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a b s t r a c t

Sugars and n-alkanes are important organic constituents of atmospheric fine particulate matter (PM2.5).
For better understanding their sources and seasonal variations in urban atmosphere, sugar compounds
(anhydrosugars, sugars and sugar alcohols) and homologue n-alkanes (C18eC37) were studied in PM2.5
samples collected from September 2013 to July 2014 in Beijing, China. In general, all measured com-
pounds showed the lowest levels in summer. Higher concentrations of sugar compounds and n-alkanes
were observed in winter, probably due to elevated combustion emissions (e.g., coal, biofuel and agri-
cultural residue burning) and stable meteorological conditions during heating season. Levoglucosan was
the major sugar species in all seasons particularly in autumn and winter, highlighting the significant
contribution of biomass burning to fine organic aerosols throughout the whole year especially in cold
seasons. Plant waxes contributed to n-alkanes the most in late spring (54.5%) and the least in winter
(11.6%); while fossil fuel combustion had the largest contribution in winter (385 ngm!3). The weak odd-
carbon predominance of n-alkanes in wintertime aerosols also suggests fossil fuel combustion as the
important source of organic aerosols in the heating season. Soil resuspension, fossil fuel combustion and
biomass burning, and secondary sources are the main sources of OC in PM2.5 at Beijing. The seasonal
variation in source contributions indicates that meteorological condition is a key factor in controlling
PM2.5 levels. Furthermore, dust storms in spring can strongly enhance the atmospheric level of fine
organic matter in Beijing.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Atmospheric fine particulate matter (i.e., aerodynamic di-
ameters" 2.5 mm, PM2.5) exerts significant impacts on air visibility
(Watson, 2002; Molina and Molina, 2004) and regional/global
climate change, and strongly influences human health (Kaufman

et al., 2002; Pope et al., 2004; Pope et al., 2009; Lee et al., 2015;
Chen et al., 2017; Xu et al., 2017). Compared to coarse fractions of
atmospheric aerosols, fine particles tend to have longer atmo-
spheric lifetimes, greater scattering and absorption efficiencies
(Bond et al., 2004), and stronger climatic impacts as their sizes are
closer to wavelengths of visible light (Kanakidou et al., 2005). In
recent years, air pollution caused by high levels of PM2.5 has
become a major public concern in China's megacities and their
immediate vicinities. It mostly results from combined effects of
regional- and local-scale anthropogenic and natural emissions,
such as vehicle exhaust, industrial activities, cooking, power plants,
coal combustion, vegetative burning and resuspended dust (Molina
and Molina, 2004; Sun et al., 2006; Zhang et al., 2008b; Arhami
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et al., 2018).
In response to severe air pollution, researches on aerosol sour-

ces and components have been widely conducted in China, which
broaden our knowledge of the sources and formation mechanism
of atmospheric aerosols (Sun et al., 2014; Tao et al., 2017; Al-Naiema
et al., 2018; Qiao et al., 2018). In particular, organic matter (OM) is
found to be an important constituent of PM2.5, accounting for
20e90% of worldwide submicron aerosols (Jimenez et al., 2009; Ng
et al., 2010). Among these organics, sugars and sugar alcohols are
abundant and ubiquitous in rural, urban and marine aerosols
(Simoneit et al., 2004; Yttri et al., 2007; Fu et al., 2008; Fu et al.,
2011; Wang et al., 2011; Wan et al., 2017). Moreover, sugar com-
pounds are demonstrated to be important water-soluble organics
in ambient aerosols, and useful tracers for primary biological
aerosol particles containing fungal spores, pollen, vegetative debris,
bacteria as well as viruses (Simoneit et al., 2004; Yttri et al., 2007;
Jia and Fraser, 2011; Fu et al., 2012; Fu et al., 2016). For example,
levoglucosan, pyrolysis products of cellulose, has been detected in
large quantities in the atmosphere and been established as a spe-
cific tracer for biomass burning (Simoneit, 2002). Arabitol and
mannitol, ubiquitous storage substances in fungal spores, are
extensively utilized to estimate airborne fungal spores' contribu-
tion to the atmospheric organic carbon (OC) (Bauer et al., 2008).
Some saccharides and/or n-alkanes have been successfully utilized
in source apportionment analysis of OC in ambient aerosols
(Miyazaki et al., 2012; Chen et al., 2013; Yang et al., 2016; Verma
et al., 2018).

