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2009; Kanakidou et al., 2005). Much of the aerosol organic matter, particularly the water-soluble fraction, is not
chemically speciated at the molecular level (Hallquist et al.,
2009; Goldstein and Galbally, 2007; Saxena and Hildemann,
1996). The lack of understanding organic aerosol on a molecular level limits the understanding of the sources, formation, chemical evolution, and nucleation of organic aerosols
(Fuzzi et al., 2006; Kundu et al., 2010; Riipinen et al., 2012).
Molecular level organic composition is also important to understand their optical and CCN properties and health effects
(Hallquist et al., 2009; Shapiro et al., 2009; Ervens et al.,
2005).
Organosulfates are a component of aerosol organic matter whose sources, precursors, composition, and formation
processes are beginning to be explored. These molecules,
which contain a distinctive sulfate functional group, have
been identified in atmospheric aerosols, rain, fog water, and
chamber-generated SOA (Iinuma et al., 2007; Surratt et al.,
2008; Altieri et al., 2009; Mazzoleni et al., 2010; SchmittKopplin et al., 2010; Stone et al., 2012). Very few organosulfate species have been identified and quantified in atmospheric aerosols due to the lack of quantification standards.
Standards have been synthesized for glycolic acid sulfate
and lactic acid sulfate; their application to field studies have
shown that these compounds are ubiquitous in urban and rural locations but account for only a small fraction (less than
0.2 %) of organic aerosol (Olson et al., 2011). The development of atmospherically-relevant organosulfate standards
would greatly improve the understanding of their chemical
composition and atmospheric abundance (Olson et al., 2011;
Iinuma et al., 2007) and provide a means to further study their
chemical and physical properties and atmospheric sources.
Estimates of total organosulfate contributions to aerosol
mass are highly dependent on measurement methods. FTIR
spectroscopy, measuring organosulfate light absorption at
876 cm−1 after the elimination of sulfate and carbonate interferences, indicates that organosulfates account, on average, for 3.8–5.1 % of organic matter and 2.2–3.6 % of inorganic sulfate in aerosols (Hawkins et al., 2010). A semiquantitative approach using liquid chromatography coupled
with mass spectrometry applied to aerosol in Asia estimated
that organosulfates on average accounted for 2.3 % of organic
carbon and 3.8 % of total sulfate (Stone et al., 2012). Sulfur
analyses (elemental sulfur, sulfate, and methane sulfonate)
have suggested that organosulfates can account for as much
as 5–30 % of organic matter in ambient aerosols (Surratt et
al., 2008; Tolocka and Turpin, 2012) and 6–14 % of sulfate
concentrations (Lukács et al., 2009).
Biogenic VOC are established precursors for organosulfates in the atmosphere. Isoprene, α-pinene, β-pinene,
β-caryophyllene, and their oxidation products have been
demonstrated to form organosulfates in the laboratory
(Iinuma et al., 2007; Chan et al., 2011; Surratt et al., 2008;
Perri et al., 2010). A number of biogenic organosulfates have
also been observed in ambient atmospheres, with isoprene
Atmos. Chem. Phys., 13, 4865–4875, 2013

derived organosulfates among the most prevalent (Hatch et
al., 2011; Froyd et al., 2010; Stone et al., 2012). Smog chamber and cloud processing experiments have demonstrated
enhanced organosulfate production under acidic conditions
(Surratt et al., 2008; Perri et al., 2010) and upon evaporation
and re-dissolution, suggesting that their formation may be
mediated by aqueous phase processes (Nguyen et al., 2012).
Much remains to be explored in terms of the molecular diversity of organosulfates in the atmosphere. In a preceding study of organosulfates in Asia, an organosulfate
with chemical formula C7 H7 SO−
4 was observed with highresolution mass spectrometry and suggested to be an aromatic organosulfate with a toluene backbone (Stone et al.,
2012). Of the several fine particulate matter (PM2.5 ) samples
studied in this survey of Asian aerosol, this organosulfate was
detected only in the megacity of Lahore, Pakistan. This heavily industrial location is characterized by high concentrations
of PM2.5 , with annual average concentrations of 190 µg m−3
(Stone et al., 2010). Non-catalyzed motor vehicles are a substantial contribution to PM2.5 organic carbon, averaging 20–
51 µgC m−3 (Stone et al., 2010). Extremely high concentrations of toxic metals in Lahore (zinc, lead, and cadmium)
have been attributed to vehicular and industrial emissions
(von Schneidemesser et al., 2010).
In this study, the presence of aromatic organosulfates in
Lahore is confirmed with an authentic standard and the abundance of benzyl sulfate (C7 H7 SO−
4 ) was determined with
UPLC coupled with high-resolution and tandem MS. The
temporal variation in benzyl sulfate concentrations is discussed in the context of other aerosol components and synoptic meteorology. The role of the aerosol matrix in the
quantification of benzyl sulfate was examined by applying
both external calibration and the method of standard addition. Finally, three other aromatic organosulfates are qualitatively identified, forming a homologous series of aromatic
organosulfates with increasing methyl substituents. The potential sources and formation processes of these unique compounds in the atmosphere are discussed.

