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ABSTRACT: Organosulfates (OSs) have been observed as substantial constituents of
atmospheric organic aerosol (OA) in a wide range of environments; however, the chemical
composition, sources, and formation mechanism of OSs are still not well understood. In
this study, we first created an “OS precursor map” based on the elemental composition of
previous OS chamber experiments. Then, according to this “OS precursor map”, we
estimated the possible sources and molecular structures of OSs in atmospheric PM2.5
(particles with aerodynamic diameter ≤ 2.5 μm) samples, which were collected in urban
areas of Beijing (China) and Mainz (Germany) and analyzed by ultrahigh-performance
liquid chromatography (UHPLC) coupled with an Orbitrap mass spectrometer. On the
basis of the “OS precursor map”, together with the polarity information provided by
UHPLC, OSs in Mainz samples are suggested to be mainly derived from isoprene/glyoxal
or other unknown small polar organic compounds, while OSs in Beijing samples were
generated from both isoprene/glyoxal and anthropogenic sources (e.g., long-chain alkanes
and aromatics). The nitrooxy-OSs in the clean aerosol samples were mainly derived from
monoterpenes, while much fewer monoterpene-derived nitrooxy-OSs were obtained in the polluted aerosol samples, showing
that nitrooxy-OS formation is affected by different precursors in clean and polluted air conditions.

■ INTRODUCTION

Organic aerosol (OA) accounts for an important fraction (20−
90%) of submicron atmospheric particulate mass1,2 and
influences global climate, air quality, and human health.3−6

Atmospheric OA can be divided into two categories. Primary
OA (POA) is directly emitted into the atmosphere from
biogenic or anthropogenic sources; whereas secondary OA
(SOA) is formed in the atmosphere through gas-to-particle
conversion.7 Due to a wide variety of natural and
anthropogenic sources as well as the complex multiphase
chemical reactions, organic compounds in OA present a large
space of physicochemical properties, including hydrocarbons,
alcohols, carboxylic acids, organosulfates (OSs), and organo-
nitrates. Hence, characterizing the chemical composition of the
organics in OA is a challenging but vital task.8−12

Recently, OSs have been observed as an important fraction
in the ambient OA.10,11,13−21 Due to the presence of a
deprotonated functional group R−O−SO3

−, OSs are acidic
and highly water-soluble and therefore may affect the surface
activity and hygroscopic properties of the atmospheric
particles, leading to potential impacts on climate.22 To
understand the sources, formation process, and chemical
composition of OSs, several laboratory smog chamber studies
have been conducted. In the presence of acidified sulfate
aerosol seed, OSs have been produced in the chamber studies
from O3, OH, or NO3 oxidation of biogenic volatile organic
compounds (VOCs), such as isoprene, monoterpenes,
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sesquiterpenes, and unsaturated aldehydes.23−26 Recently, OSs
derived from aromatics and long-chain alkanes have been
studied to understand the effect of anthropogenic sources on
OS formation.27,28 However, due to a lack of authentic
standards, identification and quantification of OSs is still a
challenging task,19 which further results in the difficulty to
understand the sources and formation pathways of OSs.

Previous studies on OSs were conducted mainly in Europe
and USA1 3 , 1 4 , 1 7 , 2 3 , 2 4 , 2 9 − 3 3 and on ly a f ew in
China.9,15,18,19,34−36 Over the past decade, severe air pollution
has occurred frequently in China, seriously affecting human
health.10,37,38 Therefore, a better understanding of the
chemical composition and reactivity of OA, including the
OSs in China, is important. Since OSs in urban areas are highly
related to anthropogenic emissions and human activities, OSs
formed in different cities present different characteristics.18 In
this study, we have created an “OS precursor map” for OS
source identification, which is developed based on the
elemental composition information from previous chamber
experiments. Then, we compared the chemical composition
and possible sources of OSs in ambient PM2.5 (particles with
aerodynamic diameter ≤ 2.5 μm) samples collected in two
metropoles, Mainz (a German city within the Rhine-Main
region with around a 5.8 million population) and Beijing (a
Chinese city with around a 22 million population), where the
biogenic/anthropogenic emission and human activities present
large differences. An ultrahigh-performance liquid chromato-
graph (UHPLC) coupled to an Orbitrap mass spectrometer
was used for the detailed characterization of OSs at a molecular
level. Several synthesized/commercial OS standards, including
isoprene/β-pinene/benzene-derived OSs, octyl hydrogen
sulfate, and lauryl sulfate, were used as markers to better
identify the OSs detected in these ambient samples.