Homologue n-alkanes are common species in primary organic
aerosols as well (Yamamoto and Kawamura, 2010). Due to a lack of
functional groups, the majority of these straight-chain hydrocar-
bons are particularly long-lived and stable, thus retaining their
source signatures and being widely used as terrestrial plant bio-
markers (Bush and McInerney, 2013). In general, long chain n-al-
kanes (C25eC37) with a significant odd carbon number
predominance are mainly synthesized as part of the epicuticular
leaf wax of continental higher plants (Yamamoto and Kawamura,
2010; Bush and McInerney, 2013), which can enter the atmo-
sphere through direct wind abrasion, leaves rubbing together or
biomass burning and forest fires (Chrysikou and Samara, 2009;
Nelson et al., 2017). In contrast, n-alkanes derived from fossil fuels
and bacteria basically show no or weak carbon number preference
(Jeng, 2006). Carbon preference index (CPI), concentration ratios of
odd-carbon n-alkanes to even-carbon n-alkanes, is used to indicate
carbon number predominance of n-alkanes. Specifically, the CPI
values of n-alkanes derived from higher plant wax are generally >5,
and the values of petroleum-, matured-sediment- and marine-
microorganisms-derived n-alkanes tend to ~1 without odd/even
carbon number preference (Jeng, 2006; Yamamoto and Kawamura,
2010). Hence, the CPI values can estimate relative contributions of
fossil fuel hydrocarbons (CPI~1) and higher plant waxes (CPI >5) to
atmospheric particulates. However, detailed and comprehensive
knowledge about molecular distribution and seasonal variation in
atmospheric sugar compounds and n-alkanes in PM2.5 from heavily
polluted megacities is still not complete. There remains an urgent
need to characterize these biomarkers in urban atmosphere, which
is helpful for elucidating the sources and transport pathways of OM
in highly polluted megacities.

Beijing, the capital of China with high population density and
rapid economic activities, is suffering from serious particulate
pollution during all seasons (Sun et al., 2013; Wei et al., 2018). It is
surrounded by high mountains in the north, south, and west di-
rections, unfavorable for the diffusion of atmospheric particles and
forming a natural disadvantage of air quality. Moreover, Beijing is
located in the downwind of Asian dust, which carries mineral
aerosols mixed with pollutants on the pathway leading to more

complicated aerosols at Beijing (Sun et al., 2004). Though a lot of
measures and strategies have been taken to improve air quality in
Beijing during the last decade, regional haze events still occur for
most of the year especially winter. As the chemical compositions,
emission sources and atmospheric processes of aerosols vary
hugely with seasons, and the specific sources and evolution pro-
cesses of particulate pollution in different seasons are not well
known yet. Thus, more work needs to be done for deeply charac-
terize atmospheric fine particles in Beijing.

In this study, PM2.5 aerosols were sampled at Beijing from
September 2013 to July 2014. Molecular components and abun-
dance of anhydrosugars, sugars, sugar alcohols and n-alkanes in
PM2.5 during all seasons were presented. Seasonal variations in
these compounds were investigated. Concentrations and contri-
butions from fungal spores and biomass burning derived OC were
assessed. Positive matrix factorization (PMF) was utilized to esti-
mate the emission sources identified by primary saccharides
(including soil dust, plant materials and fungal spore markers),
biomass burning tracers (e.g., levoglucosan and Kþ), n-alkane,
inorganic ions, OC, EC as well as other recognized source tracers.

