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Abstract

PM2.5 filter samples have been collected in three megacities i.e., Wuhan (WH), Nan-
jing (NJ), and Shanghai (SH) at the middle and lower reaches of the Yangtze River,
respectively. Analysis of those samples using an ultra-high performance liquid chro-
matography (UHPLC) coupled to an orbitrap mass spectrometer (MS) allowed de-5

tection of about two hundred particulate organosulfates (OSs), including dozens of
nitrooxy-organosulfates, at each location. While aliphatic OSs represented more than
78 % of the detected OSs at the three locations, aromatic OSs were much less abun-
dant. OSs with two to four isomers accounted for about 50 % of the total OSs on aver-
age in these megacities, and the percentage of OSs with six and more isomers in WH10

was more significant than those in SH and NJ. The average molecular weight, and the
degrees of oxidation and saturation of OSs in the WH summer samples were greater
than those in WH winter samples. In SH, the average molecular weight and the degree
of oxidation of OSs in summer samples were greater than those in winter samples, but
the degree of saturation was similar between the two seasons. In summer, the average15

molecular weight, and the degrees of oxidation and unsaturation of OSs were smallest
in WH among the three cities. Between NJ and SH, the average molecular weight and
the degree of saturation of OSs were close and the degree of oxidation of OSs in NJ
was smaller. Kendrick mass defect diagrams and Van Krevelen diagrams indicated that
the characteristics of identified OSs between in NJ and in SH shared better similarity.20

In addition, the identity and abundance of OSs in SH showed clear seasonal and di-
urnal variations. OSs in summer were more abundant than they were in winter due to
stronger photochemical reactions in summer. The relative abundance of OSs at night
was greater than that in the daytime and more nitrooxy-OSs existed at night, probably
because of active NO3 radical chemistry at night. In SH summer samples, OSs with25

5 and 10 carbons (C5 and C10) were the most abundant, indicating the importance of
isoprene and monoterpenes as precursors of OSs, whereas the relative abundances
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of OSs with 8, 9, and more than 14 carbons (C8, C9, and C14+) were also high in SH
winter samples, urging the need to further understand the precursors of OSs.

1 Introduction

Atmospheric aerosols can scatter and absorb sunlight, provide cloud condensation nu-
clei, and hence have significant impacts on the air quality and the climate (Andreae5

and Crutzen, 1997; Hallquist et al., 2009). Aerosol particles contain a large fraction
of toxic chemical substances and are harmful to the human health (Lee et al., 2013).
Organosulfates (OSs), i.e., sulfate esters and their derivatives formed from atmospheric
heterogeneous and multiphase chemical reactions (Ma et al., 2012), are a class of or-
ganic components that contribute to the total abundance of atmospheric aerosol parti-10

cles (Tolocka and Turpin, 2012).
Recent years have seen tremendous progresses of our understanding on the forma-

tion mechanisms of OSs, while uncertainties well remain. Existing experimental studies
show that isoprene-derived epoxide (IEPOX) and methacrylic acid epoxide (MAE) are
formed during oxidation of isoprene under low- and high-NOx conditions, respectively.15

Subsequent acid catalyzed-reactions of IEPOX and MAE in the presence of sulfates
can lead to the formation of OSs (Darer et al., 2011; Surratt et al., 2010; Paulot et al.,
2009). OSs can be formed from reactions between α-pinene and OH radical, NO3 rad-
ical, and O3 in the presence of sulfates, from β-pinene under high-NOx conditions,
from ozonolysis and photochemical reactions of other monoterpenes i.e., α-terpinene20

and γ-terpinene, and from sesquiterpene i.e., β-caryophyllene under acidic conditions
(Surratt et al., 2008; Iinuma et al., 2007a, b; Chan et al., 2011). In addition, both reac-
tive uptake of carbonyl compounds on sulfuric acid or sulfates (Liggio et al., 2005) and
the hydrolysis reactions of organonitrates can lead to formation of OSs (Darer et al.,
2011; Hu et al., 2011).25

Identification and quantification of OSs in atmospheric particulate samples have
been widely performed around the world (e.g., Kristensen and Glasius, 2011; Stone
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et al., 2009; Olson et al., 2011; Zhang et al., 2012). Surratt et al. identified, for the
first time, isoprene- and α-pinene-derived OSs in ambient aerosols in the US south-
east area using high performance liquid chromatography coupled to electrospray mass
spectrometry (Surratt et al., 2007). Many studies indicate that the total abundance of
OSs varies from one region to another. OSs accounted for about 4 % of the total organic5

mass in ambient aerosols over the southeast Pacific Ocean (Hawkins et al., 2010),
whereas this contribution was estimated to about 30 % at the forested site of K-puszta
in Hungary during a summer campaign (Surratt et al., 2008). The abundance of a given
OS also shows clear variation between different sampling locations. Four aromatic OSs
estimated to be 234.4 pgm−3 in atmospheric PM2.5 in Pakistan, were for example much10

less abundant in California, US (8.9 pgm−3) or Nepal (3.9 pgm−3) (Staudt et al., 2014).
At a given location, seasonal variations of OSs exist. Ma et al. (2014) showed that the
total mass concentration of seventeen OSs were the highest in summer and the lowest
in winter, while no clear seasonal trend in the mass concentration of benzyl sulfate (BS)
was observed. However, BS showed the highest concentration in winter and the lowest15

one in summer in Lahore, Pakistan (Kundu et al., 2013), which underlies the role of
both regional constraints and meteorological conditions.