■ METHODOLOGY
Collection of PM2.5 Samples. Six 24-hour integrated

Chinese urban PM2.5 samples were collected onto prebaked
quartz-fiber filters (8 × 10 in., Whatman, QM-A, USA) using a
high-volume sampler at a flow rate of 1.05 m3 min−1 during
January 7−25, 2014. Similarly, three 24-hour integrated
German urban PM2.5 samples were collected on borosilicate
glass fiber coated with fluorocarbon filters (Ø 70 mm, Pallflex
T60A20, Pall Life Science, USA) using a low-volume sampler
at a flow rate of 38.3 L min−1 from January 14−16, 2015. The
sampling site for Chinese samples was located at the urban site
of Beijing (39.99° N, 116.39° E) surrounded by residential
areas, while the German sampling site was in the campus of
Johannes Gutenberg University of Mainz (49.99° N, 8.24° E).
According to the daily average PM2.5 mass concentration, the
PM2.5 samples collected in Beijing were divided into two
categories for further analysis, Beijing low air pollution level
samples with PM2.5 mass concentrations lower than 35 μg m−3

(referred to as low pollution samples; sample ID, BJL), and
Beijing high air pollution samples with PM2.5 mass
concentrations higher than 150 μg m−3 (referred to as high
pollution samples; sample ID, BJH). Since the PM2.5 mass
concentrations in Mainz were all lower than 35 μg m−3 during
sample collection, we regarded these samples as Mainz low
level samples (referred to as low pollution samples; sample ID,
MZL). Field blank samples were collected at each site, and all
the filter samples were stored at −20 °C until analysis.

The daily ambient meteorological conditions (e.g., temper-
ature; relative humidity; and SO2, NO2, CO, and O3

concentrations) and 48-h backway trajectories of air arriving
at the sampling sites during sampling dates are shown in Table
S1 and Figure S1, respectively.

Sample Analysis. A portion of the filters (corresponding
to about 600 μg particle mass in each extracted filter, 1.05−
19.23 cm2 depending on the PM2.5 mass loading) were
ultrasonicated for 30 min with an 1.5 mL acetonitrile/ultrapure
water (ACN/H2O) mixture (8/2, v/v). The extraction step
was repeated twice with 1 mL of the ACN/H2O solution. After
that, the extracts were combined and filtered through a 0.2 μm
polytetrafluoroethylene (PTFE) membrane syringe filter to
remove insoluble particulate matter. Then, the extracted
solution was evaporated to dryness with a gentle stream of
nitrogen at 20 °C. It should be noted, that the evaporation
process may accelerate the formation of sulfur/nitrogen-
containing compounds with the presence of ammonium
sulfate, and/or the pH value is low (∼ 2) in the extract
solution,31 resulting in a certain impact on the chemical
composition of ambient aerosol samples. Afterward, 1.0 mL of
ACN/H2O (1/9, v/v) was used to redissolve the residue for
subsequent analysis.

The chemical identification of OSs was conducted based on
ultrahigh-resolution mass spectrometry (UHRMS) using a
hybrid-quadrupole-Orbitrap mass spectrometer (Q-Exactive,
Thermo Scientific, Germany) coupled to an UHPLC system
(Dionex UltiMate 3000, Thermo Scientific, Germany).
Analytes were separated by a Hypersil Gold column (C18,
50 × 2.0 mm, 1.9 μm particle size, Thermo Scientific,
Germany). The mobile phase consisted of eluent A (ACN with
2% ultrapure H2O) and eluent B (ultrapure H2O with 2%
ACN and 0.04% formic acid). Gradient elution was optimized
at a flow rate of 0.5 mL min−1 as follows, 2% A for 1.5 min, a
linear increase to 20% A in the next 1 min, 20% A for 3 min,
another linear increase to 30% A in 1 min, 30% A for another 1
min, a linear gradient to 50% A in 1 min and immediate
increase to 98% A in the next 1 min, 98% A for 2.5 min, back
to 2% A in 0.05 min, and then 2% A for 0.05 min. The
Orbitrap was equipped with a heated electrospray ionization
source (HESI). It was operated in both negative ion mode
(ESI−) and positive mode (ESI+) with a −3.3 and +4.0 kV
spray voltage, respectively. A mass resolving power of 70 000
@ m/z 200 and a scanning range of 50−500 m/z were applied.
The mass spectrometer was externally mass calibrated using a
commercial standard calibration solution Ultramark 1621
(Thermo Scientific, Germany) with a mass range of 73−
1921 m/z. Each sample extract was analyzed in triplicate with
an injection volume of 10.0 μL.