2. Experimental section

2.1. Sample collection

PM2.5 samples were obtained from Sep. 2013 to Jul. 2014 using a
high-volume air sampler (TISCH, USA, airflow rate was set at
1.0m3min!1) installed on a second-story building (~8m above
ground level) in the Institute of Atmospheric Physics (IAP), Chinese
Academy of Sciences (39$5802800N, 116$2201600E), a typical urban
sampling site in Beijing (Sun et al., 2012). The quartz fiber filters
(20 cm% 25 cm, Pallflex) used were precombusted at 450 $C for 6 h
before sampling. Finally, sixty-five aerosol samples with a few filed
blank ones, which were placed onto the sampler for seconds
without pumping, were achieved and stored in darkness at !20 $C
until analysis.

2.2. Sample extraction and derivatization

The detailed analysis process can be found in Supporting In-
formation (SI). Briefly, filter aliquot was extracted three times using
dichloromethane/methanol mixture (2:1, v/v) for 10min under
ultrasonication. After concentration, the extracts were reacted with
50 mL of N,O-bis-(trimethylsilyl)trifluoroacetamide with 1% trime-
thylsilyl chloride and 10 mL of pyridine at 70 $C for 3 h.

2.3. Gas chromatography/mass spectrometry

An Agilent model 7890 GC with an Agilent model 5975C mass-
selective detector (MSD) was used to analyze sugars and n-al-
kanes. The GC oven temperature procedure is from 50 $C (2min) to
120 $C at 15 $C min!1, then from 120 $C to 300 $C (5 $C min!1), and
finally hold at 300 $C (16min). More description and analysis of GC/
MS operation process can be found in our early report (Kang et al.,
2016).

3. Results and discussion

3.1. Sugars and sugar alcohols

Generally, sugar concentrations showed a strong seasonal vari-
ability with higher levels in winter (Fig. 1 and Fig. S1), the worst air
pollution of the year in Beijing. The peak concentrations during
winter coincide well with the occurrence of middle to heavy air
pollution (e.g., haze) in Beijing on the basis of history

M. Kang et al. / Environmental Pollution 243 (2018) 1579e15871580



meteorological data about PM2.5 (https://www.aqistudy.cn/
historydata/). Haze days are characterized by stagnant air condi-
tions with high relative humidity, weak wind speeds and low
inversion layers, all of which are unfavorable for particle diffusion.
Such obvious seasonal trend in this paper highlights a significant
impact of meteorological conditions, such as wind, temperature
and wet/dry deposition, on aerosol composition and concentra-
tions. Table 1 shows that the average of total sugars in winter
(91.5e862 ngm!3, mean 349 ngm!3) was higher than other sea-
sons (19.8e555 ngm!3, 195 ngm!3 for autumn; 17.9e538 ngm!3,
137 ngm!3 for spring; and 5.65e68.6 ngm!3, 30.3 ngm!3 for
summer, respectively), comparable to other urban aerosols with
higher winter concentrations than summer (Wang et al., 2006).
Levoglucosan, excellent tracer for biomass burning, was the
dominant sugar species in four seasons with an annual average of
92.1 ngm!3 (0.84e491 ngm!3). Moreover, the abundance of levo-
glucosan was about one or two order of magnitude larger than
other sugar species, followed by glycerol (annual average
20.9 ngm!3), mannosan (15.5 ngm!3), glucose (11.3 ngm!3) and
galactosan (9.90 ngm!3). Except for trehalose, levoglucosan
correlate well with other sugar species as well as OC with r ranging
from 0.35 to 0.93 (p< 0.01, N¼ 65), suggesting these sugars and
sugar alcohols in fine mode should be related to biomass burning
emissions (Wang et al., 2011). Biomass burning is widely present
around Beijing and its surrounding provinces, undoubtedly making
a substantial contribution to the fine carbonaceous aerosols. Dis-
tribution of fire spots during the whole sampling periods has been
reported recently (Zhao et al., 2018). Dominance of levoglucosan
among all sugar compounds along with relationships above in our
study further confirms distinctive contribution of biomass burning
to fine organic particles in Beijing. Seasonal variations in individual
sugar species detected in Beijing PM2.5 samples were presented in
Fig. S1a-m.