2
2.1

Experimental section
Aerosol collection

Fine particulate matter (PM2.5 ) samples were collected on
the campus of the University of Engineering and Technology in Lahore, Pakistan, as described in a previous publication (Stone et al., 2010). Briefly, an eight-channel mediumvolume PM2.5 and PM10 sampler (URG-3000ABC, Chapel
Hill, NC, USA) was placed on the rooftop of the Institute
for Environmental Engineering and Research at the height of
10 m (31◦ 150 , 31◦ 450 N and 74◦ 100 , 74◦ 390 E). PM2.5 was selected by a Teflon-coated aluminum cyclone operating at an
approximate flow rate of 16 liters per minute. Filter samples
were collected on pre-baked quartz-fiber substrates (47 mm,
www.atmos-chem-phys.net/13/4865/2013/
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Pall Life Sciences, East Hill, NY, USA) for the duration of
24 h, with sample collection beginning at 11:00 LT. Samples
were collected from 12 January 2007 to 13 January 2008 at a
rate of one-in-six days, yielding 63 samples. One field blank
was collected for every five aerosol samples following procedures analogous to those used for sample collection, except
no air was passed through the filter. Only the PM2.5 samples
were analyzed in this study.
2.2

transport, or storage. To evaluate potential extraction artifacts, 0.1 nmol of benzyl alcohol and 100 nmol of H2 SO4
were spiked on a quartz fiber filter and extracted and analyzed like aerosol samples. Benzyl sulfate was not detected
in this sample, suggesting that benzyl sulfate was not formed
during aerosol extraction, which is consistent with a prior
study that showed that the reaction between alcohol and
H2 SO4 is not feasible even under most acidic conditions observed in the atmosphere (Minerath et al., 2008).

Synthesis of benzyl sulfate standard
2.4

A standard of benzyl sulfate (C7 H7 SO−
4 ) was synthesized
following a previously reported protocol (Olson et al.,
2011; Galloway et al., 2009). Briefly, 1 mL benzyl alcohol
(≥ 99.0 %, Sigma-Aldrich) and 2 mL diisopropylethyl amine
(DIEA, 99.5 % Anaspec, Inc.) were dissolved in 50 mL acetonitrile (anhydrous, 99.8 % Sigma-Aldrich). The solution
was cooled to 0 ◦ C and 0.8 mL chlorosulfonic acid (99 %
Sigma-Aldrich) was added dropwise over 15 min. The solution was stirred and allowed to react in an ice bath for
three hours. Acetonitrile was removed by rotary evaporation. The resulting product was used without further purification. The mass fraction of benzyl sulfate was determined by
proton nuclear magnetic resonance (1 H NMR), as described
previously (Olson et al., 2011). A 0.1354 g portion of the
product mixture was dissolved in 1.0 mL D2 O with 10.0 µL
dichloroacetic acid (DCA) as an internal standard. An NMR
spectrum was taken by a 300 MHz Varian NMR spectrometer with 16 scans, 75 s relaxation delay time, and 45◦ pulse
flip angle.
2.3
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Aerosol extraction method

PM2.5 samples from Lahore, Pakistan, were composited according to a prior study (Stone et al., 2010). Subsamples of
each filter were obtained using a standardized filter punch
(1.0 cm2 ) and were combined by month. Composite samples were extracted into 10.0 mL methanol (Optima®LC/MS
grade, Fisher Scientific) by ultrasonication for 40 min (Stone
et al., 2012). Although methanol has been shown to esterify carboxylic acid moieties in organosulfate molecules (Olson et al., 2011) this reaction does not impact the analytes in
this study. Extracts were filtered through a PTFE syringe filter (0.2 µm pore size) and then dried under ultra high purity
nitrogen gas (5 psi) at 50 ◦ C to promote the evaporation of
solvent, using a nitrogen evaporation system (TurboVap®LV,
Caliper Life Sciences). The sample residue was then reconstituted in 500 µL of water and methanol (2 : 1). The reconstituted sample was stored in the refrigerator overnight prior
to chemical analysis. Quality control samples were prepared
analogously, and included 3 laboratory blanks, 3 field blanks,
and 6 spike recovery samples (3 at each 5.0 ppb [ng mL−1 ]
and 25.0 ppb). Benzyl sulfate and other aromatic organosulfates were not detected in the field blanks, confirming that
benzyl sulfate was not introduced by filter media, handling,
www.atmos-chem-phys.net/13/4865/2013/

