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a b s t r a c t

Organic tracers are useful for investigating the sources of carbonaceous aerosols but there are still no
adequate studies in China. To obtain insights into the diurnal variations, properties, and the influence of
regional emission controls on carbonaceous aerosols in Beijing, day-/nighttime PM2.5 samples were
collected before (Oct. 15th e Nov. 2nd) and during (Nov. 3rd e Nov. 12th) the 2014 Asia-Pacific Economic
Cooperation (APEC) summit. Eleven organic compound classes were analysed using gas chromatography/
mass spectrometry (GC/MS). In addition, the stable carbon isotope ratios (d13CTC) of total carbon (TC)
were detected using an elemental analyser/isotope ratio mass spectrometry (EA/irMS). Most of the
organic compounds were more abundant during the night than in the daytime, and their concentrations
generally decreased during the APEC. These features were associated with the strict regional emission
controls and meteorological conditions. The day/night variations of d13CTC were smaller during the APEC
than those before the APEC the summit, suggesting that regionally transported aerosols are potentially
played an important role in the loading of organic aerosols in Beijing before the APEC summit. The source
apportionment based on the organic tracers suggested that biomass burning, plastic and microbial
emissions, and fossil fuel combustion were important sources of organic aerosols in Beijing. Furthermore,
a similar contribution of biomass burning to OC before and during the APEC suggests biomass burning
was a persistent contributor to PM2.5 in Beijing and its surroundings.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Atmospheric particulate matter (PM) plays an important role in
air pollution and is detrimental to human health (Huang et al.,
2014; Russell and Brunekreef, 2009). For example, polycyclic aro-
matic hydrocarbons (PAHs) as a coating on organic aerosols can
elevate the lung cancer risk in humans (Shrivastava et al., 2017).
Moreover, it can profoundly impact the regional and global climates
by Dr. Hageman Kimberly Jill.
System Science, Tianjin Uni-
(Ramanathan et al., 2001). Nowadays, many developing counties,
such as China and India, have experienced severe air pollution
because of their developing economies and rapid urbanization
(Zhang et al., 2015). A model result showed (Li et al., 2016) that
China's emissions contributed to approximately 10% of the current
global radiative forcing (Li et al., 2016). In particular, fine PM has
significant effects on these factors, which are largely depend on
their chemical composition and concentrations. Organic com-
pounds in the particles play an essential role in atmospheric pro-
cesses and have become a major reach area. The method used to
identity these organic compounds involves a large number of
challenges (Nozi�ere et al., 2015). Nowadays, many studies on
organic tracers via GC/MS have been conducted in different regions,
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such as the remote ocean (Ding et al., 2013), China coast (Feng et al.,
2007), islands (Zhu et al., 2015b), high mountains (Fu et al., 2008)
and forests (Alves et al., 2001) as well as urban and rural sites
(Simoneit et al., 1991; Yang et al., 2016). However, a comprehensive
understanding regarding organic tracers in fine particulates is also
limited.

Beijing, the capital of China, has experienced severe haze
pollution over the last decade. This city is often characterized by
high levels of PM2.5 (PM with aerodynamic diameters� 2.5 mm),
which impel people to live in an uncomfortable environment; ur-
ban PM2.5 pollution urgently needs to be studied and mitigated
(Guo et al., 2014). Many studies on the composition and sources of
aerosols have been conducted (Wang et al., 2008; Yang et al., 2016;
Zheng et al., 2005), but there is still limited knowledge regarding
the organic chemical composition of PM2.5 under the emission
regulations by the government. The Asia-Pacific Economic Coop-
eration (APEC) summit was held in Beijing in November 2014. Strict
emission controls were implemented in Beijing and its surrounding
regions, such as shutting down industrial plants and restricting the
number of vehicles, which gave the opportunity to study the local
emission and long-range transport on organic aerosols under
governmental intervention. To date, many field measurements
have been conducted, including lidar observations (Tang et al.,
2015), optical properties (Han et al., 2015), aerosol mass spec-
trometry (Chen et al., 2015a; Sun et al., 2016; Xu et al., 2015),
radiocarbon (Liu et al., 2016), stable nitrogen isotope (Chang et al.,
2016), vertical observations (Hua et al., 2016; Zhang et al., 2017),
carbon isotopes of SOA (Wang et al., 2017), volatile organic com-
pounds (Li et al., 2017a; b), and organic compounds (Yu et al., 2018).
However, there is a lack of knowledge regarding the diurnal vari-
ations of organic tracers at a molecular level during the APEC event.