3.1.1. Anhydrosugars
Levoglucosan, the predominant component from cellulose, is a

specific tracer for biomass burning (Simoneit, 2002), which is
regarded as the greatest source of primary fine organic aerosols in
the atmosphere (Bond et al., 2004). Higher concentrations of lev-
oglucosan appeared in winter (36.1e491 ngm!3, 189 ngm!3), fol-
lowed by autumn (1.62e331 ngm!3, 110 ngm!3) (Table 1 and
Fig. 1), probably resulting from increased emissions of biomass
burning during these two cold seasons. As one of the primary
biomass burning types, agriculture open fires are popular activities
in the North China Plain (Zheng et al., 2017). For examples, maize
stalks and wheat straws are usually burned in rural fields neigh-
boring Beijing during autumn andwinter. Besides, biomass burning
for residential cooking and heating is reported to be dominant in
the northern China and rural areas in winter (Zheng et al., 2017).
Early PM2.5 studies in Beijing reported significantly higher contri-
butions of biomass burning in autumn and winter compared to
other seasons as well (Zheng et al., 2005; Yu et al., 2013). In addi-
tion, lower temperatures in cold seasons would also enhance the
condensation of organic compounds onto the pre-existing particles
(Sun et al., 2006). The isomers of levoglucosan, mannosan and
galactosan, thermal decomposition products of hemicellulose, can
be also used as biomass burning markers (Simoneit, 2002; Fabbri
et al., 2009). The annual averages of mannosan and galactosan
were 15.5 ngm!3 and 9.90 ngm!3, almost one order of magnitude
less abundant than levoglucosan. Both them exhibited similar
seasonal trends to levoglucosan, that is, generally winter maxima
(average 39.2 ngm!3 formannosan and 25.6 ngm!3 for galactosan)
and summer minima (1.41 ngm!3 for mannosan and 0.72 ngm!3

for galactosan). Such clear seasonal trend agrees well with previous
report by Zhu et al. (2015), suggesting biomass burning is not active
in summer of Beijing. Like wood and crop residues, scattered coal
burning is a major fuel for heating in winter and commonly used in

Fig. 1. Seasonal average concentrations of sugar compounds during autumn, winter, spring and summer in PM2.5 at Beijing.
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rural regions surrounding Beijing (Zheng et al., 2005). Since some
biomass materials (e.g., wood or paper) are commonly added to the
residential stoves as combustion-supporting agents (Zhang et al.,
2008a), scattered coal combustion during winter could also
contributed to higher levoglucosan in this season as well.

Concentration ratios of levoglucosan to mannosan (L/M) can be
employed to identify burning substrates, for hard wood has larger
amounts of cellulose than hemicellulose (Fu et al., 2016). For
instance, L/M ratios for burning of softwood are 3e10, hardwood
are 15e25, and those from crop residues are often >40 (Fu et al.,
2014; Zhu et al., 2015). The annual L/M ratios in our study
ranging from 2.23 to 17.4 (7.64) indicate major contribution from
softwood burning. Higher values of L/Mwere in autumn (2.23e17.4,
9.85), probably due to massive field burnings of agricultural resi-
dues and fallen leaves in this season which contributes to high L/M
ratios (Zhu et al., 2015). Interestingly, the L/M values of wintertime
aerosols did not show clear temporal variation and kept a relatively
lower average of 5.49 (3.49e7.41) than other seasons (Fig. S1n and
Table 1), suggesting these anhydrosugars in winter were mainly
from softwood burning.

The average mass ratios of levoglucosan to OC (8.14%) are uti-
lized to calculate the OC emitted from biomass burning (BB-OC) (Fu
et al., 2014). The levels of BB-OC are in the range of
10.3e6030 ngm!3 (annual mean 1130 ngm!3) during the whole
sampling periods. Winter aerosols showed strikingly high BB-OC
(444e6030 ngm!3, 2320 ngm!3), followed by autumn
(19.8e4060 ngm!3, 1350 ngm!3) (Fig. S1o). BB-OC peaked in

winter, likely due to increased heating sources (e.g., open burnings
of crop residues and fallen leaves, residential biofuel burning for
cooking/heating) and stable meteorological conditions limiting
dispersion (He et al., 2001). Notably, early summer aerosols showed
the lowest abundance of BB-OC with an average of 152 ngm!3