Chemical analysis

Aerosol extracts were analyzed by ultra performance liquid
chromatography (UPLC, Waters ACQUITY). The separation
of analytes were achieved on a high strength silica (HSS)
reversed phase C18 column (ACQUITY UPLC®HSS T3,
2.1 mm ID ×75 mm length, 1.8 µm particle size) at 45 ◦ C using aqueous and organic mobile phases. The mobile phase
conditions have been adapted from the literature (Surratt et
al., 2008). The aqueous mobile phase consisted of 0.1 %
acetic acid (glacial, > 99 % VWR) in high-purity water (resistivity > 18.2 M-cm) and the organic mobile phase consisted of 0.1 % acetic acid in methanol (Optima®LC/MS
grade, Fisher Scientific). The organic mobile phase was
maintained at 0 % for the first 2 min. It was increased to 90 %
from 2 to 10 min, held at 90 % from 10 to 10.2 min, and then
decreased back to 0 % from 10.2 to 12 min for reequilibration. The eluent flow rate was 0.3 mL min−1 .
Triple quadrupole mass spectrometry (TQ MS, Waters
ACQUITY) was used for the quantitation of benzyl sulfate.
The instrument was equipped with an electrospray ionization
(ESI) source operating in the negative mode. The applied ESI
conditions were capillary voltage 2.6 kV, sample cone voltage 38 V, desolvation temperature 350 ◦ C, source temperature 150 ◦ C, cone gas flow rate 25 L h−1 , desolvation gas flow
rate 600 L h−1 and collision gas flow rate 0.1 mL Min−1 . The
injection volume was 5.0 µL. Data were acquired by multiple reaction monitoring (MRM) mode; the molecular ion
of benzyl sulfate (m/z 187) was selected in the first quadruple, followed by fragmentation in the second quadrupole and
detection of product ions in the third quadruple. MS conditions were pre-optimized for fragments m/z 77 (C6 H−
5 ),
−
− ), with optimized
81(HSO−
),
96
(SO
),
and
107
(C
H
O
7 7
3
4
collision energies of 28, 24, 24, and 28 V, respectively. The
product ion at m/z 96 was used for quantitation purposes
because its signal-to-noise ratio was 4–6 times higher than
other product ions. All data were acquired and processed using MassLynx software (version 4.1).
The UPLC/TQ MS was calibrated daily with a nine-point
calibration curve of benzyl sulfate. Linear response was observed over concentrations ranging from 0.1 to 300 ppb, and
a narrower range from 0.1–150 ppb of benzyl sulfate standard was applied to aerosol samples. The limit of quantitation (LOQ) was determined based on the multiple injections
(n = 10) of 0.1 ppb of benzyl sulfate standard.
Atmos. Chem. Phys., 13, 4865–4875, 2013
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Qualitative identification of benzyl sulfate and other aromatic
organosulfates utilized quadruple time-of-flight mass spectrometry (Q-ToF MS, Micromass MS technologies). The ESI
source was operated in the negative mode with capillary voltage 2.6 kV, sample cone voltage 40 V, desolvation temperature 350 ◦ C, source temperature 100 ◦ C, cone gas flow rate
25 L h−1 , desolvation gas flow rate 350 L h−1 and collision
gas flow rate 0.25 mL min−1 . Data were collected from m/z
40 to 400 with V geometry in reflectron mode. A small peptide, Val-Tyr-Val (Sigma-Aldrich) with m/z 378.2029 was
used for lock mass correction to obtain high-resolution MS
data. Tandem mass spectrometry was performed by Q-ToF
on precursor ions with m/z 187, 201 and 215. For tandem
mass fragmentation, a 15 V collision energy and previously
described ESI conditions were applied. Resulting data were
processed by background and noise subtraction. The background was defined as signal with intensity less than 75
counts per second (cps) and was evaluated before and after
each chromatographic peak.
3
3.1

Results and discussion
Characterization of benzyl sulfate standard

The synthesized benzyl sulfate was standardized by 1 H
NMR. The resulting spectrum of the synthesized product
mixture showed the presence of the desired organosulfate
(δ 5.0 ppm for methylene protons and 7.2–7.4 ppm for aromatic protons), as well as the reactant DIEA (δ 1.3, 3.1, and
3.6 ppm), residual unreacted benzyl alcohol (δ 4.6 ppm for
methylene protons and 7.2–7.4 ppm for aromatic protons),
acetonitrile (δ 2.0 ppm), and water (δ 4.8 ppm) (Fig. S1). The
δ value of methylene proton in benzyl sulfate is higher by 0.4
than that in benzyl alcohol as a result of the replacement of
Atmos. Chem. Phys., 13, 4865–4875, 2013
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For standard addition experiments, six point standard addition curves were developed for each ambient aerosol sample
by adding known amounts of benzyl sulfate to increase its
response by a factor of 1 : 4. Concentrations of added benzyl
sulfate standard were plotted as abscissa and peak responses
were plotted as ordinate in the standard addition calibration
curve. Relations with r 2 = 0.93–0.99 were obtained in leastsquares linear regression analyses. Following the method of
standard addition, the concentration of benzyl sulfate in the
original extract was calculated from the x-intercept and corrected for dilution, which occurred when adding standard.
Uncertainty in the measurement of benzyl sulfate was expected to arise from (1) the error in slope and intercept of external/standard addition calibration curve (eCal ), (2) recovery
of benzyl sulfate from the extraction (eRe ), (3) nearness to detection limit (eDl ), and (4) reproducibility of the aerosol extraction (eDup ). The combined relative uncertainty (%eTotal )
was propagated using the following equation:
q
(1)
%eTotal = %e2Cal + %e2Re + %e2Dl + %e2Dup
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Fig. 1. High resolution product ion mass spectra and extracted ion
chromatogram (m/z 187.01 ± 0.01) of benzyl sulfate in a standard
(a, b) and in Lahore, Pakistan, PM2.5 sample collected in December
2007 (c, d). Chromatographic peaks marked with a star correspond
to MS/MS spectra.

