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Abstract. Air pollution by particulate matter in China affects
human health, the ecosystem and the climate. However, the
chemical composition of particulate aerosol, especially of the
organic fraction, is still not well understood. In this study,
particulate aerosol samples with a diameter of <2.5um
(PM3 5) were collected in January 2014 in three cities located
in northeast, east and southeast China, namely Changchun,
Shanghai and Guangzhou. Organic aerosol (OA) in the PM> 5
samples was analyzed by an ultrahigh-performance liquid
chromatograph (UHPLC) coupled to a high-resolution Or-
bitrap mass spectrometer in both negative mode (ESI-) and
positive mode electrospray ionization (ESI+). After non-
target screening including the assignment of molecular for-
mulas, the compounds were classified into five groups based
on their elemental composition, i.e., CHO, CHON, CHN,
CHOS and CHONS. The CHO, CHON and CHN groups
present the dominant signal abundances of 81 %—99.7 % in
the mass spectra and the majority of these compounds were
assigned to mono- and polyaromatics, suggesting that an-
thropogenic emissions are a major source of urban OA in all

three cities. However, the chemical characteristics of these
compounds varied between the different cities. The degree
of aromaticity and the number of polyaromatic compounds
were substantially higher in samples from Changchun, which
could be attributed to the large emissions from residential
heating (i.e., coal combustion) during wintertime in north-
east China. Moreover, the ESI- analysis showed higher H/C
and O/C ratios for organic compounds in Shanghai and
Guangzhou compared to samples from Changchun, indicat-
ing that OA undergoes more intense photochemical oxida-
tion processes in lower-latitude regions of China and/or is
affected to a larger degree by biogenic sources. The majority
of sulfur-containing compounds (CHOS and CHONS) in all
cities were assigned to aliphatic compounds with low degrees
of unsaturation and aromaticity. Here again, samples from
Shanghai and Guangzhou show a greater chemical similar-
ity but differ largely from those from Changchun. It should
be noted that the conclusions drawn in this study are mainly
based on comparison of molecular formulas weighted by
peak abundance and thus are associated with inherent uncer-
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tainties due to different ionization efficiencies for different
organic species.

1 Introduction

In the last decades, China has experienced rapid industrial-
ization and urbanization accompanied by severe and persis-
tent particulate air pollution (Huang et al., 2014; Sun et al.,
2014; Ding et al., 2016; Song et al., 2018; Shi et al., 2019; Xu
et al., 2019). These particulate air pollution extremes can not
only influence the regional air quality and human health in
China, but also lead to a global environmental problem due
to long-distance transport of pollutants. To better understand
the effects of air pollution on air quality and human health,
chemical characterization of fine particles (particulate matter
with an aerodynamic diameter of less than 2.5 ym, or PM3 5)
is crucial. However, the chemical composition of PMj; 5 in
China is still poorly understood due to a wide variety of
natural and anthropogenic sources as well as complex mul-
tiphase chemical reactions (Lin et al., 2012a; Huang et al.,
2014; Ding et al., 2016; Wang et al., 2017, 2018, 2019a, b;
An et al., 2019; Tong et al., 2019). In particular, compared
to the fairly well understood nature of the inorganic fraction
of aerosol, the organic fraction, also named organic aerosol
(OA), is considerably less understood in terms of chemical
composition, corresponding precursors, sources and forma-
tion mechanisms (Huang et al., 2017).

During pollution events in China, OA accounts for as high
as more than 50 % of the total mass of fine particles (An et
al., 2019). Chemical compounds in OA cover a large com-
plexity of species including alcohols, aldehydes, carboxylic
acids, imidazoles, organosulfates, organonitrates and poly-
cyclic aromatic hydrocarbons (PAHs) (Lin et al., 2012a;
Rincén et al., 2012; Kourtchev et al., 2014; Wang et al., 2018,
2019a; Elzein et al., 2019). Thus, the capacity of traditional
analytical techniques is limited to identify the compounds in
OA, and the majority (> 70 %) of OA has not been identified
yet as specific compounds (Hoffmann et al., 2011). The in-
sufficient knowledge of chemical composition of OA hinders
a better understanding of the sources, formation and atmo-
spheric processes of air pollution in China.

Recently, ultrahigh-resolution mass  spectrometry
(UHRMS), such as Fourier transform ion cyclotron
resonance mass spectrometry (FTICR-MS) and the Orbitrap
MS, coupled with soft ionization sources (e.g., electro-
spray ionization, ESI, and atmospheric pressure chemical
ionization, APCI), has been introduced to elucidate the
molecular composition of OA (Nizkorodov et al., 2011; Lin
et al., 2012a, b; Rincén et al., 2012; Noziere et al., 2015;
Kourtchev et al., 2016; Tong et al., 2016; Tu et al., 2016;
Briiggemann et al., 2017, 2019; Wang et al., 2017, 2018,
2019a; Fleming et al., 2018; Laskin et al., 2018; Song et
al., 2018; Daellenbach et al., 2019; Ning et al., 2019). Due
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to the two outstanding features of high resolving power and
high mass accuracy, UHRMS can give precise elemental
compositions of individual organic compounds. However,
UHRMS studies on Chinese urban OA are very limited.
Wang et al. (2017) characterized OA in Shanghai and showed
variations in chemical composition among different months
and between daytime and nighttime. Our recent Orbitrap
MS study (Wang et al., 2018) showed that wintertime OA
in PM> 5 collected in Beijing, China, and Mainz, Germany,
was very different in terms of chemical composition. In
contrast, for summertime OA from Germany and China,
Briiggemann et al. (2019) found similar compounds and
concentrations of terpenoid organosulfates in PMo, demon-
strating that biogenic emission can significantly affect OA
composition at both locations. Ning et al. (2019) analyzed
the OA collected in a coastal Chinese city (Dalian) and
found that more organic compounds were identified on haze
days compared to non-haze days. Nonetheless, since severe
particulate pollution in China occurs on a large scale, more
UHRMS studies are needed to fully elucidate the chemical
composition of OA in different Chinese cities.

In this study, PM>s aerosol samples were collected
in three Chinese cities, i.e., Changchun, Shanghai and
Guangzhou, and their organic fraction was analyzed us-
ing an ultra-high-performance liquid chromatograph (UH-
PLC) coupled with an Orbitrap MS. The Chinese cities of
Changchun, Shanghai and Guangzhou are located in the
northeast, east and southeast of China, which are major pop-
ulated regions in China with populations of 7.5, 24 and
15 million, respectively. The geographic locations of these
three cities cover a large latitude spanning from 23.12 to
43.53° N, resulting in different meteorological conditions, in-
cluding intensity and duration of sunlight, average daily tem-
perature, and monsoon climate. In addition, the industrial
structure, energy consumption and energy sources in these
three cities are different; for example there is much more
heavy industry (e.g., coal chemical industry and steelworks)
in northeast China (Zhang, 2008), which can cause differ-
ence in anthropogenic emissions and can therefore influence
the chemical composition of urban OA. Moreover, OA is
strongly affected by residential coal combustion during win-
ter in northeast China (Huang et al., 2014; An et al., 2019).
Therefore, this study presents a comprehensive overview of
chemical composition of OA in three representative Chinese
cities during pollution episodes, which eventually can im-
prove our understanding of OA effects on climate and public
health and also provide a chemical database for haze mitiga-
tion strategies in China.
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Figure 1. Mass spectra of detected organic compounds reconstructed from extracted ion chromatograms in ESI- and ESI+. The horizontal
axis refers to the molecular mass (Da) of the identified species. The vertical axis refers to the relative peak abundance of each individual
compound compared to the compound with the greatest peak abundance. The pie charts show the percentage of each organic compound
subgroup (i.e., CHO, CHON, CHOS, CHONS and CHN) in each sample in terms of peak abundance. The map in the lower right corner

shows the locations of these three megacities in China.