(10.3e329 ngm!3) (Table 1). In addition, the annual contributions
of biomass burning to OC ranged from 0.28 to 29.7% with an
average of 8.50%. Specifically, contributions from biomass burning
to OC inwinter (3.61e19.5%,12.2%) and autumn (0.30e29.7%,10.3%)
were greater than those in spring (0.42e20.6%, 8.62%) and summer
(0.28e5.60%, 2.73%), illustrating greater impact of biomass burning
on fine aerosols in cold seasons.

3.1.2. Sugar alcohols
Sugar alcohols in the atmosphere can be produced by fungi, li-

chens, soil biota and algae (Caseiro et al., 2007). For example,
glycerol is widely found in soil biota (Simoneit et al., 2004).
Mannitol and arabitol are common in fungal spores and plants,
especially mannitol is very abundant in algae and over 70 higher
plant families (Burshtein et al., 2011). All sugar alcohols identified
in this study showed lowest levels during summer (Fig. 1 and
Figs. S1deh). Glycerol was the dominant sugar alcohols with an
annual average of 20.9 ngm!3, followed by mannitol (annual
average 3.48 ngm!3) and erythritol (3.17 ngm!3). Glycerol pre-
sented larger amounts in winter (12.8e67.4 ngm!3, 35.6 ngm!3)
and autumn (1.93e194 ngm!3, 35.5 ngm!3). Arabitol and eryth-
ritol showed similar seasonal trend to glycerol with higher winter

Table 1
Concentrations (ng m!3) of saccharides and n-alkanes in PM2.5 samples collected in Beijing, China during 2013e2014.

Compounds Autumn Winter Spring Summer

(N¼ 16) (N¼ 15) (N¼ 19) (N¼ 15)

mean range mean range mean range mean range

Anhydrosugars
Levoglucosan 110 1.62e331 189 36.1e491 63.4 3.28e211 12.4 0.84e26.8
Galactosan 8.67 0.23e31.9 25.6 5.79e77.1 5.82 0.77e25.6 0.72 0.09e1.83
Mannosan 10.5 0.28e37.8 39.2 8.92e119 12.2 1.21e64.3 1.41 0.23e2.92
L/M 9.85 2.23e17.4 5.49 3.49e7.41 7.10 2.28e14.0 8.12 3.56e10.9
BB-OC 1350 19.8e4060 2320 444e6030 778 40.3e2590 152 10.3e329
Sugar Alcohols
Arabitol 3.07 0.05e13.9 3.34 0.24e7.61 1.78 0.04e6.03 0.46 0.03e1.49
Mannitol 3.28 0.15e14.9 4.38 0.82e11.5 4.86 0.26e26.6 1.04 0.10e3.18
Inositol 2.69 0.12e7.66 3.95 1.10e9.21 3.97 1.10e13.5 1.29 0.32e2.54
Erythritol 4.64 0.30e18.7 6.13 1.33e16.8 1.69 0.07e6.76 0.52 0.06e1.01
Glycerol 35.5 1.93e194 35.6 12.8e67.4 9.07 n.d.a !37.2 5.84 n.d.e23.9
FS-OC 58.3 1.79e219 69.7 8.91e170 56.5 2.45e218 13.0 1.54e40.4
Sugars
Fructose 2.18 0.08e6.63 6.18 0.66e16.3 3.19 0.29e17.7 1.58 0.25e4.47
Glucose 5.02 0.34e16.2 16.0 3.17e35.0 19.5 0.85e80.8 2.84 0.36e9.18
Sucrose 0.11 n.d.e0.71 1.65 0.11e6.28 0.47 n.d.e3.54 0.34 n.d.e1.32
Trehalose 0.94 n.d.e5.41 7.45 1.05e28.7 8.38 n.d.e69.4 1.09 n.d.e3.67
Xylose 8.96 0.15e43.2 10.2 1.35e34.2 2.34 0.50e4.92 0.78 0.23e1.77
total saccharides 195 19.8e555 349 91.5e862 137 17.9e538 30.3 5.65e68.6
n-Alkanes
LMW (C18e24) 21.3 9.16e45.1 235 58.8e682 15.8 9.86e48.2 8.58 6.34e12.0
HMW (C25e37) 112 47.1e217 191 44.0e498 123 29.4e404 33.9 15.9e57.7
WNA%b 37.5 19.8e72.3 11.6 6.52e30.2 54.5 27.0e78.3 36.2 22.3e53.3
Fossil fuel n-alkanes 84.7 34.6e195 385 103e1094 56.1 29.3e223 26.8 18.3e49.9
Plant wax n-alkanes 48.7 21.0e132 40.9 11.5e85.9 82.8 11.0e338 15.7 5.24e30.7
ACLc 29.4 28.7e29.8 27.9 27.2e29.0 28.9 28.3e29.2 29.2 28.5e29.9
CPId 2.61 1.60e6.84 1.29 1.14e1.91 4.23 1.94e9.00 2.83 1.71e4.53
Odd C21e37 92.1 40.6e166 227 59.3e619 111 25.9e386 29.8 15.0e46.0
Even C20e36 39.8 15.6e92.7 186 49.1e530 25.9 13.1e107 11.2 6.80e24.2
total n-alkanes 133 57.0e262 426 115e1180 139 40.9e431 42.5 23.5e67