Data Processing. The obtained chromatograms and mass
spectra were analyzed by a nontarget screening approach using
commercially available software (SIEVE, Thermo Scientific,
Germany). A threshold intensity value of 1 × 105 arbitrary
units in the two-dimensional space of the retention time
window from 0.0−11.05 min and m/z from 50 to 500 was
applied to all measurements. The software automatically
searched peaks above the threshold value, which were
significantly different from the background and assigned to
the molecular formulas with a mass tolerance of ± 2 ppm. The
molecular formulas were presented as CcHhOoNnSs, where c
was the number of carbon atoms in the range of 1−39, h was
the number of hydrogen atoms in the range of 1−72, o was the
number of oxygen atoms in the range of 0−20, n was the
number of nitrogen atoms in the range of 0−7, and s was the
number of sulfur atoms in the range of 0−4. In ESI+ mode, 0−
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1 of Na atom was considered in the formula assignment. To
remove the chemically nonmeaningful molecular formulas,
formulas were further constrained by setting H/C, O/C, N/C,
and S/C ratios in the ranges of 0.3−3, 0−3, 0−1.3, and 0−0.8,
respectively. Meanwhile, the resulting neutral formulas with a
noninteger or negative double bond equivalent (DBE) or
elemental composition which disobeyed the nitrogen rule for
even electron ions were removed. Later, for simplification, we
refer to all of the “C”, “H”, “O”, and “S” containing compounds
as “CHOS”, and all of the “C”, “H”, “O”, “S”, and “N”
containing compounds as “CHONS”.

The DBE value (number of rings plus double bonds) of a
molecule reflects the degree of its unsaturation and was
calculated by the equation, DBE = (2c + 2−h + n)/2, for the
elemental composition CcHhOoNnSs.

All molar ratios, DBE factors, and molecular formulas
presented in this article refer to neutral molecules, and only
molecular formulas that are common to all PM2.5 samples for
each site are considered. The abundance of a compound refers
to its chromatographic peak area averaged from all samples in
each site. The compounds in samples were compared to those
in blanks, and only compounds with a sample-to-blank
abundance ratio ≥10 were retained for further data analysis.
Subsequently, the abundance of the retained compounds in
blanks was subtracted from their abundance in samples.

It should be noted, that the main purpose of this study is to
compare the difference of chemical composition and sources of
OSs in Mainz and Beijing, so we excluded the OSs with low
concentrations through reducing the injection volume from
20.0 μL, in our previous study, to 10 μL, in this study, and
increasing the sample-to-blank ratio from 3, in our previous
study, to 10, in this study, for data processing, which led to
much fewer organic compounds obtained in this study
compared to our previous UHRMS study.11

■ RESULTS AND DISCUSSION

Detection of Isomers Using UHPLC Separation. The
UHPLC system enables separation of potential isomers which
could otherwise be hidden behind a given m/z value. Also, it
provides additional information (e.g., retention time), which is
helpful for elucidation of the molecular structure of organic
compounds. In addition, hundreds of organic compounds can
be separated using UHPLC before the ionization process,

which can reduce the ion suppression in the ESI source,
improving the sensitivity of detection.

Figure 1 illustrates the extracted ion chromatograms for the
formula C10H17O7NS, which has been identified as a nitrooxy-
OS derived from monoterpenes and has a relatively high
abundance compared to other S-containing com-
pounds.9,15,24,39 As most previous UHRMS studies on OSs
mainly used direct infusion,15,18,40 no isomers with the formula
C10H17O7NS were reported. Compared to three isomers of
C10H17O7NS identified in α/β-pinene-derived chamber experi-
ment by Surratt et al.,24 in our study, six isomers of
C10H17O7NS were obtained in all samples with varying
abundances of each isomer in different sample IDs (see Figure
1), indicating that nitrooxy-OSs are more complex in the
ambient atmosphere than in chamber simulations. The
abundance of each isomer varies from sample to sample,
reflecting the difference in concentrations of corresponding
precursors and/or formation mechanisms. In a recent study,
Glasius et al.33 reported the observation of a high
concentration of nitrooxy-OS C10H17O7NS in wintertime
aerosol samples in Northern Europe, which was largely
impacted by biomass burning emissions, indicating that
biomass burning can be an important source for the
monoterpene-derived OSs.

The reconstructed Orbitrap mass spectra of CHOS and
CHONS compounds observed in Mainz and Beijing samples
are shown in Figure S2. Many more molecular formulas related
to CHOS and CHONS compounds were detected in Beijing
samples than in Mainz samples, indicating the relatively high
abundance of S-containing compounds in Beijing OA. This is
likely due to much higher SO2, NO2, and CO (from
incomplete combustion) concentrations (Table S1) in Beijing.
Also, in terms of emission sources, a distinct difference
between Beijing and Mainz is the large coal combustion
emissions from residential heating in Beijing and surrounding
areas, which may explain the measurements of more S-
containing compounds in Beijing.37,41 In Beijing samples, 34−
57% of CHOS and CHONS compounds contain more than
one isomer, while significantly fewer isomers were detected in
Mainz samples. This indicates that isomers of organic
compounds widely exist in aerosols, especially in the polluted
atmosphere, and that S-containing compounds are more

Figure 1. UHPLC chromatograms of tentatively determined C10H17O7NS (potentially derived from monoterpenes) in Mainz and Beijing samples.
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complex in Beijing than in Mainz, probably due to the highly
complex precursors in the Beijing atmosphere.