2 Experimental
2.1 PM; 5 samples

Three 24 h integrated urban PMj; 5 samples were collected
during severe haze pollution events with daily average PM> 5
mass concentration higher than 115ugm™> in each of the
three Chinese cities: Changchun (43.54° N, 125.13°E, 1.5m
above the ground), Shanghai (31.30°N, 121.50°E, 20m
above the ground) and Guangzhou (23.07°N, 113.21°E,
53 m above the ground), which are located in the north-
east, east and southeast regions of China, respectively (see
Fig. 1). Samples in Changchun were collected on 4, 24 and
29 of January 2014 with PM; 5 mass concentrations of 185—
222 ug m~3; samples in Shanghai were collected on 1, 19 and
20 of January 2014 with PM; 5 mass concentrations of 159—
172 ug m—3; and samples in Guangzhou were collected on 5,
6 and 11 of January 2014 with PM> s mass concentrations
of 138-152ugm™3. Further details (e.g., the daily average
concentrations of PM3 5, SO,, NO;, CO and O3, the average
temperature, and the daily solar radiation value during sam-
pling dates) are presented in Table S1, and the 48 h back tra-
jectories of air arriving at the three sampling sites during the
sampling periods are shown in Fig. S1 in the Supplement. All
PM; 5 samples were collected on prebaked quartz-fiber filters
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(20.3 cm x 25.4 cm) using a high-volume PM; 5 sampler at a
flow rate of 1.05 m? min~! (Tisch Environmental, USA) and
at each sampling site field blanks were taken. After sample
collection, filters were stored at —20 °C until analysis.

2.2 Sample analysis

A detailed description of the filter sample extraction and
UHPLC-Orbitrap MS analysis can be found in our previous
studies (Wang et al., 2018, 2019a). Briefly, a part of the fil-
ters (around 1.13 cm?, corresponding to about 600 ug particle
mass in each extracted filter) was extracted three times with
1.0-1.5 mL of acetonitrile water (8/2, v/v) in an ultrasonic
bath. The extracts were combined, filtered through a 0.2 ym
Teflon syringe filter and evaporated to almost dryness under
a gentle nitrogen stream. Finally, the residue was redissolved
in 1000 pL acetonitrile water (1/9, v/v) to reach the total par-
ticulate mass concentration of around 600 ugmL~" for the
following analysis.

Compared to the direct infusion method applied in other
UHRMS studies (Lin et al., 2012a, b; Rincén et al., 2012;
Kourtchev et al.,, 2016; Fleming et al., 2018), the UH-
PLC technique was used in this study, which could separate
and concentrate the compounds before they entered the ion
source, reducing the ionization suppression and increasing
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the sensitivity of the measurement. In addition, it can pro-
vide separation of some compounds and information of re-
tention time of the compounds, which is useful for the iden-
tification of the compounds and the separation of isomers.
The analytes were separated using a Hypersil GOLD col-
umn (C18, 50 x 2.0mm, 1.9 um particle size) with mobile
phases consisting of (A) 0.04 % formic acid and 2 % ace-
tonitrile in Milli-Q water and (B) 2 % water in acetonitrile.
Gradient elution was applied with the A and B mixture at a
flow rate of 500 uL min~! as follows: 0-1.5min 2% B, 1.5-
2.5min from 2% to 20% B (linear), 2.5-5.5min 20 % B,
5.5-6.5 min from 20 % to 30 % B (linear), 6.5-7.5 min from
30% to 50 % B (linear), 7.5-8.5 min from 50 % to 98 % B
(linear), 8.5-11.0min 98 % B, 11.0-11.05 min from 98 % to
2% B (linear), and 11.05-11.1 min 2 % B. The Q Exactive
hybrid quadrupole-Orbitrap MS was equipped with a heated
ESI source at 120 °C, applying a spray voltage of —3.3kV
and 4.0kV for negative ESI mode (ESI-) and positive ESI
mode (ESI+), respectively. The mass scanning range was
set from m/z 50 to 500 with a resolving power of 70000
m/z 200. The Orbitrap MS was externally calibrated before
each measurement sequence using an Ultramark 1621 solu-
tion (Sigma-Aldrich, Germany) providing mass accuracy of
the instrument lower than 3 ppm. Each sample was measured
in triplicate with an injection volume of 10 pL.

2.3 Data processing

A non-target peak picking software (SIEVE®, Thermo Fisher
Scientific, Germany) was used to find significant peaks in
the LC-MS dataset and to calculate all mathematically possi-
ble chemical formulas for ion signals with a sample-to-blank
abundance ratio > 10 using a mass tolerance of £2 ppm.
The permitted maximum elemental number of atoms was set
as follows: '2C (39), 'H (72), '°0 (20), 1N (7), S @),
3¢l (2) and ?*Na (1) (Kind and Fiehn, 2007; Lin et al.,
2012a; Wang et al., 2018). To remove the chemically un-
reasonable formulas, further constraint was applied by set-
ting H/C, O/C, N/C, S/C and CI/C ratios in the ranges of
0.3-3, 0-3, 0-1.3, 0-0.8 and 0-0.8 (Kind and Fiehn, 2007;
Lin et al., 2012a; Rincén et al., 2012; Wang et al., 2018;
Zielinski et al., 2018), respectively. For chemical formula
C.HpO, N, S¢Cly, the double bond equivalent (DBE) was cal-
culated by the equation DBE=(2c+2 —h —x4n) /2. The
aromaticity equivalent (X¢) as a modified index for aromatic
compounds was obtained using the equation: Xc =[3(DBE
—(pxo+qxs))-2]/[DBE-(pxo+qxs)], where p and q,
respectively, refer to the fraction of oxygen and sulfur atoms
involved in the -bond structure of a compound. As such the
values of p and ¢ vary between compound categories (Yas-
sine et al., 2014). For example, carboxylic acids and esters
are characterized using p =¢ = 0.5, while p=¢g¢ =1 and
p = q =0 are used for carbonyl and hydroxyl, respectively.
Since it is impossible to identify the structures of the hun-
dreds of formulas observed in this study, we cannot know the
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exact values of p and ¢ in an individual compound. There-
fore, in this study, p = g = 0.5 was applied for compounds
detected in ESI- as carboxylic compounds are preferably ion-
ized in negative mode. However, because of the high com-
plexity of the mass spectra in ESI+, p =g =1 was used
in ESI+ to avoid an overestimation of the amount of aro-
matics. Moreover, for DBE <(p xo0+4¢q x s) or X¢c <0, Xc
was defined as zero. Furthermore, in ESI-, for odd numbers
of oxygen or sulfur atoms in molecular formulas, the value
of (p x 0+ g x s) was rounded down to the lower integer.
Xc >2.50 and Xc > 2.71 have been suggested as unam-
biguous minimum criteria for the presence of monoaromatics
and polyaromatics, respectively (Yassine et al., 2014).

