.93, S14.10.

2.2.2 Hydroxyacetone sulfate, potassium salt

The isolation of the potassium salt of hydroxyacetone sul-
fate was accomplished using Dowex 50WX8-200 cation ex-
change resin that had been charged with potassium ions. The
exchange was conducted by making a slurry with the pyri-
dinium salt of the ester dissolved in water and approximately
80 equivalents of resin, using water to maintain a slurry.
After filtration, the water was removed via rotary evapora-
tion under vacuum at no more than 40°C, and the resulting
white solid was recrystallized from a boiling 80 % ethanol
solution, including a hot filtration step as in the synthesis
of benzyl sulfate. The potassium salt of hydroxyacetone sul-
fate formed as colorless needles that were collected by vac-
uum filtration and rinsed with cold 90 % ethanol. The nee-
dles proved to be analytically pure hydroxyacetone sulfate.
Yield: 35%; *H NMR (400 MHz, DMSO-d6): §/ppm 2.10
(s, 3H); 4.26 (s, 2H). 13C NMR (400 MHz, DMSO-d6):
3/lppm 26.47; 71.05; 206.39. HR-MS ((—) ESI) m/z (rel-
ative intensity, %): 152.9836 (21.94, C3HsSO;), 96.9564
(96.86), 80.9609 (50.19), 79.9533 (100.00). Analysis cal-
culated for C3HsSOg K*: C18.74, H2.62, S$16.68. Found:
C18.57, H2.55, S16.79.

2.2.3 Glycolic acid sulfate, potassium salt

The isolation of the potassium salt of glycolic acid sulfate
was conducted in a similar manner to that of hydroxyace-
tone sulfate, except that after filtering off the cation exchange
resin and rinsing, the water was reduced to about 10 mL via
rotary evaporation at 40°C, and then titrated to pH2 us-
ing 3M HCI, before sufficient ethanol was added to make
an 80% ethanol solution. The product was then crystallized
from the boiling ethanolic solution as in the previous syn-
theses. The potassium salt of glycolic acid sulfate formed
as colorless needles that were collected by vacuum filtra-
tion and rinsed with cold 90% ethanol. The needles gave
NMR and mass spectra consistent with glycolic acid sulfate,
and gave elemental analysis results fitting approximately
50 % protonation of the carboxylic acid moiety. Yield: 45 %;
'H NMR (400 MHz, DMSO-d6): 8/ppm 4.54 (s). 13C NMR
(400 MHz, DMSO-d6): 8/ppm 63.59; 172.20. HR-MS ((—)
ESI) m/z (relative intensity): 154.9650 (10.00, C2H3SOy),
96.9588 (100.00), 75.0076 (30.50). Analysis calculated for
CoH2580; K0 C11.27, H1.18, S15.04. Found: C 11.58,
H1.18, S15.13.

2.3 Collection of PM5 5 in Centreville, AL

PM, 5 was collected at the Southeastern Aerosol Research
and Characterization (SEARCH) network site in Centre-
ville, AL from 1 June to 15 July 2013 during the SAS
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field study. Sample collection followed the daytime (08:00-
19:00LT) and nighttime (20:00-07:00LT) schedule. A
medium-volume sampler (URG Corporation) was used to
collect particles with aerodynamic diameter less than 2.5um
by way of a Teflon-coated aluminum cyclone operating at
92 Lpm. PM3 5 was collected on quartz fiber filters (90 mm
diameter, Pall Life Sciences) that were pre-baked at 550 °C
for 18 h to remove organic material. Pre- and post-sampling
flow rates were measured with a calibrated rotameter. All
filters were handled using clean techniques, which included
storage of filters in plastic petri dishes lined with pre-cleaned
aluminum foil and manipulation with pre-cleaned stainless
steel forceps. Post-sampling, filters were stored frozen in the
dark. One field blank was collected for every five samples.