Recently, ultra-high resolution mass spectrometer has been applied to the identifica-
tion of OSs in atmospheric aerosols samples. Owing to the high mass resolution and
high mass accuracy of the ultra-high resolution mass spectrometer, molecular formulas20

of analytes can be tentatively determined without authentic standards as required with
a low resolution mass spectrometer. The studies of Lin et al. (2012a, b), performed on
aerosols sampled at a rural location of the Pearl River Delta Region in China, suggests
that the arbitrary signal intensities of OSs obtained from the humic-like fraction are of-
ten the strongest in the electrospray ionization ultra-high resolution mass spectra, and25

that the degrees of oxidation of OSs and nitrooxy-OSs are quite high. Using a similar
approach, O’Brien et al. (2014) showed that a significant portion of OSs was formed
from biogenic precursors through the epoxide pathway in Bakersfield, CA, USA. In ad-
dition, by using a mixture of acetonitrile and toluene instead of a mixture of acetonitrile
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and water as the working solvent for nano-DESI ionization, Tao et al. (2014) identified
many OSs with long aliphatic carbon chains and low degrees of oxidation and unsatu-
ration, presumably formed from precursors emitted by cars, in Shanghai (SH) aerosol
samples, and OSs formed from biogenic precursors, in contrast, in Los Angeles.

Although it has been accepted that OSs are an important component of ambient5

particulate matters, studies on the characteristics of ambient OSs are rather sparse in
China, especially in the Yangtze River region. Ma et al. (2014) identified and quantified
seventeen OSs in SH. Tao et al. (2014) compared characteristics of OSs, such as the
degrees of oxidation and saturation, between samples from SH and Los Angeles. While
SH has been a relative hotspot for OSs identification, the characteristics of OSs in the10

general Yangtze River region are yet to be elucidated. Wuhan (WH), Nanjing (NJ) and
SH are three megacities at the middle and lower reaches of the Yangtze River, respec-
tively. Tremendous amounts of energy are consumed owing to the large population and
rapid economic development, leading to extensive emissions of anthropogenic pollu-
tants including particulate matters, volatile organic compounds (VOCs), sulfur dioxide,15

and nitrogen oxides (Huang et al., 2011; Wang et al., 2013). At the same time, these
three cities are located in the subtropical zone with high emissions of biogenic VOCs
(Guenther et al., 1995). Hence, substantial amounts of OSs are likely to exist in WH, NJ,
and SH aerosol particles. In this study, OSs were specifically searched for in WH, NJ,
and SH PM2.5 samples using an UHPLC coupled to an Orbitrap-MS. Characteristics of20

OSs including the number of isomers, molecular weight, the degrees of oxidation and
unsaturation, and seasonal and diurnal variations are analyzed and compared. Their
potential precursors in those megacities are also discussed.
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2 Material and methods

2.1 Collection of PM2.5 samples

Eight PM2.5 samples were collected at three locations i.e., two at WH, two at NJ, and
four at SH, as shown in Fig. 1 and Table 1. Daily samples at WH were collected dur-
ing 26–27 January 2012 and 15–16 June 2012, respectively. The WH site was located5

on the rooftop of a dormitory building that is about 20 m above ground at ZhongNan
University of Economics and Law (30◦29′N, 114◦24′ E) near a commercial street with
light traffic. NJ samples were collected during 29–30 August 2012, and each sample for
12 h. The NJ site was located in the Chinese national meteorology observatory facility
at the Nanjing University of Information Science and Technology (32◦12′N, 118◦42′ E),10

which is about 15 km to the north of the downtown area and about 2 km to the west
of clusters of steel mills and petrochemical refinery facilities (Zheng et al., 2015). SH
samples were collected during 17–18 January 2013 and 28–29 July 2013, respectively,
and each sample for 12 h. The SH site was located on the rooftop of a teaching building
at Fudan University (31◦18′N, 121◦30′ E), which is about 20 m above ground with sur-15

rounding residential and commercial properties and a major highway to the south of
the site (Xiao et al., 2015; Ma et al., 2014).

PM2.5 was collected onto quartz filters (Φ90 mm, Whatman Company, UK) using
a middle-flow impact aerosol sampler (Qingdao Hengyuan Tech Co., Ltd., HY-100) op-
erating at 100 lpm. All filters were prebaked at 500 ◦C for 5 h to remove residual organics20

before usage. After sample collection, filters were wrapped in a prebaked aluminum foil
and stored at −20 ◦C before further analysis.

2.2 Samples analysis

One-fourth of each filter was put into an amber vial with 6 mL of methanol (Optima®

LC/MS, Ficher Scientific, UK) and shaken for 20 min on an orbital shaker set at25

1000 rpm. The extract was then filtered through a glass syringe onto a 0.2 µm PTFE
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membrane (13 mm, Pall Corporation, USA). These two steps were performed twice
and the extracts of each filter were recombined and blown to almost dryness under
a gentle stream of nitrogen. The extracts were reconstituted in 1 mL of a 1 : 1 v/v
mixture of water (Optima® LC/MS, Ficher Scientific, USA) and acetonitrile (Optima®

LC/MS, Ficher Scientific, USA). Blank filters were processed and analyzed in an iden-5

tical way, and blank correction has been made accordingly. For the analysis, 100 µL of
the final reconstituted extract was diluted by a factor 2 adding 100 µL of water. 5 µL of
these diluted solution (50 µL in the case of the NJ daytime sample) were analyzed by
an ultra-high performance liquid chromatograph (UHPLC, Dionex 3000, Thermo Sci-
entific, USA) coupled to a Q-Exactive Hybride Quadrupole-Orbitrap MS (Thermo sci-10

entific, USA) in the mass range of m/z 50–750 Th. The efficiency and the repeatability
on three replicates of the extraction protocol were checked on four standards, methyl
sulfate, octyl sulfate, dodecyl sulfate and camphor sulfonic acid. Protocol and results
are given in the Supplement.

Analytes were separated using a Waters Acquity HSS T3 column (1.8 µm, 100mm×15

2.1 mm) with mobile phases consisting of (A) 0.1 % formic acid in water (Optima®

LC/MS, Ficher Scientific, USA) and (B) 0.1 % formic acid in acetonitrile (Optima®

LC/MS, Ficher Scientific, USA). The concentration of eluent B was initially kept at 1 %
for 2 min, then increased to 100 % in 11 min, kept at 100 % for 2 min, then decreased
to 1 % in 0.1 min, and kept at 1 % for 6.9 min. The Q-Exactive Hybride Quadrupole-20

Orbitrap mass spectrometer is equipped with a heated electrospray ionization source.
It was operated in the negative ion mode with a spray voltage of −3.0 kV and a mass
resolving power of 140 000 at m/z 200 amu.