alcohol functional group by sulfate functional group, similar
to the changes in chemical shift observed for glycolic acid
and lactic acid (Olson et al., 2011). The integrated area of
each peak is proportional to the abundance of 1 H in the solution. The benzyl sulfate 1 H chemical shift at 5.0 ppm had integrated peak area of 2.85 relative to DCA, whose peak area
was set to 1.00. The analyte and standard molecular weights,
relative numbers of protons, peak area ratio, density of DCA,
and the molar concentration of DCA indicated that the product mixture contained 23.9 % of benzyl sulfate by mass. The
aromatic protons in benzyl sulfate and benzyl alcohol overlapped in the 7.2–7.4 ppm region in the NMR spectrum, and
were not used for standardization.
The molecular formula and structure of the benzyl sulfate standard were evaluated by ESI Q-ToF MS to determine
its exact mass and product ions. The theoretical m/z of the
most abundant benzyl sulfate isotopomer is 187.0065 Da. In
the synthesized standard, the molecular ion was observed at
m/z of 187.0064 (Fig. 1a), with an error between theoretical and observed masses of 0.5 ppm. The major product ions
of m/z 187 are 80.9645 and 95.9526, as shown in Fig. 1a,
−
which were assigned as HSO−
3 (error 1.2 ppm) and SO4 (error 9.4 ppm). The relative errors of the lower mass fragment
increase due to the smaller m/z values.
Prior studies have documented that organosulfates fragment to a major product ion at m/z 97, which has been
used as a means of identifying parent organosulfates (Stone
et al., 2009; Romero and Oehme, 2005). Benzyl sulfate did
not fragment to m/z 97, and rather had a major product ion
www.atmos-chem-phys.net/13/4865/2013/
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300
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0

Fig. 2. Monthly average concentrations of benzyl sulfate in PM2.5
in Lahore, Pakistan, determined by UPLC/TQ MS by the method
of external calibration. Error bars show the estimate of analytical
uncertainty.

Identification of benzyl sulfate in ambient aerosols

The presence of benzyl sulfate in aerosol samples was
confirmed by parallel analysis of the standard and ambient samples using UPLC Q-ToF MS. Extracted ion chromatograms (EIC) of the benzyl sulfate molecular ion
(m/z 187.01 ± 0.01) are shown in Fig. 1. The retention time
of standard is 5.79 min (Fig. 1b), which is very near to peak
observed at 5.77 min shown for the December 2007 sample
(Fig. 1d). Broadening of the benzyl sulfate peak in the ambient sample is due to the sample solvents and aerosol matrix.
The other prominent peak corresponding to m/z 187.01 in the
aerosol sample is expected to be an isomer of benzyl sulfate
and is discussed in Sect. 3.5.
Tandem mass spectral analysis of parent m/z 187 of the
chromatographic peak at 5.77 min in the aerosol sample
yielded m/z 80.9643 and 95.9505 (Fig. 1c), which were as−
signed as HSO−
3 and SO4 (error: 4.2 and 13.0 ppm, respectively). As with the benzyl sulfate standard, the SO4− peak
is the most dominant product ion followed by HSO−
3 . Consistency between the benzyl sulfate standard and PM2.5 sample extract, in terms of EIC retention time and tandem mass
spectral analysis, confirms the presence of this compound in
ambient aerosol.
www.atmos-chem-phys.net/13/4865/2013/
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at m/z 96, consistent with collisionally-induced dissociation
mass spectra of benzyl sulfate (Attygalle et al., 2001). The
product ion with m/z 97 is formed due to the transfer of a
proton from the C2 position of organosulfates to SO42− moiety, as demonstrated by doing the fragmentation analysis of
hexadecyl sulfate with deuterium labeling (Attygalle et al.,
2001). In benzyl sulfate, there is no hydrogen atom at the C2
position, rendering proton transfer impossible and yielding
the major fragment ion of m/z 96, which corresponded to the
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Fig. 3. Tandem mass spectra of aromatic organosulfates with parent m/z of 187 (A), 201 (B) and 215 (C) in PM2.5 , Lahore, Pakistan. Chromatographic peaks marked with star were used in generating the product ion mass spectra. Proposed structures are based
on molecular formulas and fragment ions.