To better understand the diurnal variation, characteristics and
sources of organic aerosols as well as the functions of regional
emission controls, we collected day-/nighttime PM2.5 samples
before and during the APEC summit (non-APEC versus APEC). In
this study, the organic aerosols on molecular level were discussed.
In addition, stable carbon isotopic composition (d13C) of total car-
bon was measured to obtain a better understanding of the sources
of aerosols in Beijing.

2. Sampling and methods

2.1. Aerosol sampling

Day-/nighttime PM2.5 samples were collected on the top of a
two-floor building (8m, above ground level) at the Institute of
Atmospheric Physics (IAP), Chinese Academy of Sciences (CAS) in
Beijing. The sampling was performed using a high-volume air
sampler (TISCH, USA) at a flow rate of 1.1m3min�1 before (Oct.13th
e Nov. 2nd, n¼ 40) and during the APEC event (Nov. 3rd e 12th,
n¼ 20) in 2014. Daytime (07:00e18:00, local time) and nighttime
(18:00e07:00) samples were collectedwith pre-combusted (450 �C
overnight) quartz fibre filters (Pallflex, 8� 10 inch). Field blank
filters were prepared by placing a filter in the sampler for half a
minute without pumping. Then, each filter was kept separately
at �20 �C in darkness prior to analysis.

2.2. Extraction and derivatization

The pre-treatment of organic extraction has been described
elsewhere (Fu et al., 2008). Briefly, an aliquot filter was extracted
three times (10min for each) using dichloromethane/methanol
(2:1, v/v) under ultrasonication, then filtered and concentrated
using a rotary evaporator. After blowing it to dryness, the extract
was reacted with N,O-bis-(trimethylsilyl) trifluoroacetamide
(BSTFA) with 1% trimethylsilyl chloride and pyridine (5:1) for 3 h.
Then, an internal standard of C13 n-alkane (1.43 ng mL�1) was added
to the derivatives. The pre-treated samples were kept in a freezer
before GC/MS analysis. Field blank filters were used for quality
controls.

2.3. GC/MS determination

GC/MSmeasurements were performed using a Hewlett-Packard
model 7890A GC coupled to a Hewlett-Packard model 5975C mass
selective detector (MSD). The GCwas equippedwith a split/splitless
injection and a fused silica capillary column (DB-5MS,
30m� 0.25mm i.d., 0.25 mm film thickness). The analysis pro-
gramme was the same as a previous study (Kang et al., 2016).
Organic qualitative analysis was determined using literature, li-
brary, and authentic standards, and quantified by the GC/MS
response factors acquired using authentic standards. Most of the
recoveries of the standards in the laboratory were about 75%e110%.
The data reported in this work was corrected for the field blank but
not for the recoveries.

2.4. Total carbon and d13C analyses

The TC and d13CTC were measured using Isotope Ratio Mass
Spectrometry (irMS, MAT 253) with an autosampler. A filter aliquot
(ca. 6.15 cm2) was placed into a tin cup, packed as a tiny ball and
placed in the autosampler, and then oxidized in a column packed
with copper oxide at 1000 �C. The converted carbon (CO2) was
transferred to the irMS for carbon isotope ratio analysis (Kundu and
Kawamura, 2014). Generally, the carbon isotope ratio was
expressed using the following equation (Fontugne and Duplessy,
1978).

d13Cð‰Þ ¼ ð13C=12CÞsmpl � ð13C=12CÞst
ð13C=12CÞst

� 1000 (1)

The acquired data have been corrected using field blanks.

2.5. Organic carbon (OC) and element carbon (EC)

The OC and EC were analysed using by an OC/EC Carbon Aerosol
Analyzer (Sunset Laboratory Inc., USA) following the NIOSH pro-
tocol (Mkoma et al., 2013). The concentrations of OC and EC were
calibrated using blank filters.