2.4 PM sample extraction and preparation

Sub-samples of PM3 5 filter samples and field blanks (total-
ing 15 cm?) were obtained using standardized filter punches
of known area. These sub-samples were submerged in
10.0 mL of ACN and ultra-pure water (95 : 5, by volume) and
extracted for 20 min by ultra-sonication (60sonics min~1,
5510, Branson) or an orbital-shaker (125rpm, VWR). Ex-
tracts were filtered through polypropylene membrane syringe
filters (0.45um pore size). Filtrates were reduced in vol-
ume to 500 puL under ultra-high purity nitrogen gas (5 psi) at
50 °C using an evaporation system (TurboVap® LV, Caliper
Life Sciences). These were transferred to 1.5mL vials and
the solvent was blown to dryness using a micro-scale ni-
trogen evaporation system (Reacti-Therm 111 TS-18824 and
Reacti-Vap | 18825, Thermo Scientific). Extracts were then
re-constituted with ACN and ultra-pure water (95:5, by vol-
ume) to a final volume of 300 L. To test the efficiency of
extraction by ultra-sonication and rotary shaking (125 rpm,
VWR Advanced Digital Shaker), a series of quality control
samples were extracted by each method. These quality con-
trol samples consisted of four laboratory blanks (of 5.4 cm?
quartz fiber filters) and seven spiked samples, for which stan-
dards were spiked on to blank quartz fiber filters to achieve a
final concentration of 100 g L.

2.5 Separation and detection of organosulfates

Organosulfates were separated using a UPLC system
(equipped with quaternary pump, autosampler, and ther-
mostatted column compartment, ACQUITY UPLC, Waters,
Milford, MA, USA). The separation was optimized using a
BEH amide column (2.1 mm x 100 mm, 1.7 um particle size;
ACQUITY UPLC, Waters) equipped with a pre-column. The
column was maintained at 35°C and the mobile phase flow
rate was 0.5mL min—t. A 5pL injection volume was used
for quantitative analysis of samples and standards. The op-
timized mobile phase A (organic) consisted of ammonium
acetate buffer (10mM, pH9) in ACN and ultra-pure water
(95:5, by volume) and mobile phase B (aqueous) consisted
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of ammonium acetate buffer (10 mM, pH 9) in ultra-pure wa-
ter. A solvent gradient was used to elute the analytes: mobile
phase A was maintained at 100 % for 2 min, then decreased
to 85 % from 2 to 4 min and held constant until 11 min, which
was sufficient to elute the analytes. To re-equilibrate the col-
umn prior to the next injection, the solvent program was re-
turned to 100 % mobile phase A from 11 to 11.5min and
was held constant until 14 min had passed. The wash sol-
vent (needle wash) consisted of ACN and ultra-pure water
(80: 20, by volume).

Organosulfates were detected by a TQD MS (ACQUITY,
Waters) equipped with an ESI source in the negative ion
mode. The detector was operated in multiple reaction mon-
itoring (MRM) mode, in which the deprotonated molecule
was selected in the first quadrupole, fragmented in the sec-
ond quadrupole and product ions were selected in the third
quadrupole. Optimized MS conditions (cone voltages and
collision energies) are provided in Table 1. Other ESI con-
ditions include a capillary voltage of 2.7 kV, source tempera-
ture of 150 °C, desolvation temperature of 450 °C, cone gas
(N,) flow rate at 100 L h—1, desolvation gas (N>) flow rate at
900 L h—1 and collision gas (Ar) flow rate at 0.05 mL min—1.
All data were acquired and processed using MassLynx soft-
ware (version 4.1). The linear range of each authentic stan-
dard was determined using a series of standard solutions
at 0.500, 1.00, 25.0, 50.0, 100., 300. and 500.pugL~! that
were prepared in organic mobile phase. Reproducibility of
the MS method was determined based on seven replicate in-
jections of the 100pug L= solution. The limit of detection
(LOD, 3 x standard deviation) and the limit of quantification
(LOQ, 10 x standard deviation) were obtained from multiple
injections (rn = 10) of the 25.0 ug L~ solution.