3.3

Quantitation of benzyl sulfate

Benzyl sulfate in atmospheric aerosols was quantified using
UPLC TQ MS. For nine-point external calibration curves,
least-squares regression demonstrated good linearity (R 2
> 0.995). The LOQ was determined to be 0.16 ppb, which is
10 times the standard deviation of peak area of a 0.10 ppb
benzyl sulfate standard across 10 injections. The recovery
of the spike experiments at 5.0 ppb ranged from 78 to 96 %
(av. 86 %) where the recovery at 25.0 ppb ranged from 75
to 84 % (av. 80 %). Recovery less than 100 % was expected
to be related with minor losses of benzyl sulfate during the
aerosol extraction and filtration procedure. Duplicate analyses were carried out for composite aerosol samples from
February 2007 and January 2008. The coefficient of variation was 11 % and 14 %, respectively. Overall analytical uncertainties were propagated, as described in Sect. 2.4, and
ranged from 23–41 % (av. 25 %).
Ambient concentrations of benzyl sulfate in Lahore, Pakistan, PM2.5 ranged from 0.05–0.50 ng m−3 with average
concentration 0.24 ng m−3 (Fig. 2). Two other organosulfate
Atmos. Chem. Phys., 13, 4865–4875, 2013
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species – lactic acid sulfate and glycolic acid sulfate – were
measured in a November 2007 PM2.5 sample from Lahore at
concentrations of 3.8 ng m−3 and 11.3 ng m−3 , respectively
(Olson et al., 2011). In comparison to these species, benzyl
sulfate is an order of magnitude lower in concentration. The
contributions of benzyl sulfate to PM2.5 and organic carbon
(OC) were found to be small, using data reported in a prior
study (Stone et al., 2010). The contribution of benzyl sulfate to PM2.5 mass averaged 1 ×10−4 % and its contribution
to OC averaged 2 × 10−4 %. Meanwhile, the contribution of
total organosulfate was estimated to be 0.7–0.9 % of PM2.5
mass and 0.4–0.8 % of OC in Lahore aerosols (Stone et al.,
2012), indicating that benzyl sulfate also makes up a small
fraction of organosulfate mass.
3.4

Temporal variations of benzyl sulfate

The highest concentrations of benzyl sulfate were observed
in November and January 2007 (0.50 ± 0.11 ng m−3 ),
whereas lowest concentration was found in July
(0.05 ± 0.02 ng m−3 ) (Fig. 2). The contribution of benzyl sulfate to organic carbon (OC) was greatest in January
2007 and lowest in July. Wintertime maxima and summertime minima concentrations are consistent with temporal
trends observed for PM2.5 mass (Stone et al., 2010). The
lowest concentration of benzyl sulfate in summer is related
to the wash-out of pollutants by monsoon wind and rain,
expanded planetary boundary layer, and lower intensity of
pollutant emission (Shafer et al., 2010). Conversely, the
wintertime corresponds to the dry season, causing a build-up
of pollutants in the atmosphere.
3.5

Other aromatic organosulfates in atmospheric
aerosols

To qualitatively identify other aromatic organosulfates, a
PM2.5 sample from December and a composite PM2.5 sample from January 2007 with high concentrations of benzyl
sulfate was subjected to qualitative analysis by UPLC Q-ToF
MS, which allowed for molecular formula determination and
tandem fragmentations to evaluate organosulfate structure.
As shown in Fig. 3a inset, multiple peaks were observed in
the EIC of m/z 187.01 ± 0.01. The peak eluting at 5.77 min
and with product ions of m/z 80.9643 (HSO−
3 ) and 95.9505
(SO4− ) was confirmed as benzyl sulfate using the authentic standard, as discussed in Sect. 3.2. The other peak eluting at 6.29 min is an isomer of benzyl sulfate. The mass of
a dominant ion under the peak at 6.29 min is 187.0065 Da,
which corresponds to C7 H7 SO−
4 with no detectable error.
Tandem mass spectral analyses resulted in product ions at
m/z 79.9546 and 107.0476, which correspond to molec− (error
ular formulas SO−
3 (error 34.6 ppm) and C7 H7 O
19.5 ppm), respectively. These product ions are consistent
with the structure of an organosulfate with sulfate functional
group attached to the aromatic ring, as shown in the Fig. 3a
Atmos. Chem. Phys., 13, 4865–4875, 2013