3. Results and discussion

Eleven classes of organic compounds were measured in the
PM2.5 samples, including aliphatic compounds (n-alkanes, fatty
acids and fatty alcohols), saccharides (anhydrosugars, sugars, and
sugar alcohols), polyacids, lignin/resin products, phthalate esters,
hopanes, aromatic acids, polycyclic aromatic hydrocarbons (PAHs),
and sterols (Table S1). The total concentration of all detected
organic matter (TDOM) obtained using GC/MS was
104e5230 ngm�3 (1190± 873 ngm�3) with higher concentrations
observed during the night (1450± 1060 ngm�3) when compared to
those in the daytime (927± 541 ngm�3), and were decreased to-
ward the APEC (Fig. S1). The main organic components in PM2.5
were saccharides, phthalate esters, n-alkanes, n-fatty acids, and n-
fatty alcohols.

3.1. Stable carbon isotopes of total carbon (d13CTC)

Diurnal variations in the TC, d13CTC, and TDOMC/OC (the TDOM
was calculated as the carbon, TDOMC, to organic carbon ratio) are
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shown in Fig. 1aec. Five pollution episodes (three before the APEC
and two during the APEC) were marked as Event 1 (E1), E2, E3, E4,
and E5, respectively. Pollution episodes occurred when the mete-
orological conditions were characterized by continuously high
relative humidity and lowwind speeds (Fig. S1), showing that such
meteorological conditions play a key role in the formation of haze
(Chen et al., 2015a).

Stable carbon isotope ratios can be used to identify the sources
of carbonaceous aerosols. The d13CTC was varied from �25.9‰
to �22.3‰ (average, �24.2‰) in the daytime and from �26.2‰
to �22.4‰ (�24.8‰) in the nighttime, which are higher than
aerosols in South China (Cao et al., 2011), but close to Mt. Tai (Fu
et al., 2012) and Mt. Mangshan (He et al., 2015). The observed
values of d13CTC indicated that biomass burning and fossil fuel
products were the potential sources of PM2.5 in North China (Kelly
et al., 2005). d13CTC values during non-APEC varied more signifi-
cantly than APEC (Fig. 1a), which indicated the variable aerosol
sources before the APEC, which could be possibly attributed to the
mixing of regional and local sources (Sun et al., 2016). The APEC
period showed more negative d13CTC values (�25.0± 0.66‰) than
these observed during the non-APEC period (�24.3± 1.01‰),
which implied that the potential influence of the regional emission
controls on the carbonaceous aerosols in Beijing (Cao et al., 2017).
3.2. Organic speciation and air trajectories

Concentrations of n-alkanes, n-fatty acids, n-alcohols, saccha-
rides, sterols, polyacids, lignin/resin acids, and phthalate esters
were higher during the night when compared to the daytime with
Fig. 1. Temporal variations in (a) TC concentrations, (b) d13CTC and (c) TDOMC/OC
during the sampling period.
lower levels during the APEC (Fig. 2). Interestingly, hopanes and
PAHs were higher during the APEC than those observed during the
non-APEC period, especially at night. These organic substances are
mainly emitted from anthropogenic sources, such as coal/petro-
leum combustion and diesel vehicle exhausts. In addition, biomass
burning is another important contributor of PAHs (Fu et al., 2012;
Jenkins et al., 1996).

Three-day air mass backward trajectories were calculated dur-
ing each pollution episode using the Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT, available at
http://ready.arl.noaa.gov/HYSPLIT.php) (Fig. 3); this method has
been used to separate the origin and transport of air pollutants to
the sampling site (Pan et al., 2016). The results of the retroplumes
indicated that the air masses were mainly transported from the
polluted regions to Beijing before the APEC. During the APEC, due to
the strict emission controls in Beijing and its surrounding provinces
by the government, local emission sources overwhelmed the long-
range transported pollutants that influenced the air quality in
Beijing. Detailed organic molecular distributions and temporal
variations of these organic classes are discussed in the following
sections.

3.3. Aliphatic compounds

The molecular distributions and concentrations of aliphatic
compounds including n-alkanes (C18eC39), n-fatty acids
(C12:0eC32:0, C16:1, C18:1, and C18:2) and normal n-fatty alcohols
(C14eC32) are shown in Figs. S2eS3.