a n.d. denotes not detected. Arabitol andmannitol were used to estimate the contribution of fungal spores derived OC (FS-OC) to the atmospheric OC (Bauer et al., 2008). The
biomass-burning derived OC (BB-OC) is estimated using the method by Fu et al. (2014).

b WNA%: wax n-alkanes percentage, calculated as
P

Cne0.5(Cn-1þCnþ1)/
P

n-alkanes.
c ACL: average chain length, the weight-averaged number of carbon atoms of the higher plant C25eC37 n-alkanes.
d CPI, carbon preference index, CPI¼

P
odd (C21eC37)/even (C20eC36) for n-alkanes.
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and autumn levels, when the vegetation decomposes, and fungal
population increases. While mannitol showed the highest con-
centrations in early May of spring (0.26e26.6 ngm!3, 4.86 ngm!3),
followed by December in winter (0.82e11.5 ngm!3, 4.38 ngm!3).
Like mannitol, higher concentrations of inositol were in spring and
winter. High abundance of sugar alcohols in spring were likely due
to larger amount of vegetation detritus when spring blossoms,
while high level in autumn probably ascribed to plant decompo-
sition (Burshtein et al., 2011); higher wintertime abundance might
be related to intense open burning of crop residues/fallen leaves
and indoor biofuel usage for heating/cooking, supported by the
significant relationships between sugar alcohols and levoglucosan
(r¼ 0.40e0.90, p" 0.001, N¼ 65). Yang et al. (2012) observed great
enhancement of fungal spores (arabitol and mannitol) in PM2.5
particles due to biomass burning in Chengdu, a megacity in
southeast China. Graham et al. (2002) reported good correlation of
aerosol glycerol, inositol and erythritol with black carbon, OC and
Kþ, suggesting combustion sources of these compounds. Hence,
biomass burning in local/surrounding regions could be a potential
source of sugar alcohols associated with fine particles in urban air.