inset. When the sulfate functional group is directly attached
to the aromatic ring, the elimination of SO4− is less favorable
due to electron delocalization, making SO−
3 the more abundant sulfur-containing fragment ion (Attygalle et al., 2001).
Additionally, it is not possible to transfer H+ atom from C2
position to SO2−
4 moiety for the formation of product ion at
m/z 97. Due to a similar reason, product ion at m/z 97 was
not observed in the fragmentation analysis of benzyl sulfate
(Attygalle et al., 2001).
Figure 3b shows the EIC of m/z 201.02 ± 0.01 for which
several peaks elute in the range of 6.5–7.1 min. The observed ion at m/z 201.0190 corresponds to the chemical formula C8 H9 SO−
4 (error = 15.9 ppm). Its double bond equivalent (DBE, the number of rings plus double bond) is 4, which
is consistent with an aromatic ring with two methyl groups.
Many isomers with xylene or ethyl-benzene backbones and
the sulfate directly attached or adjacent to the aromatic ring
are possible. Tandem MS analysis of m/z 201 at 6.98 min
yields product ions at m/z 79.9563, 80.9655 and 95.9504,
−
−
which are assigned as SO−
3 , HSO3 and SO4 (errors: 6.3,
11.1, and 13.5 ppm, respectively). Because of the dominant
sulfate radical signal, it is expected that the sulfate moiety is
primarily in the benzyl position (i.e. next to but not directly
attached to the aromatic ring), as shown in the right inset of
Fig. 3b.
The Fig. 3c inset shows the EIC of m/z 215.04 ± 0.01. A
cluster of unresolved peaks were eluted in the range of 7.50–
8.40 min. The ion observed at m/z 215.0393 corresponds to
the chemical formula C9 H11 SO−
4 (with an error of 6.9 ppm
and DBE of 4). With this chemical formula, many aromatic
organosulfate isomers can be predicted that have trimethyl
benzene backbones with sulfate attached to side chain or to
the aromatic ring. Fragmentation analysis of m/z 215 results
in product ions at m/z 95.9505, which is assigned as SO4−
(error 12.9 ppm), suggesting that the sulfate moiety is attached to the side chain instead of aromatic ring.
The three organosulfates with molecular formulas
−
−
C7 H7 SO−
4 (m/z 187), C8 H9 SO4 (m/z 201), and C9 H11 SO4
(m/z 215) form a homologous series with increasing number
of methylene groups (CH2 , 14 Da). The order of elution from
the UPLC column supports this observation; increasing hydrophobic characteristic of a molecule increases its retention
on the reversed-phase column. As shown in the EIC in Fig. 3,
homologs with increasing number of methyl groups are retained longer, with m/z 187 eluting at 5.77 (benzyl sulfate)
and 6.29 min, followed by m/z 201 at 6.50–7.10 min, m/z 215
at 7.50–8.40 min. The homologous series of organosulfates
is analogous to the homologous series of aromatic VOC –
toluene, xylene, trimethylbenzene – in ambient atmospheres.
3.6

Potential sources of benzyl sulfate

Correlation analysis was used to evaluate the co-variation
of benzyl sulfate with PM2.5 , temperature, combustion tracers, secondary inorganic ions, and SOA tracers in efforts to
www.atmos-chem-phys.net/13/4865/2013/
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evaluate the potential sources and formation processes of
benzyl sulfate. These correlation analyses draw upon prior
measurements reported elsewhere (Stone et al., 2010; Shafer
et al., 2010) and new measurements made in this study. Statistical analyses were limited to 13 monthly-average benzyl
sulfate measurements, and other data with higher time resolution were averaged accordingly.
There was a strong correlation of benzyl sulfate with
PM2.5 mass (r 2 = 0.92), with maximum concentrations occurring in the dry winter and minimum concentrations observed during the monsoon season. PM2.5 loadings in Lahore, located in a subtropical region, are largely driven by
primary sources and ambient PM levels vary strongly with
season (Stone et al., 2010) as described in Sect. 3.4. Due
to the ionic nature of benzyl sulfate, it is expected to be
non-volatile at ambient temperatures. An anti-correlation
(r 2 = −0.65) was observed between benzyl sulfate and temperature, which was consistent with the anti-correlation between PM2.5 mass and temperature (r 2 = −0.44), indicative
of seasonal trends in PM loadings in Lahore.
A prior source apportionment study of PM2.5 organic carbon in Lahore pointed out the important role of primary
combustion sources, including non-catalyzed motor vehicles,
biomass burning, local combustion in PM2.5 OC concentrations, and a relatively minor role of SOA (Stone et al., 2010).
Tight correlations were observed between benzyl sulfate and
EC (r 2 = 0.95), which is considered as a general tracer for
combustion (Schauer, 2003) and levoglucosan (r 2 = 0.82),
which is a tracer of biomass combustion (Simoneit, 1999).
The prevalence of primary sources in Lahore and the strength
of these correlations suggest that benzyl sulfate may be emitted directly from combustion sources or produced from postemission processing of smoke layers.
Correlations have been reported in marine aerosols be2
tween organosulfates and SO2−
4 (r = 0.72) (Hawkins et al.,
2010), and are consistent with the laboratory observation
that sulfate is a precursor to organosulfate formation (Surratt et al., 2007). However, benzyl sulfate and sulfate showed
only a weak correlation in this study (r 2 = 0.35). A stronger
correlation was observed between benzyl sulfate and nitrate
(r 2 = 0.92), suggesting that aromatic organosulfates concentrations may be enhanced by acidity provided by HNO3 or
chemical reactions initiated by NOx (Hatch et al., 2011).
For example, HNO3 has been observed to react with atmospherically relevant hydroxy epoxides in the bulk aqueous
phase to form organonitrates, which subsequently converted
quickly to organosulfates due to their reactions with sulfate
(Darer et al., 2011). Organonitrates, which may be precursors
to benzyl sulfate, are semi-volatile with enhanced partitioning to the aerosol phase expected during cooler months. The
stronger correlations with nitrate could also be related with
the emission of benzyl sulfate from combustion sources that
also emit NOx , which is a precursor to nitrate.
Secondary reactions are well-established sources of biogenic organosulfates (Liggio and Li, 2006; Iinuma et al.,
www.atmos-chem-phys.net/13/4865/2013/
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2007; Surratt et al., 2008; Chan et al., 2011). Biogenic
organosulfates derived from monoterpenes were also evaluated with respect to benzyl sulfate. Three structural isomers
of nitroxy organosulfates at m/z 294.0653 with a chemical
formula C10 H16 NO7 S− have been reported to be generated
due to the oxidation of α-pinene in the smog chamber (Surratt et al., 2008) and their presence was previously reported
in PM2.5 from Lahore (Stone et al., 2012). While not quantified in this study, their signals were evaluated using the
HRMS (high-resolution mass spectrometry) signal at retention times 8.8, 9.6 and 9.8 min. The sum of the three major m/z 294 signals showed a weak correlation with benzyl
sulfate (r 2 = 0.47), suggesting biogenic organosulfates have
different sources and/or formation mechanisms than aromatic organosulfates. Although limited by sample number
and monthly time resolution, these correlation studies point
towards primary combustion sources as possible origins for
aromatic organosulfates and indicate that their atmospheric
origins are different from biogenic organosulfates.
3.7