3 Results and discussion
3.1 Synthesis of organosulfates standards

Benzyl sulfate, hydroxyacetone sulfate, and glycolic acid
sulfate were synthesized and isolated as potassium salts for
use as analytical standards. A straightforward, two-step ap-
proach to synthesis was used. The syntheses of the sulfate es-
ter were accomplished with pyridine-sulfur trioxide as a sul-
fur source, since it is a solid that is more stable and substan-
tially easier to handle than the common alternative, chloro-
sulfonic acid. Alcohols were converted to sulfate esters and
first formed pyridinium salts, which are oils at room temper-
ature. To convert the products to a solid, and weighable form,
sulfate esters were converted to the potassium salts. The pro-
tocol used for this conversion was dictated by the stability of
each ester to hydrolysis. For benzyl sulfate, the pyridinium
salt was dissolved in water and titrated to pH > 10 using 1 M
KOH in order to liberate pyridine and leave behind the potas-
sium salt of the ester. When this process was tried with either
of the carbonyl-containing sulfate esters, the result was com-
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Table 1. MS parameters for MRM transitions of UPLC-MS/MS, linearity, coefficient of determination (R2), limit of detection (LOD), limit
of quantification (LOQ), and relative standard deviation (RSD) of seven replicate standard injections.

Compound Deprotonated Product ion Cone  Collision  Retention  Linear range R? LOD LOQ RSD
molecule and and m/z voltage  energy  time (min)  (ugL~1) oLy oLy ()
m/z (%) (eV)

Methyl sulfate CH3S0, 111 SO;- 80 36 18 0.88£0.03 25.0-500 0.998 2.6 8.6 2.9
SO, 96 14

Ethyl sulfate C2HsS0, 125 HSO, 97 26 12 0.78 £0.03 25.0-500 0.998 3.4 11.2 2.5

Benzyl sulfate C7H7SO, 187 HSOg3 81 42 18 0.58 +0.02 25.0-300 0.995 3.9 132 3.0
oy 96 20
CeHg 77 26

Hydroxyacetone sulfate  C3HsSOg 153 SOz~ 80 32 18 0.66 +0.02 25.0-300 0.996 2.6 8.7 3.0
HSO, 97 20

Glycolic acid sulfate CoH3SOg 155 CoH3O05; 75 26 18 7.84£0.01 25.0-300 0.998 1.9 6.3 15.6
HSO, 97 14

Lactic acid sulfate C3HsSOg 169 HSO, 97 28 16 7.57£0.02 25.0-300 0.995 3.9 13.0 5.9

plete hydrolysis of the sample before recrystallization oc-
curred. Therefore, for hydroxyacetone sulfate and glycolic
acid sulfate, Dowex cation-exchange resin was used to con-
vert the pyridinium salt to the potassium salt. The potassium
salts of all three esters crystallized as shiny white needles
from hot 80-90 % ethanol.

The three sulfate ester potassium salts were examined for
identity and purity using elemental analysis, MS, and *H and
proton-decoupled 13C NMR, using DMSO-d6 as the NMR
solvent. For all three esters, NMR spectra were first taken of
the pure, recrystallized substance, and then a portion of the
starting alcohol was added to the NMR tube and spectra were
taken again in order to ensure that none of the observed peaks
were due to starting material. Potassium benzyl sulfate pro-
duces a 'H NMR with two regions of peaks; a multiplet span-
ning from 7.25-7.33 ppm from the five closely spaced aro-
matic hydrogens, and a singlet at 4.77 ppm from the isolated
methylene. The 1¥C NMR spectrum contained three closely
spaced peaks from the unsubstituted aromatic carbons be-
tween 127.4 and 128.1 ppm, a shorter quaternary aromatic
carbon peak at 137.6 ppm, and a methylene carbon peak at
67.5ppm. *H NMR spectrum of potassium hydroxyacetone
sulfate consists of two singlets at 4.3 and 2.1 ppm from the
methylene and methyl groups, respectively. In the 13C NMR,
the ketone carbon peak is at 206.4 ppm, the methylene at
71.8 ppm, and the methyl at 26.5 ppm. Potassium glycolic
acid sulfate produces a very simple proton spectrum, having
only a singlet methylene peak at 4.5 ppm. The acidic proton
is not observed. The lack of an acidic proton peak is common,
since rapid proton exchange in the presence of even a slight
amount of water in the solvent causes the peak to broaden
and shorten until it effectively disappears. The 13C NMR of
potassium glycolic acid sulfate is likewise simple, with only
two peaks: the carboxylic acid carbon at 172.2 ppm, and the
methylene carbon at 63.6 ppm.

www.atmos-meas-tech.net/8/2347/2015/

The identity and purity of the three potassium sulfate es-
ter salts were assessed by elemental analysis and MS. All
three esters yielded elemental analyses that closely matched
the expected values, with the elemental analysis of potassium
glycolic acid sulfate fitting well for a sample that was roughly
50 % protonated. In addition, the high-resolution mass spec-
trum for each ester yielded a molecular peak that closely
matched the expected molar mass, which is further discussed
in Sect. 3.2.