Concentration of n-alkanes was 148± 58.5 ngm�3 (daytime)
versus 218± 127 ngm�3 (nighttime) before the APEC (i.e. non-
APEC), and 121± 58.1 ngm�3 (daytime) to 178± 90.9 ngm�3

(nighttime) during the APEC (Table S1), which was similar to
aerosols in the urban areas of China (Wang et al., 2016), but was
higher than Changdao Island (Feng et al., 2007). n-Alkanes dis-
played an odd-carbon-numbered predominance with a maximum
at C29 (Fig. S2). The concentrations of low molecular weight n-al-
kanes (LMWalk) were lower than those of high molecular weight n-
alkanes (HMWalk), suggesting the contribution of higher plant wax
to the n-alkanes in the aerosols of Beijing. Meanwhile, HMWalk
values were higher during non-APEC than APEC with no distinct
difference in the LMWalk (Table S1), which indicated a potentially
higher contribution of fossil fuels during APEC than non-APEC. The
concentrations of plant wax n-alkanes (Simoneit and Mazurek,
2007) had no significant difference between the day and night
samples, which may be attributed to the steady plant emissions
during the daytime, enhanced biomass burning, and the downward
movement of PBL during the night. However, these values were
decreased during the APEC. Considering the back trajectory ana-
lyses (Fig. 3), the air masses during haze events were mainly from
the southwestern direction, highlighting the influence of regional
transport on the levels of plant wax derived n-alkanes in Beijing
before the APEC. The carbon preference index (CPI) is often used to
identify the origins of the anthropogenic and biogenic sources
(Simoneit, 1986). In this work, the CPI values for the daytime
samples were higher than those at nighttime (Fig. S3), and the
average CPI (2.1± 0.8) was similar to those reported in Changdao
(Feng et al., 2007), but lower thanMt Tai (Fu et al., 2008) and higher
than Sanya (Wang et al., 2015) in China. These features suggested
that both the natural and anthropogenic sources, such as vascular
plant waxes, fossil fuel combustions, and open burning of munic-
ipal wastes were important sources for n-alkanes in Beijing.

The concentrations of total n-fatty acids were 120± 70.6 ngm�3

(daytime) and 296± 375 ngm�3 (nighttime) during non-APEC, and
were 118± 95.2 versus 272± 189 ngm�3 during the APEC, respec-
tively (Table S1). The fatty acids were characterized by a strong



Fig. 2. Concentrations of organic species detected in PM2.5 during the non-APEC and APEC periods.

Fig. 3. Retroplumes (number of trajectories) showing the transport pathways (3-day backward) of air masses at the sampling site during each pollution episodes. The colour scale
represents the total number (logarithmic scale) of trajectories that passed through the mixed layer of the target grid every 3 h at 500m altitude (a.g.l.). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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even-carbon-number predominance with maxima of C16:0, C18:0,
C18:1 (Fig. S2). High molecular weight fatty acids (HMWfat) are
mainly derived from terrestrial higher plant wax (Kawamura et al.,
2003) and lowmolecular weight fatty acids (LMWfat) have multiple
sources such as vascular plants, microbes, cooking emissions, and
marine phytoplankton (Fu et al., 2008; Simoneit and Mazurek,
1982). Biomass burning is also a source of these fatty acids (Fu
et al., 2012; Zhang et al., 2007). In our study, the concentrations
of LMWfat were 2e6 times higher than HMWfat (Table S1), which
were similar to the results of aerosols in India (Fu et al., 2010), but
higher than aerosols at Mt. Tai (Fu et al., 2008). The CPI values of
fatty acids (Fig. S3) ranged from 1.72 to 10.9 (3.54± 1.31). These
results suggested that fatty acids in urban Beijing were significantly
influenced by vascular plants, cooking emissions (Xu et al., 2015)
and microbes. Furthermore, the contribution of biomass burning
also could not be ignored. The temporal variations in the unsatu-
rated fatty acids (C18:n) showed a maximum at night (Table S1 and
Fig. S4), which was possibly associated with the enhanced cooking
emission and the low boundary layer height as well as weak
photochemical reaction. The highest concentration of C18:1 at night
during E1 was potentially related to stagnant meteorological con-
ditions with lower PBL height and the accumulation of primary
emissions (i.e., cooking and vehicle motor exhausting) (Nolte et al.,
1999; Rogge et al., 1993).

The concentration of n-fatty alcohols was 87.6± 64.7 ngm�3.
High molecular weight fatty alcohols (HMWalc) showed higher
concentrations than low molecular weight fatty alcohols (LMWalc).
Alkanols also showed an even-carbon-number predominance with
maximum concentrations at C28 (Fig. S2). The CPI values of the fatty
alcohols (Table S1) ranged from 1.69 to 7.50 (3.98± 1.57), which
were lower than those observed at Mt. Tai (Fu et al., 2008). These
features indicated that natural sources (e.g., higher plant wax and
loess deposits) and biomass burning were potentially important to
n-fatty alcohols in Beijing (Simoneit et al., 1991; Wang et al., 2006).