Comparing the peak abundance has been performed in re-
cent UHRMS studies (Wang et al., 2017; Fleming et al.,
2018; Song et al., 2018; Ning et al., 2019) to illustrate the
relative importance of specific types of compounds. How-
ever, it should be noted that different organic compounds
have different signal responses in the mass spectrometer due
to the differences in ionization and transmission efficien-
cies (Schmidt et al., 2006; Leito et al., 2008; Perry et al.,
2008; Kruve et al., 2014). Therefore, uncertainties may exist
when comparing the peak areas among compounds. In this
work, we assume that all organic compounds have the same
peak abundance response in the mass spectrometer. The peak
abundance-weighted average molecular mass (MM), ele-
mental ratios, DBE and X for the formula C.H,O,N,,SsClx
were calculated using following equations.

MMayg = (MM; x A1)/ Y A
O/Cavg =) _(0/Ci x A/ D A;
H/Cavg =Y (H/Cix A)) /> A
DBE, = Z(DBEi x A,-)/ZAi
Xy =Y (Xe; x AN/ DA

Here A; is the peak abundance for each individual com-
pound i.

3 Results and discussion
3.1 General characteristics

The main purpose of this study was to tentatively iden-
tify and compare the chemical composition of organic com-
pounds in the PM; 5 samples collected in the three Chinese
cities Changchun, Shanghai and Guangzhou during pollu-
tion episodes. To reduce the uncertainty caused by the vari-
ability between the samples collected at each location, only
organic compounds measured in all three samples of each
city are used for intercity comparison. The number of or-
ganic compounds and molecular formulas detected in each
city, the peak abundance-weighted average values (including
the standard deviations of peak abundance of the three sam-
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ples from each city) of molecular mass (MMayg), elemental
ratios, DBE, X, and the isomer number fraction (meaning
the percentage of formula numbers that have isomers among
all assigned formulas) for each subgroup are listed in Table 1.
It should be noted that in this study we focus solely on or-
ganic compounds with elevated signal abundances and thus
presumably rather high concentrations. In contrast to our pre-
vious study (Wang et al., 2018), compounds with low con-
centrations were excluded by increasing the reconstitution
volume from 500 to 1000 uL, reducing the sample injection
volume from 20 to 10 uL and increasing the sample-to-blank
ratio from 3 to 10 during data processing.

Overall, 416-769 (assigned to 272-415 molecular formu-
las) and 687-2943 (assigned to 383-679 molecular formu-
las) organic compounds in different city samples were de-
termined in ESI- and ESI+, respectively. The largest num-
ber of organic compounds was observed in Changchun sam-
ples in both ESI- and ESI+, indicating that OA collected dur-
ing the winter season in northeast China was more complex
compared to urban OA in east and southeast China. This in-
creased number of compounds can possibly be explained by
the large residential coal combustion emissions in winter in
north China (Huang et al., 2014; Song et al., 2018; An et
al., 2019), which is consistent with the observation of higher
average concentration (46 420 ug m~3) of organic carbon in
Changchun than in Shanghai (24+8 ug m~3) and Guangzhou
(254 2ugm~3) as shown in Table S2. In addition, ambi-
ent temperatures were lowest during the sampling period in
Changchun (i.e., —14 to —9°, Table S1), which likely led to
a decreased boundary layer height and therefore enhanced
accumulation of pollutants and enhanced formation of sec-
ondary organic aerosol through for example gas-to-particle
partitioning.

As shown in Table 1, the abundance-weighted average
values of MMy, and O/C ratio of the total assigned for-
mulas for Changchun samples detected in negative mode
(Changchun-) are 169 and 0.58, respectively, which are lower
than those for Shanghai- (MM, =176 and O/C=0.69)
and for Guangzhou- (MMyy, = 183 and O/C =0.74). On the
contrary, the aromaticity equivalent X¢ for organics detected
in Changchun-, X¢ (Changchun-) =2.13, is higher than that
for Shanghai-, Xc (Shanghai-) = 1.92, and Guangzhou-, X¢
(Guangzhou-) = 1.65. Furthermore, the relative peak abun-
dance fraction of compounds with O/C > 0.6, which are con-
sidered to be highly oxidized compounds (Tu et al., 2016),
is 31 % in Changchun-, and higher in Shanghai- (46 %) and
Guangzhou- (51 %). These observations indicate that urban
OA in northeast China features a lower degree of oxida-
tion and a higher degree of aromaticity compared to ur-
ban OA in east and southeast China. The different chem-
ical composition of the samples is probably caused by the
rather low ambient temperatures and decreased photochemi-
cal processing of organic compounds in northeast China (in-
dicated by the lower solar radiation in northeast China; see
Table S1), slowing down oxidation processes and leading to a
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Figure 2. (a) Venn diagrams showing the number distribution of all
molecular formulas detected in ESI- and ESI+ for all sample loca-
tions. The overlapping molecular formulas refer to the compounds
detected in each city with the same molecular formulas and with the
same retention times (retention time difference < 0.1 min). (b) Peak
abundance contribution of each elemental formula category to the
total common formulas.

larger number of PAHs, which are mainly emitted from coal
burning (Huang et al., 2014; Song et al., 2018) or by dif-
ferent biogenic/anthropogenic precursors. Nitrate is mainly
formed by photochemical oxidation, and the average concen-
tration of nitrate (see Table S2) was lower in particle samples
from Changchun (15.548.5ugm™>) compared to Shang-
hai (28.2+9.4 uyg m~?) and Guangzhou (24.6£0.9 uygm=3),
again indicating less photochemical processing in northeast
China. In addition, long-range transport of air masses (see
the 48 h back trajectories in Fig. S1) may have a certain ef-
fect on the chemical properties of aerosol samples collected
in the three cities.

Figure 1 shows the reconstructed mass spectra of organic
compounds detected in ESI- and ESI+. A major fraction of
organic species detected in ESI- are attributed to CHO- and
CHON-, accounting for 30 %—42 % and 39 %—55 % in terms
of peak abundance, respectively, and comprising 39 %—45 %
and 23 %-33 % in terms of peak numbers, respectively. This
is consistent with previous studies on Chinese urban OA by
Wang et al. (2017, 2018) and Briiggemann et al. (2019).
Comparing the organic compounds detected in ESI- for the
three cities, 120 formulas were observed in all cities as com-
mon formulas (which refer to the compounds detected in
all cities with the same molecular formulas and with the
same retention times; retention time difference < 0.1 min)
(Fig. 2a), accounting for 29 %—44 % and 57 %—71 % of all
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Table 1. Number of organic compounds and molecular formulas in each subgroup and the peak abundance-weighted average values of
molecular mass (MMayg), elemental ratios, double bond equivalent (DBE), aromaticity equivalent (X¢) and isomer number fraction (meaning
the percentage of formula numbers that have isomers among all assigned formulas) for detected organic compounds in ESI- and ESI+ in the

three Chinese cities.