On the other hand, mannitol and arabitol are used to estimate
contribution of primary bio-aerosols (e.g., fungal spores) to aerosol
OC. For all samples, fungal-spore-derived OC (FS-OC) ranged from
1.54 to 219 ngC m!3 (49.9 ngC m!3), with highest level in winter
(69.7 ngC m!3), followed by autumn (58.3 ngC m!3), spring (56.5
ngC m!3) and summer (13.0 ngC m!3) (Fig. S1p). Higher concen-
trations in cold seasons, such as winter and autumn, were likely
due to elevated open/residential biomass burning, a potential
dominant source for sugars and sugar-alcohols associated with fine
aerosols (Yttri et al., 2007). Higher levels in spring might be linked
to frequent dust storms carrying suspended biogenic detritus
including plant fragments and microbes, which greatly elevate
airborne sugar alcohols. However, the removal of aerosol particles
by wet deposition tend to be utmost in summer, and the lower
wind speed in this season is also not favorable for either resus-
pension of soil micrograms or the long-/short-range transport of
outside aerosols into Beijing. Besides, high temperatures in summer
are helpful for the coagulation and hygroscopic growth of aerosols,
hence the migration of fine particles toward large particles will be
more significant than other dry and cold seasons (Wang et al.,
2009), which might be another reason for lower fungal spore
levels in fine aerosols than other seasons. The FS-OC accounted for
0.03e1.99% (0.45%) of total OC, much lower than the percentages of
BB-OC (Figs. S2bec), suggesting that these biogenic compounds
mainly exist in coarse aerosols and contribute less to PM2.5. In spite
of the highest levels of FS-OC inwinter, the largest percentage of FS-
OC to OC was in late spring (0.05e1.99%, 0.62%), followed by
autumn (0.03e1.49%, 0.49%), winter (0.07e0.83%, 0.42%), and least
in early summer (0.03e0.90%, 0.25%).

3.1.3. Primary sugars
Glucose was the dominant primary sugar during almost four

seasons with an annual average of 11.3 ngm!3 (0.34e80.8 ngm!3).
In general, glucose and fructose showed similar temporal variation
with higher levels in winter and spring and lower levels in summer
(Fig. 1 and Figs. S1iej). Similar observation have been reported in
PM2.5 samples from Norway (Yttri et al., 2007). Good correlation
between glucose and fructose (r¼ 0.70, p< 0.0001, N¼ 65) sug-
gests a common origin. It is reported that plant materials (e.g.,
pollen, fruits and their fragments) can emit plentiful glucose and
fructose into the air (Graham et al., 2003; Fu et al., 2012). Graham
et al. (2003) also reported that developing leaves can emit sugars
(e.g., glucose, sucrose and fructose). Yttri et al. (2007) reported that
ruptured pollen may be an important source of elevated sugar
levels associated with atmospheric fine particles in spring and early

summer. All these findings well support higher levels of glucose
and fructose during late spring in this paper. On the other hand,
glucose is rich in biologically active surface soils as well (Rogge
et al., 2007). Hence, resuspension of road/soil dusts may also
contribute to high levels of airborne glucose in winter/spring. Both
glucose and fructose correlated well with levoglucosan
(r¼ 0.35e0.67, p< 0.01, N¼ 65), agreeing well with previous report
that biomass burning emissions were enriched in sugars and sugar
alcohols (Nolte et al., 2001). Glucose has been identified as a minor
product of cellulose pyrolysis (Graham et al., 2002), and good cor-
relations of fructose, glucose, sucrose and xylose with aerosol BC,
OC and K were reported in biomass burning aerosol over Amazonia
(Graham et al., 2002), suggesting biomass burning may be an
additional sugar source. These sugars might be emitted by direct
volatilization from plant materials/surface soils, or as products of
polysaccharides breakdown during biomass burning processes.
Therefore, spring blossom and developing leaves, soil dust resus-
pension and biomass burning may be attributable for higher levels
of glucose and fructose in spring/winter aerosols.

Trehalose, whose annual average (4.65 ngm!3) only next to
glucose (11.3 ngm!3) and xylose (5.43 ngm!3), presented high
loadings in winter/spring and peaks in early May (Fig. S1l). As the
predominant sugar in soil and tracer for soil/dust resuspension
(Medeiros et al., 2006b; Rogge et al., 2007; Jia and Fraser, 2011), the
main sources of trehalose include various microorganisms (e.g.,
fungi, bacteria and yeast), some higher plants and invertebrates
(Medeiros et al., 2006a). Trehalose was found to be more enriched
in the fine fraction (PM2.5) of soil samples instead of the coarse
portion (PM2.5-10) (Jia and Fraser, 2011), implying that the re-
entrainment of trehalose occurs preferentially in fine aerosols.
Trehalose is a stress protectant accumulating in cells to dehydration
and freezing (Medeiros et al., 2006b). Thus, the microorganisms
tend to contribute more trehalose in winter/spring, which enhance
its atmospheric levels. In addition, dust storms inwinter and spring
could also contribute to higher atmospheric levels of trehalose,
which hit Beijing frequently particularly in spring (He et al., 2001).
This is supported by the good correlation between trehalose and
nss-Ca (r¼ 0.71, p< 0.0001, N¼ 65), an indicator of Asian dusts
occurring mainly in winter/spring (Fu et al., 2012). And both of
them showed similar seasonal trends (Fig. S3).