2.3 Data processing

The obtained chromatograms were analyzed with a Progenesis QI software (V1.0, Wa-25

ters Corporation) by assuming that the extracted ions in the m/z range of 50–750 amu
were [M-H]− formed from loss of a proton from the analytes. The LC separation al-

21422

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/21415/2015/acpd-15-21415-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/21415/2015/acpd-15-21415-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 21415–21448, 2015

Identification of
particulate

organosulfates

X. K. Wang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

lowed identifying this pseudo-molecular ion and potential in-source formed adducts
for a same chromatographic peak. A molecular formula calculator was used to assign
all mathematically possible formulas for the extracted ions with a mass tolerance of
±2 ppm. The obtained molecular formula can be expressed as CcHhOoNnSs, where c
is the number of carbon atoms confined in the range of 1–40, h is the number of hydro-5

gen atoms confined in the range of 2–80, o is the number of oxygen atoms confined in
the range of 0–40, n is the number of nitrogen atoms confined in the range of 0–3, and
s is the number of sulfur atoms confined in the range of 0–2. Formulas were further
constrained by setting H/C, O/C, N/C, S/C, and DBE (Double Bond Equivalent)/C
ratios in the range of 0.3–3.0, 0–3, 0–0.5, 0–0.2, and 0–1, respectively, to assure that10

the obtained compound exists in nature (Fuller et al., 2012; Wozniak et al., 2008). Com-
pounds that satisfy the above criteria and present a number of oxygen atoms greater
than 4s+3n(4s+3n ≤ o) were tentatively regarded as OSs or nitrooxy-OSs. In this
study, the abundance of an OS refers to the area of its chromatographic peak, and the
number of isomers for an OS is based on the number of the chromatographic peaks15

with the same m/z values (one characteristic chromatogram is shown in Fig. S1 in the
Supplement). Then the arbitrary abundances of all isomers for a formula are added up.
The arbitrary abundance of the most abundant OS or nitrooxy-OS in each sample is
defined as 100 %, and only OSs and nitrooxy-OSs with an arbitrary abundance larger
than 0.5 % of the most abundant one in the same sample are presented. The signals20

to noise ratios of the least abundant OSs in each sample are far greater than 10. Note
that the arbitrary abundance of an OS does not reflect the true relative concentration
because the ionization efficiency of OSs vary a lot in electrospray ionization depending
on molecular structures and sample matrix.

The DBE value of a molecule reflects the degree of its unsaturation. The DBE value25

can normally be calculated by Eq. (1).

DBE =
2c+2+n−h

2
(1)
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Not taking into account the two double bonds involved in each sulfate group, the
DBE values of OSs calculated by Eq. (1) represent the unsaturation degree of the side
carbon chain (eventually bearing oxygen and nitrogen atoms). However, it is important
to note that this equation adds one DBE unit for each nitrate group. Molecular for-
mulas with DBE< 0 and formulas that disobey the nitrogen rule were discarded. The5

difference between the DBE value and the number of N atoms (DBE-n), is the most
conservative criterion to determine whether a compound is aliphatic: the number of
OSs with (DBE−n) < 4 can be regarded as the minimum number of aliphatic OSs (Lin
et al., 2012b).

Both DBE/C and Aromaticity index (AI) could be used as criterions to determine10

whether a compound contains aromatic rings, with a threshold of DBE/C > 0.67 and
AI> 0.5, respectively, but AI is more conservative (Koch and Dittmar, 2006). The value
of AI can be calculated according to Eq. (2).

AI =
DBEAI

CAI
=

1+c−o− s− (0.5h)
c−o− s−n (2)

where DBEAI represents the sum of the minimum number of C=C double bonds and the15

number of rings in a formula containing heteroatoms, and CAI represents the difference
between the number of carbon and the number of potential double bonds caused by
heteroatoms. If DBEAI ≤ 0 or CAI ≤ 0, then AI is defined to be zero. In contrast, AI> 0.5
and AI≥ 0.67 indicate the existence of aromatic and fused aromatic ring structures in
a compound, respectively (Koch and Dittmar, 2006).20

In the Kendrick mass defect diagram (KMD diagram), CH2 (14.00000) was chosen
as a base unit. The Kendrick mass (KMCH2

) and the Kendrick mass defect (KMDCH2
)

can be determined by Eqs. (3) and (4), respectively.

KMCH2
= Observed Mass×

(
14.00000
14.01565

)
(3)

KMDCH2
= Nominal Mass−KMCH2

(4)25
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where Observed Mass is the mass measured by the mass spectrometer, and Nominal
Mass is the rounded integer mass of a compound.

3 Results and discussion

3.1 General characteristics of OSs

Table 1 summarizes the sampling time and locations of the eight samples and the5

average characteristics of OSs and nitrooxy-OSs detected in each sample. In addition
to daily data of WH, daytime and nighttime data of NJ, and daytime and nighttime data
of SH, are combined respectively to provide comparable daily data. In Table 1, OSs
are categorized into two groups, CHOS (OSs without nitrate substituents) and CHONS
(nitrooxy-OSs), according to whether the molecule contains a nitrogen atom and fulfill10

the 4s+3n ≤ o rule or not. More than one hundred formulas of CHOS and dozens of
formulas of CHONS have been tentatively identified in each sample.

The mass spectra of identified OSs in summer samples at the three megacities have
been reconstructed to present the general characteristics of OSs. In Fig. 2, the x axis
corresponds to the molecular weight of identified OSs, the y axis represents the ar-15

bitrary abundances, and the number of isomers for an OS is color-coded. Note that
the daily WH sample, the NJ nighttime sample, and the combined daily data in SH
are presented in Fig. 2, because the amount of the NJ daytime sample analyzed by
UHPLC-Orbitrap MS was different from others.