K. Wang et al.: Urban organic aerosol composition

Sample Subgroup Number Relative MMayg H/C O/Cb DBE Xc Isomer
ID of abundance number
compounds? (%) fraction
(%)
Changchun-  Total 769(415) 100+0 169+£3 1.03£0.01 0.58+0.01 5.02+0.01 2.13+0.03 34
CHO- 346(136) 30+1 162+2 0.96+0.01 0.41+0.02 5.65+0.08 2.284+0.03 52
CHON- 180(96) 55+4 163+£2 0.94£0.01 0.51£0.00 5.2440.01 2.44+0.01 36
CHOS- 155(105) 10+2 198+3 1.56+0.11 1.17+£0.13  2.55+040 0.50+0.12 28
(0.52£0.07)
CHONS- 88(78) 5+1 214+8 1.35+0.02 1.07£0.11 3.75+£0.18 1.06+0.14 8
(—1.440.06)
Shanghai- Total 416(272) 1000 176 £2 1.05+0.04 0.69+£0.06 4994+0.15 1.92+0.09 31
CHO- 164(90) 40+3 1712  0.97+0.05 0.59+0.03 5.37+031 1.94+0.13 41
CHON- 135(89) 44 +4 169+2 0.86+0.01 0.56+0.01 5.67+0.03 2.47+0.01 37
CHOS- 75(62) 1245 190+4 1.85+0.04 1.41£0.19 1.79+£0.15 0.34+0.02 15
(0.61£0.11)
CHONS- 42(31) 442 26619 1.564+0.03 1.00£0.13 3.30+£0.26 0.44+0.10 13
(0.11£0.05)
Guangzhou-  Total 488(304) 100£0 183+2 1.14+0.01 0.74+0.02 4.554+0.06 1.6540.02 34
CHO- 196(110) 4244 17241  1.104+0.01 0.65+0.00 4.684+0.08 1.57+0.03 44
CHON- 161(98) 39+4 17343  0.89+0.01 0.58+0.01 5.56+0.06 2.4140.01 35
CHOS- 86(67) 1442 201+1 1.8540.02 1.48+0.05 1.71+£0.09 0.21+0.04 21
(0.71£0.03)
CHONS- 45(29) 5+1 293+5 1.56+0.04 0.82+0.03 3454+0.06 0.4340.10 28
(0.06 £0.15)
Changchun+  Total 2943(679) 100+0 1601 1.21£0.03 0.13+0.02 5.58+0.19 2.36+0.06 56
CHO+ 609(162) 13+2 174+3 0.94+0.01 0.28+0.02 6.55+0.27 2.224+0.06 50
CHN+ 696(126) 405 1544+2 1.2240.03 0.00£0 5.844+0.19 2.604+0.02 77
CHON+ 1594(352) 46.5+3 161+1 1.274+0.03 0.19+0.01 5.11+£0.14 2.2240.04 55
CHONS+ 44(39) 0.54+03 196+20 1.91+0.31 0.70+0.15 2.64+0.64 0.09+0.01 13
Shanghai+ Total 704(383) 1000 162+1 1.37+£0.03 0.09+0.04 4914+0.10 2.324+0.14 32
CHO+ 87(67) 441 184+2 1.13£0.12 0.43+0.02 546+0.67 1.464+0.24 19
CHN+ 253(84) 71+15 159+2 1.38+0.04 0.00£0 5.08£0.17 2.55+0.03 54
CHON+ 350(218) 247+ 13 1672 1.40£0.01 0.27+£0.02 4.34+0.10 1.81+0.05 30
CHONS+ 14(14) 034+03 241+£15 1.17+£0.18 0.61+0.12 532+1.11 0.9140.42 0
Guangzhou+  Total 687(412) 100+ 0 161+1 1.414+0.02 0.17+£0.05 4.58+0.14 2.07+0.15 30
CHO+ 125(87) 8§+2 185+1 1.1240.02 0.42+0.00 5.194+0.09 1.204+0.02 26
CHN+ 205(78) 6249 1561 1.4240.02 0.00+0 4.80£0.11 247+0.04 54
CHON+ 336(227) 29+6 1651 1.47+0.04 0.45+0.04 4.00+0.18 1.514+0.10 26
CHONS+ 21(20) 1+£04 209+3  1.84+0.05 0.71+£0.01 3.05+0.11 0.314+0.04 5

The standard uncertainty is the standard deviations of peak abundance of the three samples from each city. @ The values in brackets indicate the number of unique molecular
formulas. P The values in brackets indicate the (O-3S) / C and (O-3S-2N) / C ratios for CHOS and CHONS compounds, respectively, detected in ESI- mode.
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assigned formulas in terms of formula numbers and peak
abundance, respectively. Despite the abovementioned dif-
ferences in chemical composition for OA from Changchun
compared to OA from Shanghai and Guangzhou, these re-
sults demonstrate that still a large number of common or-
ganic compounds exist in Chinese urban OAs collected in
different cities, in particular for organics with higher sig-
nal abundances. Furthermore, as shown by the pie chart in
Fig. 2b, these common formulas are dominated by CHON-
and CHO-, accounting for 62 % and 30 % of the total com-
mon formulas in terms of peak abundance, respectively.

As is commonly known, ESI exhibits different ioniza-
tion mechanisms in negative and positive ionization modes.
While ESI- is especially sensitive to deprotonatable com-
pounds (e.g., organic acids), ESI+ is more sensitive to proto-
natable compounds (e.g., organic amines) (Ho et al., 2003).
Due to the different ionization mechanisms, clear differences
were observed in the mass spectra (Fig. 1) and chemical
characteristics (Table 1) from ESI- and ESI+ measurements.
For example, CHO compounds were preferentially detected
in ESI-, accounting for a relatively larger fraction of 30 %—
42 % of all detected compounds in terms of peak abundance,
compared to merely 4 %—13 % for such CHO compounds
in ESI+. In contrast, CHN compounds were only observed
in ESI+, yielding a rather large peak abundance fraction of
40 %71 %. In particular, as can be seen in Fig. 1, several
peaks of CHN+ compounds in Shanghai+ and Guangzhou+
have much higher abundance compared to other organic
species, probably due to their high concentrations and/or
high ionization efficiencies in the positive mode. This obser-
vation indicates that most CHO compounds with high con-
centrations are probably organic acids, whereas the majority
of CHN compounds likely belong to the group of organic
amines, which is in good agreement with previous studies
(Lin et al., 2012a; Wang et al., 2017, 2018). Organic com-
pounds in ESI+ are dominated by CHN+ and CHON+ com-
pounds in terms of both peak numbers and peak abundance,
and these compounds are characterized by rather high H/C
ratio and low O/C ratios (Table 1), indicating a low degree
of oxidation. The Venn diagram presented for ESI+ measure-
ments in Fig. 2a shows that out of a total of 383—-679 formu-
las, 129 formulas were found in samples from all three cities.
Such common formulas, thus, account for 19 %-34 % and
30 %—75 % of all assigned formulas in terms of formula num-
bers and peak abundance, respectively. Among these com-
mon formulas, CHN+ and CHON+ exhibit the highest abun-
dance fractions of 72 % and 26 %, respectively (Fig. 2b).