OS Precursor Map. Several smog chamber experiments
have been conducted to understand the formation and
chemical composition of OSs and nitrooxy-OSs generated
from different precursors.23,24,27,28,42−44 In this study, we
summarized the information (e.g., elemental composition and
molecular mass) of previously identified OSs and nitrooxy-OSs
(see Table S2) and then created an “OS precursor map” (see
Figure 2a,b), which was motivated from Lin et al.’s study in
2012.15 The “OS precursor map” shows that the experimental
data clearly clusters according to precursors and formation
pathways, which can thus be used to estimate the precursors of
OSs and nitrooxy-OSs in the complex atmospheric aerosol.

Figure 2a,b shows the “OS precursor map” for the OSs and
nitrooxy-OSs generated from oxidation of biogenic/anthro-
pogenic precursors, including isoprene/glyoxal, monoterpenes,
sesquiterpenes, long-chain alkanes, benzene, and naphthalene.
Since glyoxal compounds can be formed from the oxidation of
isoprene,45 we classified precursors of isoprene and glyoxal in
one group as isoprene/glyoxal. The color bar in Figure 2
indicates how the oxidized carbon backbone is independent of
the sulfate and nitrate groups, which is presented by by (o −

3s)/c and (o − 3s − 2n)/c ratios for OSs and nitrooxy-OSs,
respectively. Since the sulfate group and nitrate groups contain
three and two more oxygen atoms, respectively, compared to
common oxygen-containing groups (e.g., hydroxyl and carbon-
yl), the use of (o − 3s)/c and (o − 3s − 2n)/c ratios instead of
the traditional o/c ratio could better explain the number of
additional oxidized groups per carbon atom.

As shown in Figure 2a, the majority of OSs, except several
isoprene/glyoxal-derived OSs (asterisk marks in Figure 2a) and
the benzene-derived OSs (solid star marks in Figure 2a), fall
into a molecular corridor with upper and lower boundaries
represented by linear alkane-derived OSs (CnH2n+1SO4, red
dashed line) and sugar alcohol-derived OSs (CnH2n+1OnSO4,
black dashed line), respectively. Similarly, most nitroxy-OSs
are plotted into a molecular corridor with upper and lower
boundaries represented by linear alkane-derived nitrooxy-OSs
(CnH2nNO3SO4, red dashed line) and sugar alcohol nitrooxy-
OSs (CnH2nOnNO3SO4, black dashed line). It indicates that
this 2-D space of molecular mass and carbon number can
constrain most of the OSs and nitrooxy-OSs generated from
different precursors. Most isoprene/glyoxal-derived OSs
(asterisk marks in Figure 2a) are situated close to the sugar
alcohol-derived OSs line in the range of 2−5 carbon numbers

Figure 2. OS precursor map for OSs (a) and nitrooxy-OSs (b) represented by the molar mass and carbon number in the formulas. The dashed
lines represent the molecular corridor by linear alkane OSs CnH2n+1SO4 or nitrooxy-OSs CnH2nNO3SO4 (red dashed line) and sugar alcohol OSs
CnH2n+1OnSO4 or nitrooxy-OSs CnH2nOnNO3SO4 (black dashed line). The regimes marked in roman numbers (I−V) in (a) represent OS derived
from isoprene/glyoxal (I), isoprene dimers (II), monoterpenes/long-chain alkenes/naphthalene (III), sesquiterpenes (IV), and benzene (V). The
regimes of A, B, and C in (b) represent nitrooxy-OSs derived from isoprene, monoterpenes/naphthalene, and sesquiterpenes, respectively. The
vectors correspond to chemical reactions in the atmosphere, including functionalization (addition of polar functional groups, such as hydroxyl),
oligomerization (covalent association of two organic precursors), defunctionalization (loss of polar functional groups), and fragmentation (cleavage
of C−C bonds). The chromatographic retention time of several standards of OSs together with their structures is shown in (c). It should be noted,
that only one molecular structure of benzene-derived Os is shown in (c) due to the similar molecular structures of these five benzene-derived OSs.
The color bar indicates the (o − 3s)/c or (o − 3s − 2n)/c ratio.
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