3.2 MS/MS fragmentation and optimization

Product ion spectra given by methyl sulfate, ethyl sulfate,
hydroxyacetone sulfate, glycolic acid sulfate and lactic acid
sulfate under applied (=) ESI conditions are shown in Fig. 1.
Formulas were assigned to deprotonated molecules and prod-
uct ions using HR-MS/MS (with data provided in Table 1).
Major sulfur-containing product ions included the sulfite ion
radical (SO5 at m/z 80) that forms from the homolytic cleav-
age of an O-S bond, the sulfate ion radical (SO, - at m/z 96)
that forms from the homolytic cleavage of a C-O bond, the
bisulfite anion (HSO; at m/z81) that forms by hydrogen
abstraction followed by the heterolytic cleavage of an O-S
bond (Attygalle et al., 2001), and the bisulfate anion (HSO,
at m/z97). The bisulfate anion has been postulated to form
via a cyclic syn-elimination pathway in which a proton is
abstracted from the C-2 position (Attygalle et al., 2001). No-
tably, the bisulfate anion is absent in the MS/MS spectrum of
methyl sulfate, as there is no C-2 position. For hydroxyace-
tone sulfate, the proton in bisulfate anion likely comes from
the C-3 position. In glycolic acid sulfate and lactic acid sul-
fate, the proton in the bisulfate anion may come from the
carboxylic acid group (Shalamzari et al., 2013). Glycolic
acid sulfate and lactic acid sulfate spectra contain glyco-
late (C2H305, m/z 75) and methyl glycolate ions (C3HsO3,
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A) Structure and product ion spectrum of methyl sulfate
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Figure 1. Product ion spectra of organosulfate standards generated
by quadrupole time of flight (Q-TOF) MS/MS of a directly infused
standard solution.
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m/z 89), respectively, which form from neutral loss of SO3
and are resonance stabilized. The MS/MS fragmentation of
benzyl sulfate is discussed elsewhere (Attygalle et al., 2001;
Kundu et al., 2013).

The MS/MS method was optimized for the detection of
each analyte by molecular precursor and product ions. The
source conditions (collision energy and cone voltage) used
in MRM are given in Table 1. Two transitions were opti-
mized for each analyte. Exceptions include benzyl sulfate,
for which three transitions were used, as well as ethyl sulfate
and lactic acid sulfate that relied upon a single transition. For
quantitative analysis of organosulfates with more than one
transition, the individual transition signals were summed.

3.3 HILIC separation

Analytes were separated on a BEH amide column that retains
extremely polar compounds through ionic, hydrogen bond-
ing, and dipole interactions. In HILIC chromatography, wa-
ter in the mobile phase is adsorbed to the stationary phase,
forming a hydrophilic layer (Strege, 1998) into which ions
and polar compounds partition (Alpert, 2007). The delocal-
ization of the amide nitrogen electrons to the carbonyl oxy-
gen imparts a partial positive charge on the nitrogen atom,
promoting strong dipolar interactions. In addition, the amide
group imparts hydrogen bond donor and acceptor sites on
the stationary phase, increasing retention of molecules ca-
pable of hydrogen bonding. Polar analytes are eluted from
the column as the aqueous fraction of the mobile phase in-
creases, shifting partitioning from the stationary to mobile
phase (Grumbach et al., 2004, 2008).

Under the optimized conditions that provided the best res-
olution of analytes, the aqueous portion of the mobile phase
increased 5-20 % and eluted the six organosulfate standards
within 8 min (Table 1 and Fig. 2). The mobile phase was
buffered to pH 9 with 10 MM ammonium acetate to maintain
a consistent charge state on the stationary phase and analytes.
However, the actual pH of the mobile phase may be 1-1.5 pH
units closer to neutral due to the high organic content of the
mobile phase (Espinosa et al., 2000; Canals et al., 2001). A
slightly basic pH was selected to completely deprotonate car-
boxylic acid groups in glycolic acid sulfate and lactic acid
sulfate.