Potential formation processes of aromatic
organosulfates

As biogenic VOC are established precursors to aliphatic
organosulfates, it is reasonable to consider that anthropogenic VOC are precursors to aromatic organosulfates. Anthropogenic VOC comprise up to 40 % of the urban volatile
hydrocarbon mixture in various parts of the world (Bloss
et al., 2005; Jang and Kamens, 2001), and are particularly
abundant in urban areas of Pakistan (Barletta et al., 2002).
Of the aromatics, benzene, toluene, xylenes, ethylbenzene,
and trimethylbenzene make up 60–75 % of this load, with
toluene being the most abundant compound (Jang and Kamens, 2001). Aromatic VOC can be oxidized in the time
scale of a few hours to days in the atmosphere to generate epoxides, hydroxy and other functional groups containing low volatility products (Hamilton et al., 2005; Atkinson,
2000; Baltaretu et al., 2009). Smog chamber studies of aromatic VOC have comparable SOA yields when seed particles are either acidic or neutral (Ng et al., 2007), unlike biogenic VOC whose SOA formation is enhanced when acidic
seed particles are present (Surratt et al., 2007). More recent
chamber experiments have demonstrated the important role
of relative humidity in organosulfate formation (Zhang et al.,
2011), such that the low relative humidities (< 5 %) in the
study of aromatic VOC may have precluded organosulfate
formation (Ng et al., 2007).
The four established pathways of organosulfate formation
in the atmosphere include (a) nucleophilic ring-opening of
epoxides with sulfuric acid (Iinuma et al., 2007; Paulot et
al., 2009b; Chan et al., 2011; Minerath et al., 2009; Darer
et al., 2011), (b) radical initiated reactions (Noziere et al.,
2010), (c) substitution reactions of organonitrates (Paulot et
al., 2009a; Rollins et al., 2009; Fry et al., 2009), and (d) condensation of alcohols with sulfuric acid (Liggio et al., 2005;
Atmos. Chem. Phys., 13, 4865–4875, 2013
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3.8