Fig. 4 shows the relative abundances of n-alkanes, n-fatty acids
and n-fatty alcohols. The samples collected in Beijing were located
Fig. 4. Triangular plots of terrestrial biomarkers. The central Pacific and the western
North Pacific aerosols samples fall in category A and B, respectively (Kawamura et al.,
2003), Coastal aerosol samples collected from Changdao Island, China fall in Category C
(Feng et al., 2007). The Chichi-Jima aerosols samples fall in category D (Kawamura
et al., 2003). High mountain aerosol samples collected from Mt. Tai fall in category E
(Fu et al., 2008), urban aerosol samples collected from Beijing and India fall in category
F and category G (Kang et al., 2016; Ren et al., 2016).
in category G and category F, and were far away from categories A,
B, C and D. These results suggested the long-range transport of
atmospheric aerosols from the Asian continent to the open ocean
(Ren et al., 2016). The relative abundances of lipids showed a
greater abundance of fatty acids and alcohols during the APEC
when theywere clustered together in the nighttime. These features
were potentially related to the source differences between the day/
night (i.e., plant emissions can be enhanced during the day) and
stable atmospheric conditions (i.e., low wind speed and tempera-
ture and PBL down movement) in the night during the APEC. In
addition, the strict emission regulations could lead to this different
pattern.

3.4. Saccharides

Three anhydrosugars, six sugars, and five sugar alcohols were
detected (Table S1). Total concentrations of saccharides were
231± 187 ngm�3 (day) versus 383± 283 ngm�3 (night), and they
were decreased during the APEC. In our study, concentrations of the
detected saccharides were lower than those reported in Beijing by
liquid chromatography (Liang et al., 2016).

3.4.1. Anhydrosugars
Anhydrosugars were more abundant during the night than the

day with levoglucosan being double that of galactosan and man-
nosan (Figs. S5 and S6). Levoglucosan is a specific marker of
biomass burning and is produced by the pyrolysis of cellulose and
other types of biomass (Simoneit, 2002). Mannosan and galactosan
are often produced by the pyrolysis of hemicelluloses (Fine et al.,
2001). A recent study has shown that coal combustion also con-
tributes to levoglucosan, which suggests that the ratios of levo-
glucosan to its isomers can be a useful method to distinguish
between the biomass burning and coal sources (Yan et al., 2018).
Fig. 5 shows diurnal variations in the concentration ratios of levo-
glucosan/mannosan (L/M), which is an indicator of burning sub-
strates (Zhu et al., 2015a). The average ratios of L/M were 12± 3.8
and 8.2± 2.3 (day) versus 9.7± 3.4 and 6.9± 2.2 (night) before and
during APEC, respectively (Table S1). These features suggest that
hardwood and softwood are potentially the burning substrates
before the APEC summit. The relatively lower L/M values observed
during the APEC may be largely associated with softwood burning
(Engling et al., 2009; Mkoma et al., 2013; Zhu et al., 2015a), while
the contribution of coal combustion to levoglucosan was poten-
tially insignificant for the relatively high L/M ratios in aerosols
during this period (Yan et al., 2018). The ratios of levoglucosan to OC
(L/OC) were used to indicate the influence of biomass burning and
the photochemical aging of levoglucosan (Mkoma et al., 2013). The
values of L/OC and L/EC values showed nighttime maxima during
the whole sampling period except for E2, which were potentially
associated with the enhanced biomass burning activities and/or
weaker degradation of levoglucosan under higher relative humidity
(Hoffmann et al., 2010).

3.4.2. Sugar alcohols and sugars
Sugar alcohols and sugars are regarded as tracers for biological

materials from biomass burning or natural releases (Medeiros and
Simoneit, 2008), re-suspended soil, unpaved road and microor-
ganisms (Simoneit et al., 2004), airborne fungal spores, and pollen
grains (Elbert et al., 2007). Most of these organic compounds
showed no obvious difference between the day and night, except
for inositol, glycerol, erythritol, xylose, and fructose (Fig. S6).