Comparison of the reconstructed mass spectra suggests that the number of OSs20

with an identical formula and the same number of isomers that could be observed in all
three megacities accounted for only 17.6 % of the molecular formulas of identified OSs.
Between WH and NJ, the number of OSs with an identical formula accounted for 50.3 %
of the molecular formulas of identified OSs, but only 27.9 % also possessed the same
number of isomers. Between NJ and SH, the number of OSs with an identical formula25

accounted for 62.8 % of the molecular formulas of identified OSs, but only 39.4 % also
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possessed the same number of isomers. Between WH and SH, the number of OSs with
an identical formula accounted for 51.5 % of the molecular formulas of identified OSs,
but only 32.3 % also possessed the same number of isomers. Therefore, the number
of isomers for an OS in NJ and SH showed greater similarity. This observation is in
agreement with the proximity of the two cities compared to the more distant city of WH.5

In all three megacities, OSs with two to four isomers accounted for about 50 % of
the total OSs. OSs with more than six isomers accounted for the largest proportion
and OSs with one isomer were insignificant in WH. In contrast, OSs with more than six
isomers were much less and OSs with one isomer represented a substantial proportion
in NJ and SH. The distribution of the number of isomers for OSs is one of the main10

disparities between the WH sample and others.
The gaseous precursors of many OSs in Fig. 2 can be tentatively designated

since identical formulas of OSs have been observed from chamber studies. In
Fig. 2, OSs with strong arbitrary signal intensities have been labeled with a letter:
A, C5H8O3SO4; B, C5H12O3SO4; C, C6H10O3SO4; D, C7H12O3SO4; E, C9H18O2SO4;15

F, C5H11O2NO3SO4; G, C9H16O3SO4; H, C10H17NO3SO4; I, C5H10O1(NO3)2SO4; J,
C16H32O2SO4; and K, C15H25NO3SO4. Among these OSs, A, C, D, and G are a se-
ries of homologues, and so are E and J. A, B, C, F and I could be derived from iso-
prene, whereas D and G could be derived from limonene, K from caryophyllene and
H from various monoterpenes (i.e. α-pinene, β-pinene, α-terpinene and terpinolene;20

Chan et al., 2011; Surratt et al., 2008; Gomez-Gonzalez et al., 2008). E and J were
characterized by high molecular weights and degrees of saturation, presumably being
long-chain aliphatic OSs. In general, many abundant OSs could derive from isoprene,
monoterpenes, and sesquiterpenes in summer in three megacities. The relative abun-
dance of J was the highest in WH but much lower relative abundance in NJ and SH. H25

was the highest in the SH daily spectrum while I was the most abundant in the NJ night-
time sample. I doubtless bears two nitrate groups (two nitrogen atoms in its formula that
fulfills the 4s+3n ≤ o rule) and is the most abundant in the NJ nighttime sample likely
due to active NO3 radical chemistry at night. F and K, that bear one nitrate group, were
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also quite abundant in the NJ nighttime sample, underlying the role of NO3 chemistry
at night.

3.2 Spatio-temporal characteristics of OSs

Table 1 further presents, in addition to the spatio-temporal variations of the number
of isomers for an OS and of the abundance of OSs analyzed in the previous session,5

the spatio-temporal characteristics of OSs in the three megacities by tabulating the
average molecular weight, DBE, and elemental ratios of identified CHOS and CHONS.
In addition, (o−3s)/c (Tao et al., 2014) and (o−3s−2n)/c have been calculated to
illustrate the number of oxygen-containing functional groups per carbon atom for CHOS
and CHONS, respectively. These two values derive from the fact that the sulfate and10

nitrate groups contain respectively three and two more oxygen atoms than do common
oxygen-containing groups such as a hydroxyl or a carbonyl moiety. (o−3s)/c and
(o−3s−2n)/c can be regarded as a measure of the degree of oxidation of CHOSs
and CHONS, respectively.

In Table 1, our data indicate that the average molecular weight and the degrees of15

oxidation and saturation of OSs in WH summer samples were greater than those in
winter samples. In SH, the average molecular weight and the degree of oxidation of
OSs in summer samples were greater than those in winter samples, but the degree of
saturation was similar between the two seasons. The seasonal variations in average
molecular weight and the degrees of oxidation and saturation of OSs are likely due20

to different precursors between the seasons, and weaker photochemical reactions in
winter.

In all the samples, the average molecular weight and the DBE value of CHONS
species were generally larger than those of CHOS, because CHONS contains one or
two more nitrate groups (the presence of one nitrate group adding one DBE unit). Mea-25

suring the O/C ratio of OSs in Bakersfield, CA, USA, O’Brien et al. (2014) indicated
that the degree of oxidation of CHONS was larger than CHOS all along the day. A simi-
lar trend have been observed for CHONS1 and CHOS1 in SH and Los Angeles aerosol
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samples, using (o−3)/c as the measure of the degrees of oxidation (Tao et al., 2014).
In our study, however, the average degree of oxidation of CHONS was similarly larger
than that of CHOS in the daytime, but smaller at night. The use of the more relevant
(o−3s)/c and (o−3s−2n)/c ratios to evaluate the degrees of oxidation of the CHOS
and CHONS carbon chain, respectively, allows the direct comparison of the oxidation5

states of these two groups of compounds and probably explains the fact that we are
able to discern such fine variations. Nevertheless, so closed values of oxidation states
for OSs and nitrooxy-OSs on a same sample (0.01 to 0.14 units of difference) suggest
that the presence of sulfate and/or nitrate groups is not determinant.