The charge state of organosulfates plays a key role in their
retention on the BEH amide column. At basic pH, glycolic
acid sulfate and lactic acid sulfate are fully deprotonated;
each carry a —2 charge, and are retained 7.84 and 7.57 min,
respectively. Singly charged organosulfates — methyl sulfate,
ethyl sulfate, benzyl sulfate, and hydroxyacetone sulfate —
elute within the window of 0.58-0.88 min, and are baseline-
resolved. The application of this separation protocol to ambi-
ent aerosol samples, and the resolution of isoprene and bio-
genic organosulfates signals, is discussed in Sect. 3.7.
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Figure 2. MRM chromatograms of (a) a mixed standard containing
six organosulfates at 100 ug L= and (b) an ambient aerosol sample
collected during the daytime on 10 July 2013 in Centreville, AL.
Responses of glycolic acid sulfate and lactic acid sulfate are shown
on the right axis.

3.4 Comparison of BEH amide and BEH HILIC
retention

Preliminary studies in the separation development involved
the use of a BEH HILIC column and are hereby compared
to the optimized separation on the BEH amide column dis-
cussed in Sect. 3.3. On the BEH HILIC column, glycolic
acid sulfate and lactic acid sulfate were retained for less than
2min (fr <2min), while benzyl sulfate, ethyl sulfate and
methy| sulfate were co-eluted (rr < 0.6 min). In comparison,
longer retention times and baseline resolution were achieved
on the BEH amide column (Table 1 and Fig. 2a). The in-
crease in organosulfate retention results from the amide-
functionalization of BEH particles, which introduces hydro-
gen bond donor and acceptor sites, strengthening the interac-
tion with organosulfates, particularly those carrying carboxyl
and hydroxyl functional groups. Because of the longer reten-
tion and better resolution of the six standard compounds used
in method development, the BEH amide column was selected
for further optimization and aerosol analysis.

3.5 Method validation

The goal of method development was to develop a robust
and sensitive protocol for the quantification of organosul-
fates in ambient aerosol. Optimized UPLC and MS/MS
conditions were applied to a series of authentic organosul-
fate standards, and produced highly linear calibration curves
(R? > 0.995), as shown in Table 1. The linearity requirement
was met for methy| sulfate and ethyl sulfate across concentra-
tion ranges of 25.0-500 ug L1, and for all other compounds
across 25.0-300pg L1, LOD and LOQ ranged 1.9-3.9 and
6.3-13.2ug L1, respectively. The relative standard devia-
tion (RSD) was 2.5-3.0% for the first four compounds to
elute, and increased to 16 % for glycolic acid sulfate and 6 %
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for lactic acid sulfate, which were retained longer on the col-
umn.

The precision and the sensitivity of this method make it
well suited for the quantification of organosulfates in am-
bient aerosol. The extracted filter samples from Centreville
each contained 18-48 ug organic carbon and yielded methyl
sulfate, hydroxyacetone sulfate, glycolic acid sulfate and lac-
tic acid sulfate concentrations within the linear range of this
method. For accurate quantitation of organosulfates by LC-
MS, each analyte should be quantified against an analyti-
cal standard with the same structure to avoid significant bi-
ases (Staudt et al., 2014). When compared to prior stud-
ies that used matched quantification standards, the HILIC
method proves to have comparable quantitative capabili-
ties, with some notable differences. For example, the lin-
ear range obtained for lactic acid sulfate and glycolic acid
sulfate in this study ranges 25.0-300 pgL~! compared to
5.0-500 ug L~ reported by Olson et al. (2011b) who uti-
lized a bare-silica (an underivatized) HILIC column (Olson
et al., 2011b). While the HILIC-amide based method is well-
suited for retention of small polar organosulfates bearing car-
boxyl and hydroxyl groups, it does not perform as well for
less-functionalized organosulfates. For example, benzyl sul-
fate eluted at 5.8 min on a reversed-phase UPLC column and
when coupled with MS/MS detection had linear range of
0.1-150pg L~1 and LOD 0.35pug L=t (Kundu et al., 2013;
Staudt et al., 2014); meanwhile, benzyl sulfate eluted in
less than 1 min from a BEH amide column, and has a lin-
ear range of 25.0-300pugL~! and LOD of 3.9ugL~t. The
higher LOD and linear range for benzyl sulfate in the current
method is likely due to the use of ACN (bp 82 °C) instead of
methanol (bp 65 °C), which does not de-solvate as readily in
the ESI source. This example illustrates the complementarity
of reversed-phase UPLC methods to the HILIC-based UPLC
methods, with reversed-phase chromatography being better
suited for aromatic and higher-molecular weight organosul-
fates and HILIC being better for more functionalized and po-
lar organosulfates.