3.4.3. PCA results of saccharides
Principal component analysis (PCA) has been successfully used

for source apportionment (Fu et al., 2008;Mochida et al., 2003). The



Fig. 5. Temporal variations in (a) L/OC, (b) L/EC, and (c) L/M in PM2.5. Open and solid
circles represent daytime and nighttime, respectively.
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day/night principal component loadings of saccharides are shown
in Table S2. For the daytime samples, three components accounted
for 85.3% of the total variance. Component 1 (C1) was mainly
associated with biological origins (Graham et al., 2002) and plant
materials; C2 indicated that biomass burning was a major source
and C3 was possibly related to fungal metabolism in the soil that
was resuspended into the atmosphere. Similar results have also
been reported in urban aerosols in tropical India (Fu et al., 2010).
For the nighttime dataset, three components accounted for 80.1% of
the total variance. C1 wasmainly related to biomass burning and C2
wasmicroorganisms, resuspension soils and higher plants; glycerol
also showed a high loading in C3. The PCA results suggests that
saccharides were potentially released from fungal spores, plant
materials and biomass burning during the day (Graham et al.,
2003). However, the contribution from biomass burning was
enhanced during the night.
3.5. Polyacids

Hydroxyl- or polyacids have been reported in many studies
(Claeys et al., 2004; Wang et al., 2006) and show higher concen-
trations than aerosols in Beijing. Glyceric acid was the most
abundant species, followed by glycolic and malic acids (Fig. S7).
This pattern of distribution was different from marine aerosols
where malic acid was the dominant species (Fu et al., 2013). Tem-
poral trends in these acids decreased toward the APEC (Fig. S8),
which indicated the regulation of emission sources had effectively
controlled the level of SOA precursors during the APEC. In addition,
the insignificant variations in these acids between the day and
night may be associated with the lowering of urban boundary layer
(Chen et al., 2015a), which may have caused the accumulation of
these acids in the aerosols at night.

3.6. Sterols

Sterols are mainly from meat cooking and grilling (Simoneit,
2002), animal dung combustions and biomass burning (Simoneit,
2002). Ergosterol is a marker for fungi (Lau et al., 2006). Stigmas-
terol can be used as a tracer for animal dung and plant combustion.
b-Sitosterol originates from the burning of higher plants and
vegetation (Graham et al., 2002). Among the identified sterols, b-
sitosterol was the most abundant species (Fig. S7), which indicated
the contribution of biomass burning to the Beijing aerosols. The
relative higher concentrations of sterols observed during the night
when compared to the daytime (Fig. S8) indicated that microor-
ganisms or biofuel contributors might be enhanced at night with
lower PBL heights.

3.7. Lignin/resin acids

Three lignin/resin acids including vanillic, syringic, and dehy-
droabietic acids were identified with dehydroabietic being the
predominant compound (Fig. S7). Lignin/resin acids were present
in wood polymer and yield phenolic acids, which were mainly
emitted during biomass burning (Simoneit et al., 1993). Their
concentrations were 3.31± 2.41 ngm�3 (day) and
9.17± 7.31 ngm�3 (night) before the APEC versus
2.96± 2.19 ngm�3 (day) and 10.5± 10.0 ngm�3 (night) during the
APEC, respectively. The higher nighttime concentrations than
daytime further indicated a significant contribution from biomass
burning at night (Fig. S8). Similar to other biomass burning tracers,
such a diurnal pattern may be caused by other factors (i.e., atmo-
spheric conditions and the use of different biofuels). High con-
centrations of lignin/resin acids during pollution events indicated
the important roles of biomass burning on haze formation.

3.8. Aromatic acids

Ten aromatic acids were detectedwith phthalic and terephthalic
acids as the dominant species (Fig. S7). Aromatic acids mainly
originate from secondary oxidation of aromatic hydrocarbons
(toluene) and smoke aerosols (Kuwata et al., 1979). The concen-
trations of aromatic acids also decreased during the APECwith high
abundance at night (Fig. S8). Interestingly, a different pattern was
observed for both phthalic and terephthalic acids. Terephthalic acid
showed higher concentrations during nighttime, while phthalic
acid displayed daytime maxima. 1,3,5-triphenylbenzene can be
used as the tracer for the open burning of plastics (Fu and
Kawamura, 2010); it showed a more significant correlation with
terephthalic acid than phthalic acid (Fig. S9), suggesting that the
burning of domestic wastes (e.g., plastics) produced terephthalic
acid via the hydrolysis of plastics during the night.