The similarity and dissimilarity of OSs in summer between the three megacities can10

be obtained by comparing the combined daily data in SH and NJ, and the daily sample
in WH. The average molecular weight and degree of oxidation of CHONS were the
greatest in SH and the lowest in WH, and the degrees of saturation of CHONS in three
megacities were similar. On the other hand, the average molecular weight of CHOS in
NJ was larger than that in SH. In general, in summer, the average molecular weight,15

and the degrees of oxidation and unsaturation of OSs were smallest in WH among
the three cities. Between NJ and SH, the average molecular weight and the degree of
saturation of OSs were close and the degree of oxidation of OSs in NJ was smaller.

The OSs with (DBE−n) < 4 accounted for 86.2, 78.5 and 78.3 % of total OSs in
summer in WH, NJ, and SH, respectively, suggesting the identified OSs were mainly20

aliphatic OSs. The number of OSs with (DBE−n) ≥ 4 can then be regarded as the
maximum number of aromatic OSs. This latter value being slightly higher for SH and
NJ, it could indicate a slightly more significant anthropogenic influence in these two
cities. The number of OSs with DBE/C > 0.67 accounted for 2.2, 5.2 and 7.1 % of total
OSs and their abundance accounted for 0.6, 1.4 and 8.0 % of total abundances of OSs25

in WH, NJ and SH, respectively. Only a few OSs with AI> 0.5 were identified, but it
could be due to the fact that this value takes into account carbon bounded S and N
but not sulfate and nitrate groups (and the related oxygen atoms), underestimating the
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aromatic ring content. Nevertheless, BS and its analogues were detected in most of
the samples of the three megacities.

Figures 3 and 4 show the CH2-Kendrick diagrams and Van Krevelen (VK) diagrams
for CHOS and CHONS species in summer, respectively, with the variation in DBE be-
ing color-coded. In the CH2-Kendrick diagram, compounds in a homologue series i.e.,5

compounds with identical KMDCH2
values, form a horizontal line. The molecular formula

of the homologue series 1 and 2, i.e., those whose DBE values were equal to zero, can
be written as CnH2n+2SO4 and CnH2n+2O1SO4, respectively. Hence, the OS in the
homologue series 2 contained one more hydroxyl group or ether group than the corre-
sponding one in the homologue series 1. Similarly, molecular formula of the homologue10

series 3, 4, and 7 with DBE= 1 can be written as CnH2nO1SO4, CnH2nO2SO4, and
CnH2nO3SO4, respectively; molecular formula of the homologue series 6, 9, 11, and
13 with DBE= 2 can be written as Cn+1H2nO2SO4, Cn+1H2nO3SO4, Cn+1H2nO4SO4,
and Cn+1H2nO5SO4, respectively; and molecular formula of the homologue series 5, 8,
10, 12, 14, and 15 with DBE= 3 can be written as Cn+2H2nO1SO4, Cn+2H2nO2SO4,15

Cn+2H2nO3SO4, Cn+2H2nO4SO4, Cn+2H2nO5SO4, and Cn+2H2nO6SO4, respectively.
The main differences among compounds with identical DBE values are the numbers
of CH2 and oxygen atoms in the molecules. More oxygen atoms and larger DBE led
to more complex combinations of functional groups. For the homologue series with
DBE= 2 or 3, the oxygen atoms, excluding those in the sulfate group, probably be-20

longed to hydroxyl groups, carbonyl groups and carboxylic groups, and it is unlikely
that a compound in this molecular weight range contains so many ether groups. CHOS
with DBE= 4 or 5 represented 9.9, 12.2, and 9.5 % of the total CHOS species in WH,
NJ, and SH, respectively.

The H/C ratios of CHOS species are plotted vs. their (o−3s)/c ratios in the VK dia-25

gram. The more oxidized species appear in the lower right of VK diagram and the more
saturated species are distributed in the upper left (Wu et al., 2004; Kim et al., 2003).
The homologue series 1 and 2 with DBE= 0 constitute upward lines in the VK diagram,
and within the same series, the degrees of oxidation and saturation become smaller
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when the molecular weight increases. The homologue series 3, 4, and 7 with DBE= 1
forms one horizontal line with an identical degree of saturation, i.e., H/C = 2. For these
three homologue series, a larger molecular weight corresponds to a smaller degree of
oxidation within the same series. Homologue series with DBE> 1 constitute downward
lines, and increasing molecular weight leads to decreasing degree of oxidation and5

increasing degree of saturation.
In the region where KMCH2

is between 350 and 750 and KMDCH2
is larger than 0.38,

significant differences in CHOS species existed among three megacities. No CHOS
was observed in this region in WH, whereas up to 6.5 and 9.5 % of the total CHOS,
respectively, was identified in the NJ and SH samples. The CHOS species in this re-10

gion were characterized by a high molecular weight, high degrees of unsaturation and
oxidation (DBE> 5 and (o−3s)/c > 0.5), and a minimum amount of isomers (one iso-
mer for 79 % of CHOS in this region), corresponding to CHOS species in the lower
right region of the VK diagrams. They thus likely contain one or more aromatic rings
(DBE/C > 0.67, but AI< 0.5) and come most certainly form anthropogenic precursors.15

Less CHONS than CHOS species were observed in samples from the three megaci-
ties. In the CH2-Kendrick diagram, the KMDCH2

values of CHONS were generally larger
than those of CHOS because the presence of the additional one or two nitrates in
CHONS contributes to KMDCH2

. Similarly to CHOS species, CHONS species in a ho-
mologue series, i.e., with identical KMDCH2

values, form a horizontal line. Molecular for-20

mula of the homologue series 1 and 3 with DBE= 1 can be written as CnH2n+1NO3SO4
and CnH2n+1ONO3SO4, respectively; molecular formula of the homologue series 2,
4, 5, and 8 with DBE= 2 can be written as CnH2n−1NO3SO4, CnH2n−1ONO3SO4,
CnH2n−1O2NO3SO4, and CnH2n−1O3NO3SO4, respectively; molecular formula of the
homologue series 7, 9, and 10 with DBE= 3 can be written as Cn+1H2n−1O2NO3SO4,25

Cn+1H2n−1O3NO3SO4, and Cn+1H2n−1O4NO3SO4, respectively; and molecular formula
of the homologue series 6 with DBE= 4 can be written as Cn+2H2n−1ONO3SO4. The
main difference among CHONS species in the same homologue series is the number
of CH2, and the difference among CHONS species with an identical DBE value but not
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in the same homologue series is the number of oxygen atoms in the formula, which
is similar to the distribution of CHOS species. By comparing the molecular formula of
CHOS and CHONS species, it is evident that most of CHONS could be formed by
substituting one hydrogen atom in CHOS with a nitrate group.