In the following, we will compare and discuss the chem-
ical properties in detail for the three cities, including de-
grees of oxidation, unsaturation and aromaticity of each or-
ganic compound class (i.e., CHO, CHON, CHN, CHOS and
CHONS). It should be noted that the chlorine-containing
compounds were not discussed in this study due to the very
low MS signal abundance. In addition, since peak abun-
dances for the formula can vary by orders of magnitude, the
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Figure 3. Double bond equivalent (DBE) versus carbon number for
all CHO- compounds for all sample locations. The molecular for-
mula represents the abundance-weighted average CHO- formula,
and the area of the circles is proportional to the fourth root of the
peak abundance of an individual compound (a diagram with cir-
cle areas related to the absolute peak abundances is presented in
Fig. S2). The color bar denotes the aromaticity equivalent (gray
with Xc < 2.50, purple with 2.50 < X < 2.70 and red with X¢c >
2.70). The pie charts show the percentage of each X category (i.e.,
gray color-coded compounds, purple color-coded compounds and
red color-coded compounds) in each sample in terms of peak abun-
dance.

area of the circles presented in Figs. 3 and 5-7 is proportional
to the fourth root of the peak abundance of each formula to
reduce the size difference of the circles. For a more detailed
comparison, figures with the circle size related to the abso-
lute peak abundances are presented in the Supplement.

3.2 CHO compounds

CHO compounds have been widely observed in urban OA,
accounting for a substantial fraction (8 %—67 %) of OA
(Rincén et al., 2012; Tao et al., 2014; Wang et al., 2017,
2018). Previous studies have shown that a large fraction
of CHO compounds in urban OA are composed of organic
acids, containing deprotonatable carboxyl functional groups,
which are detected preferentially in negative ionization mode
when using ESI-MS. As shown in Table 1, a total of 346, 164
and 196 CHO- compounds were detected in ESI- in the OA
samples collected in Changchun, Shanghai and Guangzhou,
accounting for 30 %, 40 % and 42 % of the overall peak abun-
dance in each sample, respectively. Out of all assigned for-
mulas, 47 common CHO- formulas were observed for all
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cites, accounting for 35 %—52 % and 42 %—-68 % of all iden-
tified CHO- formulas in terms of formula numbers and peak
abundance, respectively.

Despite this similarity, OA samples from Changchun- (i.e.,
in negative ionization mode) exhibit certain differences com-
pared to samples from Shanghai- and Guangzhou-. The av-
erage H/C values for CHO- compounds are in a similar
range for the three locations (i.e., 0.96—1.10); however, the
average O/C values for O/C (Shanghai-) =0.59 and O/C
(Guangzhou-) = 0.65 are rather high compared to the average
O/C ratio for Changchun-, O/C (Changchun-) =0.41. Fur-
thermore, the relative peak abundance fraction of CHO- com-
pounds with O/C > 0.6, which are considered to be highly
oxidized compounds (Tu et al., 2016), is 14 % in Changchun
and somewhat higher in Shanghai- (34 %) and Guangzhou-
(45 %). Altogether, these results indicate that CHO- com-
pounds in urban OA from east and southeast China expe-
rienced more intense oxidation and aging processes and/or
were affected to a larger degree by biogenic sources.

Similarly, as shown in Fig. 3, the abundance-weighted
average molecular formulas for CHO- compounds in
Changchun-, Shanghai- and Guangzhou- are Cg 58H7.8603.22
(MMgyg (Changchun-) =162), Cgo1H7.270420 (MM,
(Shanghai-) = 171) and C7.70Hg.0404.48 (MMaye
(Guangzhou-) = 172), respectively. Again, these aver-
age formulas show that CHO- in Shanghai- and Guangzhou-
experienced more intense oxidation processes and/or were
affected to a larger degree by biogenic precursors, indicated
by the larger abundance-weighted MM,y with a higher de-
gree of oxygenation. In contrast, CHO- compounds from OA
samples in Changchun- exhibit a lower abundance-weighted
MM,y with a decreased oxygen content.

Besides oxygenation, the aromaticity of the detected
CHO- compounds exhibits remarkable differences in these
three cities. In all cities, the CHO- compounds with high
peak abundance were mainly assigned to monoaromatics
with 2.5 < X¢ < 2.7 (purple circles in Fig. 3) in the region
of 7-12 carbon atoms per compound and DBE values of 5-7.
The relative peak abundance fraction of monoaromatics in to-
tal CHO- compounds is 67 % in Changchun, which is higher
compared to 64 % in Shanghai and 49 % in Guangzhou.
In addition, 14 % of CHO- compounds in Changchun were
identified as polyaromatic compounds with Xc > 2.7 (red
circles in Fig. 3), which is higher than the 8 % in Shang-
hai and 4 % in Guangzhou. These observations indicate that
CHO- compounds in the three Chinese cities are highly af-
fected by aromatic precursors (e.g., benzene, toluene and
naphthalene), in particular for the Changchun aerosol sam-
ples.

Besides the monoaromatics and polyaromatics, the rest of
the detected CHO- compounds were assigned to aliphatic
compounds with an X lower than 2.5 (gray circles in Fig. 3).
Interestingly, these aliphatic compounds account for about
47 % of all CHO- compounds for Guangzhou- samples in
terms of peak abundance, whereas samples from Changchun-
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and Shanghai- exhibit only rather small fractions of such
CHO- compounds, i.e., 19 % and 28 %, respectively. Such
aliphatic compounds are commonly derived from biogenic
precursors (Kourtchev et al., 2016) and vehicle emission (Tao
et al., 2014; Wang et al., 2017) and/or generated by intense
oxidation processes of aromatic precursors, indicating the
different biogenic and anthropogenic emission sources and
chemical reaction processes for OAs in the three cities.

In addition, through the analysis of individual formu-
las, we find that for the Changchun- samples, formulas of
C8H604, C7H602, C7H603, C7H603 and C8H803 with
DBE values of 6, 5, 5, 5 and 5 dominate the assigned CHO
formulas with respect to peak abundance. According to pre-
vious studies, CsHeO4, C7HgO; and C7HgO3 are suggested
to be phthalic acid, benzoic acid and monohydroxy ben-
zoic acid, respectively, which are derived from naphthalene
(Kautzman et al., 2010; Riva et al., 2015; Wang et al., 2017;
He et al., 2018; Huang et al., 2019). C7HgO3 is likely 4-
hydroxy acetophenone, which could be derived from es-
tragole (Pereira et al., 2014), while CsHgO3 is suggested to
be either 4-methoxybenzoic acid generated from estragole
(Pereira et al., 2014) or vanillin emitted from biomass burn-
ing (Li et al., 2014). For the Shanghai- samples, besides
CgHgO4, C7HgO3 and C7HgO,, formulas of CgHgO7 and
CoHgO4 with DBE values of 3 and 6 were observed with
high peak abundances. CcHgO7 was identified as citric acid
in the pollen sample and mountain particle sample in pre-
vious studies (Fu et al., 2008; Wang et al., 2009; Jung and
Kawamura, 2011), and C9HgOy4 is probably homophthalic
acid derived from estragole (Pereira et al., 2014). For the
Guangzhou- samples, besides the formulas of CgHgO4 and
CgHgO7 discussed above, C4HgO4 and C4HgO5 with low
DBE values of 2 were detected with high abundances and
are suggested to be succinic acid and malic acid, respectively
(Claeys et al., 2004; Wang et al., 2017).