3.9. Phthalate esters

Five plasticizers including dimethyl (DMP), diethyl (DEP), di-
isobutyl (DiBP), di-n-butyl (DnBP), bis-(2-ethylhexyl) (DEHP)
phthalates, and bisphenol A (BPA) were detected (Fig. S10).
Phthalate esters are released from plasticizers and burning of
plastic materials which can cause potential carcinogens and
endocrine disruption (Sidhu et al., 2005). Total concentrations of
the phthalate esters were 236± 127 ngm�3 (day) and
250± 176 ngm�3 (night) during the non-APEC period with lower
concentrations 129 ± 71.6 ngm�3 (day) versus 129 ± 65.3 ngm�3

(night) during the APEC summit (Table S1), which were lower than
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urban aerosols in tropic India (Fu et al., 2010). The decreasing
concentrations observed during the APEC were related to the
mitigation and regional emission controls carried out by the gov-
ernment. The lower ambient temperature during the APECwas also
a significant factor for the lower atmospheric level of these
compounds.

Higher concentrations of DEHP at night may have been associ-
ated with the enhanced burning of municipal solid wastes under
open-fire during nighttime (Simoneit et al., 2005); a strong corre-
lation coefficient (R2¼ 0.75) was found between 1,3,5-
triphenylbenzene and DEHP (Fig. S9). BPA is a suspected endo-
crine disruptor and has been observed in earlier studies (Fu and
Kawamura, 2010; Krishnan et al., 1993). A positive correlation
(R2¼ 0.64) for BPA and 1,3,5-triphenylbenzene in Beijing indicated
that the open-burning of domestic waste is a significant source of
BPA. The average concentration of BPA decreased during the APEC,
indicating the efficiency of the control measures on open plastic
burning implemented by the government.
3.10. PAHs

PAHs generally exist in the fine mode of atmospheric particles
(Wang et al., 2009). Nineteen PAHs were detected in Beijing PM2.5
aerosols with benzo(b)fluoranthene (BbF) being the dominant
species (Fig. S10). PAHs are mainly emitted through fossil fuel
combustion, open burning of plastics (Wang et al., 2016), and
biomass burning (Chen et al., 2015b). The higher concentrations of
PAHs observed at night (Fig. S8) indicated the enhanced fossil fuel
combustion in Beijing at night. The transportation of goods to
Beijing by heavy duty vehicles during the night may contribute to
the nighttime maxima, especially during the APEC (Hua et al.,
2016). In this study, the higher values of B(a)P/Phen at night may
be associated with higher relative humidity (Allen et al., 1997) and
the movement of PBL. Moreover, the low ambient temperatures at
night could favor the gas-to-particle partitioning of semi-volatile
compounds such as PAHs (Gregoris et al., 2014). Thus, the
elevated concentrations of PAHs during the APEC were a result of
the lower ambient temperatures, which again demonstrated that
the meteorological conditions act as a key role on the atmospheric
levels of PAHs (Li et al., 2017a; b). In addition, the enhanced
contribution of coal combustion that was associated with resi-
dential cooking in rural area may have resulted in the high con-
centrations of PAHs during the APEC (Yu et al., 2018).
3.11. Hopanes

A series of hopanes were detected with C29ab and C30ab being
the dominant species (Fig. S10). Hopanes can be used as tracers for
coal and petroleum combustion. Lubricant oils enriched in an in-
ternal engine can release hopanes (Orosa and Simoneit, 2000). The
temporal variation of hopanes was similar to that of PAHs, which
showed higher concentrations at night (Fig. S8). This pattern was
Fig. 6. Contributions of each source to OC
potentially associated with the stable meteorological conditions
and the emission sources during the nighttime.
3.12. Source apportionment

The results of PCA with the concentrations of saccharides and
other organic compound classes from the daytime and nighttime
samples are shown in Table S3. The main sources are slightly
different between daytime and nighttime. During daytime, natural
sources (higher plant wax and plant material), microorganisms,
biomass burning, municipal emission, secondary oxidation, fossil
fuel combustion and cooking are the main sources. However,
biomass burning, fossil fuel combustion, and microorganisms
become the dominant during nighttime (Hua et al., 2016; Tang
et al., 2015; Wang et al., 2017).