Many differences exist between the VK diagrams of CHOS and CHONS, because5

x axis corresponds to the (o−3s−2n)/c ratio in the VK diagram of CHONS, and
CHONS contained one or two nitrate groups. The homologue series 1 and 3 consti-
tute upward lines, and within the same series, the degrees of oxidation and saturation
become smaller when the molecular weight increases. Other homologues series of
CHONS form downward lines, and increasing molecular weight leads to increasing de-10

gree of saturation and decreasing degree of oxidation. CHONS species in the region
where KMCH2

is between 500 and 700 and KMDCH2
is larger than 0.6, whose DBE

values were larger than 5 with a high molecular weight and a high degree of oxidation
((o−3s−2n)/c > 0.5) were identified in NJ and SH. Their elemental ratios were dif-
ferent from any CHOS species with the same carbon number, indicating that different15

precursors led to their formation. On the other hand, a few additional CHONS species
whose DBE values were also larger than 5 with relatively a low molecular weight and
low degrees of saturation and oxidation ((o−3s−2n)/c < 0.3) were present in three
megacities.

Figure S2 shows the numbers of CHOS and CHONS species in different mass20

ranges. Generally, OSs in the mass range of 250–300 Da showed the greatest vari-
ety. The number of OSs in the mass range of 200–400 Da accounted for 90.5, 83.1,
and 85.4 % of identified OSs in WH, NJ and SH, respectively. OSs with molecular
weight larger than 500 Da, characterized by high degrees of unsaturation as shown in
the KMD diagrams, existed in the NJ and SH samples, whereas molecular weight of all25

OSs in the WH sample was less than 500 Da.
In summary, the characteristics of identified OSs between in NJ and in SH shared

better similarity, probably because NJ and SH are geographically closer at the lower
reach of the Yangtze River, whereas WH is at the middle reach of the Yangtze River.
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It is likely that identities and levels of precursors of OSs vary a lot between the middle
and lower reaches of the Yangtze River.

3.3 Formation pathways of isoprene-derived OSs in three megacities

Isoprene has been shown to be an important precursor of OSs in the three megaci-
ties. Previous studies suggest that IEPOX (C5H10O3) and MAE (C4H6O3) are two key5

reactive intermediates that are formed during isoprene oxidation under low- and high-
NOx conditions, respectively. Subsequent acid catalyzed-reactions of IEPOX and MAE
in the presence of sulfates lead to the formation of C5H12O3SO4 and C4H8O3SO4,
respectively (Surratt et al., 2010; Worton et al., 2013), the C4-OS being logically pro-
moted under high-NOx conditions compared to the C5 one. In this study, S/C ratio10

has been limited to 0–0.2 to assure that the obtained compound exists in nature (Lin
et al., 2012a; Tao et al., 2014; Wozniak et al., 2008). As a result, C4H8O3SO4 has
been eliminated by this criterion. Here we manually extract the arbitrary abundance of
C4H8O3SO4, and compare it to that of C5H12O3SO4 to elucidate the formation pathway
of isoprene-derived OSs in three megacities.15

In SH, the abundance of C4H8O3SO4 was 8.9 times higher than that of C5H12O3SO4
during daytime in winter, whereas the abundance of C5H12O3SO4 was 4.9 times higher
than that of C4H8O3SO4 during daytime in summer. This is clearly consistent with
the assumption that the high concentration of NOx in winter had an impact on the
reaction pathway (Dong et al., 2013). In WH, the abundance of C5H12O3SO4 was 7.520

times and 4.5 times higher than that of C4H8O3SO4 in summer and winter in WH,
respectively, also consistent with the fact that higher NOx level in winter corresponds
to more C4H8O3SO4, relatively. The difference between seasons is nevertheless less
significant in WH than in SH. In the NJ summer daytime sample, the abundance of
C4H8O3SO4 was greater than that of C5H12O3SO4 with ratio of about 2.5, suggesting25

that high NOx pathway might dominate in summer in NJ (Dong et al., 2013).
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3.4 Seasonal and diurnal variations of OSs in SH

During our sampling days, the air quality and meteorological conditions were similar to
the general average seasonal conditions in the same year (Table S2). Therefore, the
characteristics of seasonal and diurnal variations of OSs in Shanghai could be obtained
through analyzing and comparing the four samples.5

Contrary to the samples of the three cities, all the SH samples were collected and
analyzed under the same conditions (sampling time of 12 h for daytime and nighttime,
same injection volume for LC-MS analysis). For more accurate comparison purpose,
it was chosen in this section to arbitrary set the abundance of C10H17NO3SO4 in the
nighttime summer sample (the highest one from all the SH samples) to 100 % and10

to define a limit corresponding 0.5 % of this value. This absolute abundance limit value
was applied to all the four SH samples to include or not the OSs of in the data presented
here. Even if the data are not quantitative, defining such a limiting abundance for sam-
ples collected and analyzed under same conditions is equivalent to define a unique
minimal concentration below which the OSs are not taken into account and discon-15

nects the selection rule from the abundance of the major compound in each sample.
Note that less OSs are consequently discussed in this section than in the previous
ones.