3.3 CHON compounds

A large number of nitrogen-containing organic compounds
were detected in these three cities, accounting for 39 %—55 %
and 25 %—47 % of total peak abundance detected in ESI- and
ESI+, respectively. Out of all assigned formulas, 45 com-
mon CHON- and 62 common CHON+ formulas were ob-
served in all cities, accounting for 65 %—-82 % and 25 %—
44 % of all CHON compounds detected in ESI- and ESI+
in terms of peak abundance, respectively. This indicates that
a large number of CHON compounds in all three Chinese
cities show similar properties of chemical composition.

The CHON compounds were further classified into dif-
ferent subgroups according to their O/N ratios (Fig. 4 for
CHON- and Fig. S3 for CHON+) or according to the number
of nitrogen atoms in their molecular formulas (see Fig. S4 for
CHON- and S5 for CHON+). As shown in Fig. 4, the major-
ity (84 %—96 % in terms of peak abundance) of CHON- com-
pounds exhibited O/N ratios > 3, allowing the assignment of

https://doi.org/10.5194/acp-21-9089-2021



K. Wang et al.: Urban organic aerosol composition

50

20 ] Changchun-

0 —
0 1 2 3 4 5 6 7
Shanghai-

o
©
-
o

50012345678910
40 3 Guangzhou-

Relative peak abundanc

0_- I T T T
0 1 2 3 4 5 6 7 8 9 10
O/N

Figure 4. Classification of CHON- compounds into different sub-
groups according to O/N ratios in their formulas. The y axis indi-
cates the relative contribution of each specific O/N ratio subgroup
to the sum of peak abundances of CHON- compounds.

one nitro (-NOy) or nitrooxy (-ONO;) group for these for-
mulas, which are preferentially ionized in ESI- mode (Lin
et al., 2012b; Wang et al., 2017, 2018; Song et al., 2018).
CHON- formulas with O/N ratios >4 suggest the pres-
ence of further oxygenated functional groups, such as a hy-
droxyl group (-OH) or a carbonyl group (C=0). In terms
of peak abundance, 59 % of CHON- compounds observed in
Guangzhou- exhibited formulas with O/N ratios > 4, which
is higher than 51 % in Changchun- and 45 % in Shanghai-,
indicating that CHON- compounds in southeast China show
a higher degree of oxidation compared to those in northeast
and east China. Not surprisingly, CHON+ compounds gen-
erally exhibit lower O/N ratios (Fig. S3), as they probably
contain a reduced nitrogen functional group (e.g., amines),
which is preferably detected in ESI+. As shown in Fig. S3,
CHON+ compounds with an O/N ratio of 1 are dominant
in Changchun+, whereas CHON+ compounds in Shanghai+
and Guangzhou+ show a broader range of O/N ratios from 1
to 3. Moreover, the average O/C ratios (0.27-0.45) in Shang-
hai+ and Guangzhou+ (Table 1) are much greater than those
(0.19) in Changchun+. Consistent with the observations for
CHO compounds, these results indicate again that CHON+
compounds in the OA of east and southeast China experi-
enced more intensive photooxidation and/or were affected to
a larger degree by biogenic precursors.

Figure 5 shows the DBE versus C number of CHON-
compounds for the three cities. The majority of CHON-
compounds lie in the region of 5-15C atoms and 3-10
DBEs. A total of 67 % of CHON- compounds in terms of
peak abundance were assigned to mono or polyaromatics
in Shanghai-, which is higher than 52 % in Guangzhou-
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Figure 5. Double bond equivalent (DBE) versus carbon number
for all CHON- compounds for all sample locations. The molecu-
lar formula represents the abundance-weighted average CHON- for-
mula, and the area of circles is proportional to the fourth root of the
peak abundance of an individual compound (a diagram with circle
areas related to absolute peak abundances is presented in Fig. S6).
The color bar denotes the aromaticity equivalent (gray with Xc <
2.50, purple with 2.50 < X¢ < 2.70 and red with Xc > 2.70). The
pie charts show the percentage of each X ¢ category (i.e., gray color-
coded compounds, purple color-coded compounds and red color-
coded compounds) in each sample in terms of peak abundance.

and 55 % in Changchun-. This indicates that CHON- com-
pounds are dominated by aromatic compounds in all cities,
while relatively higher peak abundance-weighted fraction
of aromatic CHON- compounds were observed in Shang-
hai. The peak abundance-weighted average molecular for-
mulas for CHON- compounds in Changchun-, Shanghai- and
Guangzhou- are C7.10H6.7603.56N1.03, C7.07H6.0303.80N1.24
and C7.12Hg.3603.99N1 24, respectively, showing that CHON-
formulas in Shanghai- and Guangzhou- contain more O
and N atoms on average than those for Changchun-. For-
mulas of C¢HsO3N;, C¢H504N{, C7H703N{, C7H704N1,
CgH9O3N; and CgH9O4N; were detected with the high-
est abundance in all cities. These molecular formulas are in
line with nitrophenol or nitrocatechol analogs, which have
been identified in a previous urban OA study (Wang et
al., 2017). Furthermore, these nitrooxy-aromatic compounds
were shown to enhance light-absorbing properties of OA
(Laskin et al., 2015; Lin et al., 2015). In addition, it should
be noted that the X¢ values for CgHsO4N, CyH704N; and
C7H704N7 were calculated to be lower than 2.5, suggesting
that the fraction of aromatics in CHON- compounds was un-
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derestimated. This is because that for nitrocatechol analogs
with formulas of C¢HsO04N;, C7H704N; and CgHoO4N;,
only one oxygen atom is involved in the m-bond structure
corresponding to the p value of 0.25 in the X¢ calculation
equation, which is lower than the p value of 0.5 applied for
the X calculation in this study. The diagram of DBE ver-
sus C number for CHON+ compounds observed in the three
locations (presented in Fig. S7 in the Supplement) shows
that more aromatic CHON+ compounds with relatively lower
degree of oxidation were assigned in Changchun+ samples
compared to Shanghai+ and Guangzhou+ samples.

3.4 CHN+ compounds

A total of 696 CHN+ compounds were detected in
Changchun+ samples in ESI+, which is higher than in Shang-
hai+ (253) and Guangzhou (205). These CHN+ compounds
are likely assignable to amines according to previous studies
(Rincon et al., 2012; Wang et al., 2017, 2018). The number
of CHN+ compounds accounts for 24 %, 36 % and 30 % of
the total organic compounds in Changchun+, Shanghai+ and
Guangzhou+, respectively, whereas the peak abundance of
these compounds accounts for 40 %, 71 % and 62 %, respec-
tively. The majority (> 97 % in terms of peak abundance)
of CHN+ compounds have one or two nitrogen atoms in
their molecular formulas (see Fig. S9). Comparing the CHN+
compounds for the three cities, 51 common CHN+ formulas
were observed in all cities, which contribute to as much as
43 %—89 % of the total abundance of CHN+ formulas. This
large percentage indicates that CHN+ compounds with pre-
sumably high concentrations in Changchun+, Shanghai+ and
Guangzhou+ exhibit similar chemical composition. How-
ever, again OA samples from Changchun show some distinct
differences to samples from Guangzhou and Shanghai.