Fig. 6 presents the source apportionment of the carbonaceous
species to OC based on organic markers including: (a) Higher plant
waxes: higher plant wax n-alkanes, HMWfat and HMWalc; (b) mi-
crobial sources: LMWfat, LMWalc and ergosterol; (c) biomass
burning: levoglucosan and its isomers, lignin/resin acids and b-
sitosterol; (d) fossil fuel combustion: petroleum-derived n-alkanes,
hopanes, and PAHs; (e) plastic emission: phthalate esters, 1,3,5-
triphenylbenzene and 1,2,4-triphenylbenzene and (f) photochem-
ical oxidation: aromatic acids and poly-/hydroxyl acids. . During the
non-APEC-daytime, plastic emission was the dominant source,
followed by biomass burning and higher plant waxes. However,
biomass burning and microbial sources were enhanced during the
non-APEC-nighttime. During the APEC-daytime, plastic emission
and higher plant waxes were significant, while biomass burning,
microbial sources and fossil fuel combustion were strengthened
during the APEC-nighttime. Genrally, the contributions of plastic
emission and photochemical oxidation were decreased during the
APEC summit versus the non-APEC period. These features indicated
that regional emission controls could profoundly decrease the
emission of anthropogenic sources, both aerosol particles and
VOCs; the latter may be the important precursors of SOA. It should
be noted that this source apportionment method includes some
uncertainties, because some of these tracers had multiple sources.

Fossil fuel combustion to OC was enhanced during the APEC
summit. The results obtained from the radiocarbon isotope (14C)
measurements of aerosols collected during the APEC showed
higher 14C values when compared with the non-APEC period,
which suggested that the contribution of fossil sources decreased
by 60%e70% from non-APEC to APEC period (Liu et al., 2016). When
compared with our present study, it can be concluded that there
was a significant effect from the non-fossil sources on the Beijing
aerosols in the autumn; the high contribution of biomass burning
during the APEC (Fig. S11) was in agreement with the enhanced
contribution from the non-fossil sources. Our results also suggested
that biomass burning may have been a source of PAHs (Chen et al.,
2015b), which lead to the uncertainty for the high contribution of
fossil fuel combustion during the APEC. Moreover, uncontrolled
during Non-APEC and APEC periods.
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residential coal combustion in the rural areas of Beijing signifi-
cantly contributed to fossil fuel combustion observed during the
APEC (Yu et al., 2018).

4. Conclusions

Total concentrations of detected organic matter (TDOM) in
PM2.5 in Beijing were 1450± 1060 ngm�3 in the nighttime and
927± 541 ngm�3 in the daytime. Themore abundant carbonaceous
species observed in the aerosols at nighttime were associated with
the enhanced emissions of pollutants and meteorological condi-
tions. Higher TDOM concentrations during the non-APEC period
(1300± 956 ngm�3) when compared to those observed during the
APEC summit (956± 641 ngm�3) suggested a notable decrease in
organic aerosols under the strict implement of regional emission
controls. Five pollution episodes were observed before and during
the APEC 2014 event in Beijing. They were potentially more influ-
enced by regional transported pollution before the APEC versus
local sources during the APEC according to the air mass backward
trajectories and stable isotope values of total carbon. Based on the
source apportionment of the measured organics, potential sources
of fine aerosols in Beijing were biomass burning, plastic emission,
terrestrial/microbial sources, fossil fuel combustion, and photo-
oxidation. The major sources of organic aerosols were different
between the day and night time in Beijing with biomass burning
and fossil fuel combustion being more significant at night
compared with daytime. The higher concentrations of PAHs and
hopanes during the APEC were potentially associated with the local
diesel engine exhausts, coal combustion, and biomass burning,
while meteorological conditions could not be ignored. In addition,
the TDOMC/OC ratios were 5.73± 2.17% and 5.67± 1.93% before and
during the APEC, respectively, which suggested a large number of
organic species in aerosols could not be identified using traditional
GC-MS at a molecular level, especially for high molecular weight
organics compounds. Further studies using high-performance
liquid chromatography-tandem mass spectrometry (HPLC-MS/
MS) or high-resolution MS are urgently needed to obtain a thor-
ough insight into the organic molecular composition of atmo-
spheric aerosols in polluted regions in China and other developing
countries.
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