Figure 5 shows that the number of OSs in summer was much larger than that in
winter, and that the number of OSs, especially the number of CHONS, at night was20

much larger than that in the daytime. As shown in Fig. 6, the total arbitrary abundances
of OSs in the summer daytime and nighttime samples were 2.1 times and 3.0 times of
that in the corresponding winter samples, respectively. The total arbitrary abundances
of OSs in the summer and winter nighttime samples were 1.8 times and 1.3 times of
that in the corresponding daytime samples, respectively. In addition, the arbitrary abun-25

dances of CHOS did not show a clear diurnal variation, whereas the arbitrary abun-
dances of CHONS in the summer and winter nighttime samples were 5.0 times and
2.2 times of that in the corresponding daytime samples, respectively. This is consistent
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with the previous observation from Fig. 2 (see Sect. 3.1) that CHONS are much more
present during nighttime. The variety (Fig. 5) and the abundance (Fig. 6) of CHONS
at night were both far larger than those during daytime, in winter and in summer. Be-
sides, CHONS abundance is larger in summer than in winter. CHONS formation seems
thus both driven by daytime photochemistry and subsequent nighttime NO3 chemistry.5

Similar observations were done in Beijing, China (van Pinxteren et al., 2009), Atlanta,
GA (Hatch et al., 2011) and Bakersfield, CA, USA (O’Brien et al., 2014). However, He
et al. (2014) observed a reverse trend at a regional background site in the Pearl River
Delta region (higher concentrations of nitrooxy-OSs existed during daytime), conclud-
ing that photochemical reactions could also lead to the formation of significant amount10

nitrooxy-OSs. These pathways could contribute here to the daytime low abundance of
CHONS.

Figure 6 further exhibits the carbon number-based arbitrary abundance of CHOS
and CHONS. In all the four samples, more than 60 % of OSs were characterized by 5
to 10 carbon atoms, i.e., C5–C10, in their carbon chain moiety. In summer samples, C515

and C10 were the most abundant, suggesting that isoprene and monoterpenes could
be the main precursors. In winter, in addition to C5 and C10, the relative abundances
of C8, C9, and C14+ were also high, hinting additional precursors. In contrast, C10 that
were derived from monoterpenes always represented the dominant category in spring,
autumn, and winter in the Pearl River Delta, South China, and in Taiwan (Lin et al.,20

2012b), maybe underlying a lesser anthropogenic influence in these two regions than
in the Yangtze River region.

The VK diagrams of CHOS and CHONS in the SH samples are presented in Fig. S3,
which represents a combination of Figs. 3 and 4 (with a lesser number of OSs ac-
counted for). OSs in the four samples were characterized by similar degrees of satu-25

ration. OSs with a low degree of saturation and a high molecular weight existed in all
four samples. From Table 1 and Fig. S3, it can be concluded that the average degree
of oxidation of OSs in summer was higher than that in winter, because many highly
oxidized OSs existed in summer samples.
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4 Conclusions

In this study, atmospheric PM2.5 samples in WH, NJ, and SH were analyzed using an
UHPLC-Orbitrap MS. Aliphatic OSs represented at least 78 % of the identified OSs at
three locations, and aromatic OSs were much less. In addition, the number of isomers
of OSs varied in the three megacities. In WH, the number of OSs with six and more5

isomers accounted for the highest percentage while OSs with only one isomer were
present in a small amount. On the contrary, the percentage of OSs with six and more
isomers was pretty low, and the percentage of OSs with one isomer was pretty large
in NJ and SH. Besides, the average molecular weight and degree of saturation of OSs
in NJ and SH were similar, whereas the average degree of oxidation of OSs in NJ was10

slightly smaller than that in SH. On the other hand, in summer, the average molecular
weight and degree of oxidation of OSs in WH were the lowest among three megacities,
but the average degree of saturation was the highest. Therefore, it can be concluded
that the aerosol samples from NJ and SH shared more similarities. Although isoprene
was most likely one of the important precursors in the three megacities, the reaction15

pathways leading to isoprene-derived OSs probably varied because of the impact of
NOx levels.

In SH, the relative abundance of OSs in summer was far greater than those in winter.
While no clear diurnal variation was observed for CHOS, more nitrooxy-OSs existed at
night, probably because of active NO3 radical chemistry at night. In SH samples, C520

and C10 were the most abundant in summer, indicating the importance of isoprene and
monoterpenes as precursors of OSs, whereas C8, C9, and C14+ were also abundant in
winter, hinting other potential precursors in winter.

The general characteristics including the average molecular weight, degrees of oxi-
dation and saturation, and the number of isomers of OSs in the atmospheric PM2.5 in25

three megacities, and the seasonal and diurnal variations of OSs in SH were presented
in this study. Clearly, precursors and formation mechanisms of many OSs are yet to be
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elucidated, which demands further studies with better identification and quantification
methods.

The Supplement related to this article is available online at
doi:10.5194/acpd-15-21415-2015-supplement.
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Table 1. Summary of sampling location, sampling time, and Molecular Weight (MW), Double
Bond Equivalents (DBE), and Elemental Ratios (arithmetic mean± standard deviation) of iden-
tified CHOS and CHONS.

Sample ID location sampling time number of CHOSa CHONSb

formulas
CHOS/ MW DBE (o−3s)/cc H/Cd MW DBE (o−3s−2n)/ce H/C

CHONS

WH Wuhan 9:00 a.m., 26 Jan– 149/43 266.6±57.2 2.56±2.60 0.37±0.25 1.68±0.44 311.0±60.5 3.61±2.57 0.35±0.13 1.58±0.46
9:00 a.m., 27 Jan 2012
8:30 a.m., 15 Jun– 213/55 287.9±60.8 2.16±1.64 0.39±0.23 1.75±0.36 318.1±53.8 2.98±1.52 0.40±0.17 1.69±0.34
8:30 a.m., 16 Jun 2012