3.6 Optimization of extraction

Previous studies have shown that methanol converts carboxy-
organosulfates to methyl esters and should be avoided in
quantitative analysis of organosulfates (Olson et al., 2011a),
meanwhile ACN is effective for extracting carboxylic acids
in ambient aerosols (Kristensen and Glasius, 2011). In this
study, ACN and ultra-pure water (95:5, by volume) were
used as the extracting solvent. Two methods of extracting
organosulfates from the filters were investigated: the com-
monly used methods such as ultra-sonication (Surratt et al.,
2007a; Gao et al., 2006) and rotary shaking. Previous studies
have observed formation of negative artifacts during ultra-
sonication due to acoustic cavitation (Mutzel et al., 2013;
Riesz et al., 1985). Rotary shaking, on the other hand is con-
sidered as a milder method of extraction.
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Figure 3. Comparison of spike recovery (%) (100pgL=1, n=7
each) extracted by (a) ultra-sonication and (b) rotary shaking.

Extraction by ultra-sonication and rotary shaking were de-
termined to be efficient and reproducible methods for extract-
ing organosulfates from filters. The results of seven repli-
cate extractions of the six organosulfates in a standard solu-
tion are shown in Fig. 3. Overall, spike recoveries for ultra-
sonication ranged 83-121 % and averaged (= standard devi-
ation) 98 4+ 8 % and for rotary shaking ranged 79-122 % and
averaged 98 =+ 10 %. Both methods were found to be accurate
within 100 4 15 % for 95th percentile values and did not in-
troduce artifacts into extraction. Although negative artifacts
during ultra-sonication due to acoustic cavitation can be sig-
nificant in highly aqueous extraction solvents (Riesz et al.,
1985), it is expected that the lack of these negative artifacts
in this study is due to either the use of an organic rich extrac-
tion solvent (ACN and ultra-pure water, 95 : 5, by volume) or
the stability of organosulfates under these conditions. Ultra-
sonication had the advantage of better precision, with nar-
rower ranges of results and lower RSD (ultra-sonication, 8 %;
rotary shaking, 10 %). Consequently, ultra-sonication was se-
lected for the extraction of ambient aerosol samples from fil-
ter media.

3.7 Application to ambient aerosol

Concentrations of organosulfates quantified in ambient
PMys from Centreville, AL are provided in Table 2
with analytical uncertainties. Lactic acid sulfate was the
most abundant organosulfate measured, with 10 July day-
time and 10-11 July nighttime concentrations of 19+1
and 9.6 4 0.6 ngm~3, respectively. Hydroxyacetone sulfate,
quantified for the first time in this study, was the third-
most abundant organosulfate measured at levels of 5.8 0.2
and 2.7 +0.1ngm~3, respectively. Methyl sulfate was ob-
served at lower concentrations, and benzyl sulfate and ethyl
sulfate were not detected. Glycolic acid sulfate concentra-
tions reported in Olson et al. (2011a) across six locations
(1.9-11.3ngm=3) are in agreement with our results (8-
14 ng m—3); however, the lactic acid sulfate concentration ob-
served in Centreville is 5 times greater than the highest level
of the lactic acid concentration previously reported in Olson
et al. (2011a).
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Table 2. Ambient concentrations of organosulfates with analytical
uncertainties (ng m_3) measured in PMy 5 from Centreville, AL in
2013.

Compound 10 July — day 11 July — night
(08:00-19:00LT) (20:00-07:00LT)

Methyl sulfate 0.70 £0.05 0.34+0.04

Ethyl sulfate BDL* BDL*

Benzyl sulfate BDL* BDL*

Hydroxyacetone sulfate 5.8 +0.2 27+0.1

Glycolic acid sulfate 1442 8+1

Lactic acid sulfate 19+1 9.6+0.6

* BDL - below detection limit.