A van Krevelen diagram of CHN+ compounds detected in
the three samples is shown in Fig. 6, illustrating H/C ratios
as a function of N/C ratio. In this plot, major parts of the
CHN+ compounds are found in a region that is constrained
by H/C ratios between 0.5 and 2 and N/C ratios lower than
0.5. Moreover, the pie charts show that the majority (83 %—
87 % in terms of peak abundance and 72 %-90 % in terms of
peak numbers) of these CHN+ compounds can be assigned
to mono- and polyaromatics with X¢c > 2.5. In addition, as
shown in Table 1, the average DBE and X¢ values of CHN+
compounds are the highest among all organic species. These
observations imply that CHN+ compounds exhibit the high-
est degree of aromaticity of all organics in the Chinese urban
OA samples, which is consistent with previous studies (Lin et
al., 2012b; Rincén et al., 2012; Wang et al., 2018). Polyaro-
matic compounds with X¢ > 2.7 are displayed in the lower
left corner of the van Krevelen diagram, accounting for 41 %
in terms of peak abundance (48 % in terms of peak numbers)
of CHN+ compounds detected in Changchun+, but merely
for 9%-10% in terms of peak abundance (27 %-31% in
terms of peak numbers) in Shanghai+ and Guangzhou+.
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Figure 6. Van Krevelen diagrams for CHN+ compounds in
Changchun, Shanghai and Guangzhou samples. The area of circles
is proportional to the fourth root of the peak abundance of an in-
dividual compound (a diagram with circle areas related to absolute
peak abundances is presented in Fig. S10) and the color bar de-
notes the aromaticity equivalent (gray with Xc < 2.50, purple with
2.50 < X¢ < 2.70 and red with X¢ > 2.70). The pie charts show
the percentage of each X¢ category (i.e., gray color-coded com-
pounds, purple color-coded compounds and red color-coded com-
pounds) in each sample in terms of peak abundance.

For example, formulas of C;1H{ 1Ny (X¢c =2.7), CioHoN;
(Xc =2.7)and C;pH 3N (X¢ = 2.7), which are assigned to
be naphthalene core structure-containing compounds, have
relatively higher abundance in Changchun+ than in Shang-
hai+ and Guangzhou+. Moreover, the average DBE and X¢
values of CHN+ compounds (see Table 1) in Changchun+
are higher than those in Shanghai+ and Guangzhou+, fur-
ther indicating that CHN+ compounds in Changchun+ show
a higher degree of aromaticity, which can be caused by large
coal combustion emissions in the winter in Changchun. Re-
markably, as can be seen in Fig. 6, the abundance of CHN+
compounds in Changchun+ distributes evenly among dif-
ferent individual CHN+ compounds, while in Shanghai+
and Guangzhou+ they are dominated by the formula of
C1oH14N> (the biggest purple circle in Fig. 6) with a DBE
value of 5, which probably has a high concentration and/or
high ionization efficiency in the positive ESI mode. Accord-
ing to a previous smog chamber study (Laskin et al., 2010),
most CHN+ aromatics are probably generated from biomass
burning through the addition of reduced nitrogen (e.g., NH3)
to the organic molecules via imine formation reaction, indi-
cating that biomass burning probably made a certain contri-
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bution to the formation of CHN+ compounds observed in the
three urban OA samples in our study.

3.5 CHOS- compounds

In this study, 75-155 CHOS- compounds were observed,
accounting for 10%, 12% and 14% of the total peak
abundance of all organics in Changchun-, Shanghai- and
Guangzhou-, respectively. Around 89 %-96% of these
CHOS- compounds were found to fulfill the O/S > 4 cri-
terion allowing the assignment of at least one -OSO3H func-
tional group and thus a tentative classification to organosul-
fates (OSs) (Lin et al., 2012a, b; Tao et al., 2014; Wang et al.,
2016, 2017, 2018, 2019a). OSs were shown to affect the sur-
face activity and hygroscopic properties of the aerosol parti-
cles, leading to potential impacts on climate (Hansen et al.,
2015; Wang et al., 2019a). Out of all formulas, 23 common
CHOS- formulas were detected for the three sample loca-
tions, accounting for 28 %, 58 % and 52 % of the CHOS-
peak abundance in Changchun-, Shanghai- and Guangzhou-
, respectively. However, 40 common CHOS- formulas were
found between Shanghai- and Guangzhou-, accounting for
60 %—65 % and 78 %—81 % in terms of the CHOS- formula
numbers and peak abundance, respectively. This indicates
that the chemical composition of the major CHOS- com-
pounds of Shanghai- and Guangzhou- are quite similar, while
they show substantial chemical differences for samples from
Changchun-.

Figure 7 shows the DBEs as a function of carbon num-
ber for all CHOS- compounds detected for the three cities.
The CHOS- compounds exhibit a DBE range from 0 to 10
and carbon number range of 2—-15. However, the majority of
CHOS- compounds with elevated peak abundances concen-
trate in a region with rather low DBE values of 0-5. The
average H/C ratios of CHOS- compounds are in the range of
1.56-1.85 and thus higher than for any other compound class,
whereas the average DBE values of 1.71-2.55 are the lowest
among all classes. This indicates that CHOS- compounds in
the OA from the three Chinese cities are characterized by a
low degree of unsaturation. Moreover, the pie charts in Fig. 7
show that aliphatic compounds with X¢ < 2.5 are dominant
in CHOS- compounds with a fraction of 96 %—99 % in terms
of peak abundance, which is substantially higher than that
(13 %—48 %) for CHO, CHON and CHN species. Aliphatic
CHOS- compounds with C <10 can be formed from bio-
genic and/or anthropogenic precursors (Hansen et al., 2014;
Glasius et al., 2018; Wang et al., 2019a), such as CoH4065
(derived from glyoxal) (Lim et al., 2010; McNeill et al.,
2012), C3HgOgS1 (derived from isoprene) (Surratt et al.,
2007) and CgH1604S; (derived from «-pinene). However,
more CHOS- compounds with C > 10 and with DBEs lower
than 1 are observed in Changchun-, such as Cj4H»305S1,
Ci13H2605S1, C12H2405S1, C11H2205S1 and C11Hp9O06S;.
These high-carbon-number-containing CHOS- compounds
are likely formed from long-alkyl-chain compounds with less
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Figure 7. Double bond equivalent (DBE) versus carbon number for
all CHOS- compounds for all sample locations. The molecular for-
mula represents the abundance-weighted average CHOS- formula,
and the area of circles is proportional to the fourth root of the peak
abundance of an individual compound (a diagram with circle areas
related to absolute peak abundances is presented in Fig. S11). The
color bar denotes the aromaticity equivalent (gray with Xc < 2.50,
purple with 2.50 < X¢ < 2.70 and red with Xc > 2.70). The pie
charts show the percentage of each X category (i.e., gray color-
coded compounds, purple color-coded compounds and red color-
coded compounds) in each sample in terms of peak abundance.

oxygenated functional groups, which were previously sug-
gested to be emitted from traffic (Tao et al., 2014) or derived
from sesquiterpene emissions (Briiggemann et al., 2019).
However, as sesquiterpene emissions can be expected to be
very low in wintertime at Changchun, the presence of these
compounds further underlines the strong impact of anthro-
pogenic emissions on CHOS- formation in Changchun-. In
this study, the (O-3S) /C ratio was used instead of the tra-
ditional O/C ratio to present the oxidation state of CHOS-
compounds, since the sulfate functional group contains three
more oxygen atoms than common oxygen-containing groups
(e.g., hydroxyl and carbonyl), which makes no contribution
to the oxidation state of the carbon backbone of the CHOS-
compounds. Comparing average values for H/C, (0-3S) /C
and DBEs of CHOS- for the three sample locations (see Ta-
ble 1), we find that the H/C ratios (1.85) and (O-3S)/C
ratios (0.61-0.71) for Shanghai- and Guangzhou- samples
are larger than those for Changchun- samples (H/C =1.56
and (O-3S) / C=0.52), whereas the DBE values (1.71-1.79)
in Shanghai- and Guangzhou- are lower than those for
Changchun- (2.55). These observations indicate that CHOS-
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compounds in urban OA from northeast China are less ox-
idized but more unsaturated compared to those in east and
southeast China, likely due to enhanced emissions from res-
idential heating during winter in north China.