NJ Nanjing 7:30 a.m.–7:30 p.m., 139/54 288.9±67.9 1.82±1.32 0.39±0.25 1.83±0.27 313.6±48.2 2.56±1.08 0.44±0.21 1.79±0.23
29 Aug 2012
7:30 p.m., 29 Aug– 160/72 294.0±97.3 3.21±3.84 0.46±0.34 1.65±0.45 335.2±74.3 3.46±2.30 0.43±0.20 1.66±0.37
7:30 a.m., 30 Aug 2012
combinationf 205/83 304.8±93.5 3.00±3.47 0.43±0.32 1.68±0.41 332.5±70.7 3.28±2.21 0.44±0.21 1.69±0.35

SH Shanghai 7:30 a.m.–7:30 p.m., 125/32 274.3±81.1 2.38±2.56 0.39±0.31 1.72±0.46 328.7±132.2 4.22±3.95 0.44±0.33 1.53±0.57
17 Jan 2013
7:30 p.m., 17 Jan– 159/54 270.0±71.1 2.54±2.39 0.40±0.29 1.69±0.44 303.9±51.9 2.98±2.50 0.38±0.17 1.71±0.46
7:30 a.m., 18 Jan 2013
combinationf 168/59 277.2±71.2 2.63±2.59 0.40±0.29 1.68±0.46 325.8±92.0 3.59±3.50 0.42±0.27 1.64±0.52
8:00 a.m.–8:00 p.m., 165/40 296.4±84.7 2.76±2.66 0.47±0.32 1.68±0.42 348.2±115.4 4.03±3.48 0.61±0.43 1.55±0.52
28 Jul 2013
8:00 p.m., 28 Jul– 122/51 278.1±73.9 2.36±2.48 0.48±0.29 1.74±0.40 319.2±73.0 3.26±2.93 0.45±0.22 1.69±0.44
8:00 a.m., 29 Jul 2013
combinationf 168/58 296.3±84.7 2.77±2.65 0.47±0.31 1.68±0.42 337.6±102.2 3.52±3.04 0.53±0.38 1.64±0.47

a Molecules with (o−4s)/c < 0 were not included.
b Molecules with (o−4s−3n)/c < 0 were not included.
c (o−3s)/c infers to the extent of oxidation for a CHOS molecule.
d H/C refers to the ratio between hydrogen atom and carbon atom in a molecule.
e (o−3s−2n)/c refers to the extent of oxidation for a CHONS molecule.
f Combination of two samples for a comparison purpose.
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Figure 1. Locations of Wuhan (WH), Nanjing (NJ), and Shanghai (SH) in China.
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Figure 2. Mass spectra of detected CHOS and CHONS reconstructed from ion extracted
chromatograms (UHPLC-Orbitrap MS analysis, negative ionization mode). X axis corre-
sponds to the molecular weight (Da) of identified species. The number of isomers for
a given species is marked by colors. A, neutral mass= 211.9993 Da, C5H8O7S1; B, neu-
tral mass= 216.0306 Da, C5H12O7S1; C, neutral mass= 226.0150 Da, C6H10O7S1; D, neu-
tral mass= 240.0307 Da, C7H12O7S1; E, neutral mass= 254.0827 Da, C9H18O6S1; F, neutral
mass= 261.0157 Da, C5H11O9N1S1; G, neutral mass= 268.0620 Da, C9H16O7S1; H, neutral
mass= 295.0729 Da, C10H17O7N1S1; I, neutral mass= 306.0007 Da, C5H10O11N2S1; J, neu-
tral mass= 352.1922 Da, C16H32O6S1; K, neutral mass= 363.1356, Da C15H25O7N1S1. WH
corresponds to the daily sample collected from 8:30 a.m., 15 June to 8:30 a.m., 16 June 2012;
NJ corresponds to the nighttime sample collected from 7:30 p.m., 29 August to 7:30 a.m., 30
August 2012; SH corresponds to the daily data, i.e., to the combination of samples collected
from 8:00 a.m. to 8:00 p.m., 28 July 2013 and from 8:00 p.m., 28 July to 8:00 a.m., 29 July 2013.
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Figure 3. (a–c) CH2-Kendrick diagrams and (d–e) Van Krevelen diagrams for CHOS detected
in WH, NJ and SH samples. The color-coding indicates the DBE values calculated from Eq. (1).
WH corresponds to the daily sample collected from 8:30 a.m., 15 June to 8:30 a.m., 16 June
2012; NJ corresponds to the daily data, i.e., to the combination of samples collected from
7:30 a.m. to 7:30 p.m., 29 August 2012 and from 7:30 p.m., 29 August to 7:30 a.m., 30 August
2012; SH corresponds to the daily data, i.e., to the combination of samples collected from
8:00 a.m. to 8:00 p.m., 28 July 2013 and from 8:00 p.m., 28 July to 8:00 a.m., 29 July 2013.
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Figure 4. (a–c) CH2-Kendrick diagrams and (d–e) Van Krevelen diagrams for CHONS detected
in WH, NJ and SH. WH corresponds to the daily sample collected from 8:30 a.m., 15 June to
8:30 a.m., 16 June 2012; NJ corresponds to the daily data, i.e., to the combination of sam-
ples collected from 7:30 a.m. to 7:30 p.m., 29 August 2012 and from 7:30 p.m., 29 August to
7:30 a.m., 30 August 2012; SH corresponds to the daily data, i.e., to the combination of sam-
ples collected from 8:00 a.m. to 8:00 p.m., 28 July 2013 and from 8:00 p.m., 28 July to 8:00 a.m.,
29 July 2013.
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Figure 5. Number of C atoms of CHOS and CHONS as a function of molecular weight in the
Shanghai samples. SD: summer day; SN: summer night; WD: winter day; WN: winter night.
Note that only compounds with a relative abundance greater than or equal to 0.5 % of that of
C10H17O7N1S1 in the SN sample are shown in this figure.
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Figure 6. Relative abundance distributions of CHOS and CHONS in the Shanghai samples. SD:
summer day; SN: summer night; WD: winter day; WN: winter night. Note that only compounds
with a relative abundance greater than or equal to 0.5 % of that of C10H17O7N1S1 in the SN
sample are shown in this figure.
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