The UPLC method is also efficient at resolving other
organosulfates present in atmospheric aerosols that are ex-
pected to have high atmospheric abundances due to their
strong HR-MS signals. As shown in Fig. 4a, four ma-
jor and two minor organosulfate signals with the for-
mula CsH1107S™ (m/z215; calculated mass: 215.0225)
are baseline-resolved. Peak retention times in minutes
(and error in the observed m/z) are 1.40 (—0.5mDa),
1.74 (0.5mDa), 2.87 (—0.3mDa), 3.65 (—1.8mDa), 4.51
(—0.2mDa) and 4.81 (0.1mDa). HR-MS/MS spectra of
these six peaks (Q-TOF) showed HSO, as a product ion,
confirming the presence of an aliphatic sulfate moiety.
Prior studies have suggested that C5H1107S™ corresponds
to 2-methyltetrol sulfates derived from isoprene epoxides
(IEPOX) (GOmez-Gonzalez et al., 2008; Surratt et al., 2008,
2010). Considering the ring-opening of the four IEPOX iso-
mers elucidated by Paulot et al. (2009) and the regioselec-
tivity of epoxide ring opening reaction, four major isomers
of CsH1107S™ (m/z 215) are expected to form (one example
given in the inset of Fig. 4a, others are discussed in the Sup-
plement and shown in Table S1). The two minor peaks are
expected to be the minor products of the ring opening and
proposed structures are given in Table S1. The separation
of six isomers by this method is superior to reversed-phase
chromatography, in which these IEPOX-derived organosul-
fate isomers co-elute in two peaks (Stone et al., 2012). The
HILIC separation is also an improvement over ion pairing
reversed-phase separation, which resolves only two peaks
(Wang et al., 2013). The resolution of isomers is signifi-
cant, because methyltetrol sulfates have generated the great-
est organosulfate signal in prior field studies (Froyd et al.,
2010; Lin et al., 2013) and may prove useful in elucidating
different organosulfate formation pathways.

HILIC chromatography of atmospheric aerosol samples
from Centreville, AL also reveals the presence of multiple
isomers of major biogenic organosulfates. Figure 4b shows
the extracted HR-MS ion chromatograms for CsHgO7S™
(m/z 213; calculated mass: 213.0069). Six major signals for
CsHgO7S™ were observed with retention times of 1.10, 1.29,
1.58, 1.80, 2.07, and 2.23min and errors < 1.6 mDa, but
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Figure 4. Extracted ion chromatograms and the proposed structures
for organosulfates qualitatively identified in PM> 5 collected dur-
ing the daytime on 10 July 2013 in Centreville, AL using HR-MS:
(@) CsH1107S™ (m/z215.0225), (b) C5HgO7S™ (m/z213.0069),
(c) C5H707S™ (M/2210.9912), (d) C4H707S™ (m/z198.9912),
(e) C4H704S™ (m/z182.9963) (smoothed 2 x 1; absolute window:
+0.01Da).

were not baseline-resolved. Organosulfates with the formula
CsHoO7S~ have previously been reported to form in cham-
ber studies with isoprene as the precursor gas (Surratt et al.,
2008) and suggested to have other VOC precursors such as
2-E-pentenal, a photolysis product of the green leaf volatile
3-Z-hexenal (Gomez-Gonzalez et al., 2008). The short re-
tention time of CsHgO7S™ on the BEH amide column indi-
cates that this molecule does not contain a carboxylic acid
group. The proposed structure for CsHgO7S™ shown in the
inset of Fig. 4b, is an intramolecular hemiacetal that would
form by the cyclization of a y-hydroxyaldehyde that would
result from the oxidation of a primary alcohol in the methyl-
tetrol sulfate (CsH1107S™) to an aldehyde, as detailed in
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the Supplement and Table S2. The shorter retention times
of CsHgO7S™ (m/z213) compared to C5H1107S™ (m/z 215)
supports this structural assignment, in that the former has
one less hydroxyl group than the latter, thus decreasing the
strength of hydrogen-bonding interactions with the station-
ary phase and causing it to elute earlier.