Matrix effects on the quantitation of benzyl sulfate

Aerosol samples are a complex mixture, in which other
aerosol components may interfere with analytical measurement of benzyl sulfate. The combined effect of all components of the sample other than the analyte on the measurement of the quantity is defined as matrix effects. A
sample matrix may affect analyte quantitation by introducing ion suppression or enhancement in ESI MS by altering the ionization efficiency or electrospray droplet formation (Van Eeckhaut et al., 2009). Matrix effects can be addressed using a variety of methods, including (1) modification of mass spectrometric conditions, (2) pre-treatment and
extraction process of samples, (3) modification of chromatographic conditions, and (4) selection of the calibration strategy (Gosetti et al., 2010).
In this study, matrix effects were evaluated by comparing
external calibration to the method of standard addition. Theoretically, the external calibration is prone to matrix effects
Atmos. Chem. Phys., 13, 4865–4875, 2013
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Minerath et al., 2008). None of these mechanisms provide a
clear pathway to the formation of benzyl sulfate, suggesting
that other formation processes or sources exist.
In the epoxide pathway, epoxides generated during gasphase photooxidation of alkenes go on to react with sulfuric acid to form hydroxy-organosulfates (Iinuma et al., 2007;
Paulot et al., 2009b; Chan et al., 2010; Minerath et al., 2009;
Darer et al., 2011). The time scale of this reaction is in the
range of minutes to hours (Minerath et al., 2009). However,
this pathway cannot explain the formation of benzyl sulfate
because it would require that the aromatic ring be broken, yet
the ring is intact in benzyl sulfate. Secondly, radical initiated
reactions, discussed by Noziere et al. (2010), involve the addition of sulfate radicals and a hydroxyl group to adjacent
olefinic carbon atoms. This pathway results in the formation of hydroxy-organosulfates, not the aromatic organosulfates observed in this study. In the third route, organonitrates
that are formed by the oxidation of biogenic VOC, mainly
under high NOx conditions, eliminate the nitrate moiety by
substitution with bisulfate to form an organosulfate (Paulot
et al., 2009a; Rollins et al., 2009; Fry et al., 2009). Tertiary organonitrates undergo rapid substitution by sulfate on
the time scales of minutes, while primary organonitrates remained intact (Darer et al., 2011). The organonitrates pathway is plausible, as benzylnitrate is formed by the oxidation
of aromatic VOC (Atkinson and Arey, 2003). These compounds could partition to the aerosol phase and further react
with sulfuric acid to produce benzyl sulfate. Although the reactivity of some primary nitrates is reportedly slow (Darer et
al., 2011), reactivity of benzyl nitrate has not yet been studied. Finally, in the condensation pathway, benzyl alcohol reacts with sulfuric acid to form benzyl sulfate; however, alcohol sulfate esterification reactions have been shown to be kinetically infeasible under typical atmospheric conditions for
a number of alcohols (Minerath et al., 2008).

Benzyl sulfate concentration (ng m ) determined
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Fig. 4. Comparison of concentrations of benzyl sulfate in PM2.5
determined by UPLC TQ MS by the methods of external calibration and standard addition. Error bars represent the analytical uncertainty.

because the analyte concentration in a complex matrix is determined using a standard prepared in absence of the matrix.
The method of standard addition effectively generates a calibration curve within the sample matrix, thus nullifying matrix effects (Gosetti et al., 2010). Figure 4 shows the comparison of the concentrations of benzyl sulfate in atmospheric
aerosols between external and standard addition calibration
methods. All the data points, except one outlier, are near to
1 : 1 line. The slope of the line was found by linear regression and had a relation of y = 1.03x (r 2 = 0.76). This 3 % bias
from the 1 : 1 line is less than the analytical measurement
uncertainty and thus matrix effects were considered negligible in quantitation of benzyl sulfate. The absence of matrix
effects can be attributed to the good separation of benzyl sulfate from the inorganic matrix, which eluted more than 5 min
prior to benzyl sulfate. Additionally, the use of MRM mode
for data acquiring in the TQ MS provides two levels of mass
filtering and monitoring, reducing the potential for competing ions (Domon and Aebersold, 2006).

4

Conclusions

This study presents the identification and quantification of
aromatic organosulfates in atmospheric aerosols for the first
time. In PM2.5 in the megacity Lahore, Pakistan, other aromatic organosulfates were observed whose chemical structures reflect aromatic VOC precursors such as toluene, xylene, and trimethylbenzene, suggestive of secondary origins.
www.atmos-chem-phys.net/13/4865/2013/
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These aromatic VOC are ubiquitous in urban environments
and are emitted by vehicles and fuel evaporation/spillage during storage and transportation (Atkinson, 2000). However,
the established mechanisms of organosulfate formation do
not present a clear pathway to aromatic organosulfate formation. More tight correlations of benzyl sulfate with combustion tracers (EC and levoglucosan) than with secondary
tracers (SO2−
4 and α-pinene derived nitrooxy organosulfates)
suggest that aromatic organosulfates may be related to combustion emissions.
Although aromatic organosulfates were observed at low
concentrations, they may be useful atmospheric tracers because of their atmospheric stability (Darer et al., 2011), presence in the particle phase, and very low detection limits.
In particular, tracers of SOA are also needed to accurately
quantify the relative contributions of biogenic and anthropogenic SOA in ambient atmospheres (Kleindienst et al.,
2010), which are currently subject to major uncertainties
(Hallquist et al., 2009). Further studies are required for understanding the utility of aromatic organosulfates as tracers
of atmospheric aerosol processes and sources.
Supplementary material related to this article is
available online at: http://www.atmos-chem-phys.net/13/
4865/2013/acp-13-4865-2013-supplement.pdf.
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