3.6 CHONS compounds

A total of 4 %—5 % of the total organics detected in ESI- were
identified as CHONS- compounds in terms of peak abun-
dance. In contrast, CHONS+ compounds account merely for
0.3%-1% of all organics detected in ESI+. The average
MM,y of the CHONS- compounds for the three sample lo-
cations ranges from 214 to 293 Da, generally showing larger
molecular masses than compounds of any other class be-
cause of the likely presence of both nitrate and sulfate func-
tional groups. In total, only five common CHONS- formu-
las were detected for all three sample locations, accounting
for 4 %, 21 % and 20 % of the CHONS- peak abundance in
Changchun-, Shanghai- and Guangzhou-, respectively. As al-
ready observed for other compound classes, these percent-
ages imply that the CHONS- compounds in urban OA of
Shanghai- and Guangzhou- exhibit a rather similar chemi-
cal composition, whereas such compounds are different for
Changchun-.

In the OA samples of Shanghai- and Guangzhou-, 78 %—
87 % of CHONS- compounds in terms of peak abundance
have seven or more O atoms in their formulas, allowing the
assignment of one -OSO3H and one -NO3 functional group
in the molecular structures, thus classifying them as poten-
tial nitrooxy-organosulfates. In contrast to Shanghai- and
Guangzhou-, only 26 % of CHONS- compounds were as-
signed to such nitrooxy organosulfates for Changchun-, indi-
cating that most of the N atoms in the CHONS- compounds
are present in a reduced oxidation state, e.g., in the form
of amines. The average DBE and X¢ values of CHONS-
compounds in Shanghai- and Guangzhou- are 3.3-3.45 and
0.43-0.44, respectively. Again these values differ for the
Changchun- samples with an increased average DBE of 3.75
and an average Xc of 1.06, indicating that CHONS- com-
pounds in Changchun- possess on average a higher degree of
unsaturation and aromaticity compared to such compounds
in Shanghai- and Guangzhou- samples. Interestingly, the
compound with the formula C19H;707NS has the highest rel-
ative peak abundance (32 %) in Shanghai- and Guangzhou-
, whereas in Changchun- the compound with the formula
CoH304NS is dominant. C19H1707NS has previously been
identified as mononitrate organosulfate generated from o/ 8-
pinene (Iinuma et al., 2007; Surratt et al., 2008; Lin et al.,
2012b; Wang et al., 2017), while CoH304NS may be as-
signed as a cyanogroup-containing sulfate. This observation
is comparable to our previous study (Wang et al., 2019a),
which found that C;9H{707NS was dominant for CHONS-
compounds in low-concentration aerosol samples collected
in Beijing (China) and Mainz (Germany). Consistently, a
CyH304NS compound had the highest abundance among
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CHONS- compounds in polluted Beijing aerosol samples.
This agreement can be explained by the adjacent locations
of Beijing (39.99° N, 116.39° E) and Changchun (43.54° N,
125.13° E) and similar residential heating patterns by coal
combustion during wintertime. In conclusion, these results
further demonstrate that the precursors for CHONS- com-
pounds in Shanghai- and Guangzhou- are different from
those in Changchun-, which is probably due to differences
in anthropogenic emissions.

3.7 Limitations

In this study, we used the peak abundance-weighted method
to illustrate the difference in chemical formulas assigned by
the Orbitrap MS. This comparison was made based on the
assumption that the measured organic compounds have the
same peak abundance response in the mass spectrometer.
However, this assumption can bring some uncertainties be-
cause the ionization efficiencies vary between different com-
pounds (Schmidt et al., 2006; Leito et al., 2008; Perry et
al., 2008; Kruve et al., 2014). For example, the ionization
efficiencies of nitrophenol species detected in negative ESI
mode can vary by a large degree depending on the posi-
tion of the substituents at the nitrobenzene ring (Schmidt et
al., 2006; Kruve et al., 2014), and the ionization efficien-
cies of carboxylic acids can also vary by several orders of
magnitude depending on the structures (Kruve et al., 2014).
Nonetheless, it is a challenging analytical task to identify
and quantify all compounds in ambient OA due to the high
chemical complexity of OA and the limits in authentic stan-
dards of OA. Despite the inherent uncertainties, the peak
abundance-weighted comparison of molecular formulas pro-
vides an overview of the difference in chemical composition
of OA in these three representative Chinese cities. In par-
ticular, the chemical formulas assigned in this study can be
validated in future studies by authentic standards, and the dif-
ference in ionization efficiencies can be further evaluated.

4 Conclusions

The molecular composition of the organic fraction of PMj 5
samples collected in three Chinese megacities (Changchun,
Shanghai and Guangzhou) was investigated using a UHPLC—
Orbitrap mass spectrometer. In total, 416-769 (ESI-) and
687-2943 (ESI+) organic compounds were observed and
separated into five subgroups: CHO, CHN, CHON, CHOS
and CHONS. Specifically, 120 common formulas were de-
tected in ESI- and 129 common formulas in ESI+ for all sam-
ple locations, accounting for 57 %—71 % and 30 %—75 % in
terms of peak abundance, respectively. Overall, we found that
urban OA in Changchun, Shanghai and Guangzhou shows a
quite similar chemical composition for organic compounds
of high concentrations. The majority of these organic species
were assigned to monoaromatic or polyaromatic compounds,
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indicating that anthropogenic emissions are the major source
for urban OA in all three cities.

Despite the chemical similarity of the three sample lo-
cations for organic compounds in urban OA, remarkable
differences were found in chemical composition of the re-
maining particle constituents, in particular for OA samples
from Changchun. In general, a larger number of polyaromat-
ics were observed for Changchun samples, most likely due
to emissions from coal combustion during the wintertime
residential heating period. Moreover, the peak abundance-
weighted average DBE and average X values of the total or-
ganic compounds in Changchun were found to be larger than
those for Shanghai and Guangzhou, showing that organic
compounds in Changchun possess a higher degree of unsat-
uration and aromaticity. For average H/C and O/C ratios a
similar trend was observed. While average H/C and O/C ra-
tios detected in ESI- were found to be highest for Guangzhou
samples, relatively lower values were observed for Shang-
hai and Changchun samples, indicating that OA collected
in lower-latitude regions of China experiences more intense
photochemical oxidation processes and/or is affected to a
larger degree by biogenic sources.
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