In addition, the HILIC separation with HR-MS reveals
multiple signals for CsH;07S™ (m/z 211, calculated mass:
210.9912). Although the peaks are not resolved, three sig-
nals dominate with retention times of 0.56, 0.74, and
0.85 min, each with an error in the observed mass < 1.5 mDa.
Organosulfates with the formula CsH;07S~ (m/z211) have
been shown to form in chamber studies with isoprene as
the precursor gas (Surratt et al., 2008) and are related to
the organosulfates with formulas CsHgO7S™ (m/z213) and
CsH1107S™ (m/z 215), with an increase of one and two units
of unsaturation, respectively. The proposed structure shown
in the inset of Fig. 4c is a lactone that is postulated to form
via the cyclization and dehydration of a y -hydroxycarboxylic
acid, which would be produced by the oxidation of a primary
alcohol in the methyltetrol sulfate (CsH1107S7, e.g., Fig. 4a)
to a carboxylic acid, as discussed in the Supplement and
shown in Fig. S3. Again, the order of elution of CsH707S~
(m/z211), CsHgO7S™ (m/z213) and C5H1107S™ (m/z215)
supports the structural designation of a lactone, which has
fewer hydroxyl groups through which it interacts with the
BEH amide stationary phase, causing it to elute earlier.

Organosulfates with the formulas C4H;07S~ (m/z 199,
calculated mass: 198.9912) also separate into multiple peaks
on the BEH amide column, revealing the presence of mul-
tiple isomers. As shown in Fig. 4d, C4H;07S™ elutes in
several peaks with retention times of 3.67, 3.81, 3.98, 7.19,
and 8.36 min and error in the observed mass < 2.7 mDa. No-
tably, the strongest signal obtained for C4H707S~ appears
at 8.36 min; this retention time falls in the range of glycolic
acid sulfate and lactic acid sulfate, and indicates the pres-
ence of a carboxylate group. Organosulfates with this for-
mula have previously been identified as a sulfated isoprene
photo-oxidation product (Gémez-Gonzélez et al., 2008; Sha-
lamzari et al., 2013). The proposed structure shown in the
Fig. 4d inset is the sulfated form of 2-methylglyceric acid
proposed by Gémez-Gonzélez et al. (2008) and the early
eluting peaks likely include the glycolic glycolate organosul-
fate proposed by Shalamzari et al. (2013). Organosulfates
with the formulas C4H706S™ (m/z183, calculated mass:
182.9963) elute in three peaks with retention times 0.67,
0.91, and 1.23 min as shown in Fig. 4e, with error in the ob-
served mass < 1.2mDa. The isomers of C4H;04S™ are ex-
pected to contain carbonyl, ether, ester or hydroxyl, but not
carboxylate groups. This retention data are consistent with
the structure of C4H70S™ proposed by by Shalamzari et
al. (2013) and shown in the Fig. 4e inset, which is suggested
to form from methyl vinyl ketone, an oxidation product of
isoprene. The chromatograms in Fig. 4 demonstrate that the
combination of HR-MS with HILIC chromatography reveals
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the presence of multiple conformational isomers for major
organosulfate signals that are primarily associated with iso-
prene. Absolute retention times on the BEH amide column
can be used to determine the presence or absence of car-
boxylate groups and the relative retention times of similar
compounds gives insights to the functional groups present.

4 Conclusions

A UPLC-MS/MS method for the quantification of atmo-
spheric organosulfates was developed and validated for the
purpose of evaluating the ambient concentrations of a variety
of lower-molecular-weight organosulfates containing alkyl,
benzyl, hydroxyl, carbonyl and carboxy functional groups.
In addition to resolving the six model compounds used in
method validation, the HILIC separation holds promise for
the separation of organosulfates derived from isoprene and
other biogenic VOC. In comparing the two procedures for
preparing filter samples for organosulfates quantification,
both sonication and rotary shaking were proven to be effi-
cient, with ultra-sonication providing better precision, nar-
rower rangers and lower RSD. Initial measurements indi-
cate that hydroxyacetone sulfate is relatively abundant in
PM25, compared to the measured organosulfates. HILIC
chromatography is a promising analytical technique for the
separation of organosulfates from one another and the com-
plex aerosol matrix. When coupled with authentic standard
development and highly sensitive MS/MS detection, it pro-
vides an improved technique for the quantification and spe-
ciation of atmospheric organosulfates. Improved measure-
ments of this class of compounds will advance the under-
standing of SOA precursors and formation mechanisms.

The Supplement related to this article is available online
at doi:10.5194/amt-8-2347-2015-supplement.
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