Sucrose was the least abundant sugar species during four sea-
sons (annual average 0.62 ngm!3) with higher levels in spring and
winter like other sugars (Fig. 1). High levels of sucrose were also
found in spring fine aerosols from Texas (Jia et al., 2010). It is re-
ported that sucrose is abundant in surface soil with intense bio-
logical activities (Rogge et al., 2007). Fu et al. (2012) also reported
that pollen is a main source for sucrose in particular of spring
blossom season. Therefore, developing flowers, dust storms, sur-
face soil resuspension and biomass burning could account for
higher abundance of sucrose in spring/winter. Interestingly, sucrose
showed lowest abundance in autumn (October) instead of summer.
In fact, apart from pollen grains and soil dust, sucrose can be also
photosynthesized in plant leaves, transported through phloem and
then accumulated in the root cells. In early summer, farmland
tilling after the wheat harvest leaves plant roots exposing to the air,
which is beneficial to the release of sucrose stored in the root. In
contrast, sugar is used for plant regrowth in autumn after grass/
crop harvest, reducing sucrose emission into the air (Medeiros
et al., 2006b).

Xylose, a sugar found in most woods and straw, is main building
block of hemicellulose (Sullivan et al., 2011; Chen et al., 2013).
Xylose showed highest levels in winter (1.35e34.2 ngm!3,
10.2 ngm!3), followed by autumn (0.15e43.2 ngm!3, 8.96 ngm!3),
and least in summer, consistent with seasonal variation of anhy-
drosugars. Good correlations of xylose with anhydrosugars were
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obtained as well (r¼ 0.74e0.85, p< 0.0001, N¼ 65), suggesting
biomass burning was the main source of xylose especially inwinter
in accordance with earlier study (Sullivan et al., 2011).

3.2. n-Alkanes

HMW n-alkanes are originated primarily from continental
higher plant waxes, in which C27, C29, C31 and C33 are major species
(Kawamura et al., 2003). Lower molecular weight (LMW) n-alkanes
are usually related to anthropogenic activities, such as fossil fuel
combustion (Kang et al., 2016). Biomass burning can generate
plentiful n-alkanes especially HMW alkanes as well (Schauer et al.,
2001; Yadav et al., 2013). The abundance of total n-alkanes during
the whole sampling periods was in the range of 23.5e1180 ngm!3

with an annual average of 182 ngm!3, within the range of total n-
alkanes from other urban PM2.5 aerosols in China (Wang et al.,
2006), and higher than those of mountain and marine aerosols
(Wang et al., 2009). Specifically, the mean concentration of total n-
alkanes is highest in winter (426 ngm!3), then in spring
(139 ngm!3) and autumn (133 ngm!3), least in summer
(42.5 ngm!3). In general, individual n-alkanes (C18eC37) also
showed similar seasonal variations with winter maxima and
summer minima (Table S1). Large-scale biomass burning and fossil
fuel combustion could be responsible for higher levels of n-alkanes
in winter. However, high molecular weight (HMW) n-alkane, such
as C27, C29 and C31, peaked in spring (Fig. S4), suggesting great
contribution from high plant wax during spring. Moreover, higher
levels of C29 n-alkane during spring can ascribe to increased fre-
quencies of dust storms in this season as well, since C29 n-alkane is
indicative of n-alkane arising from road dust with surface deposited
plant litter and accumulated vehicle/industrial emissions mix
(Yadav et al., 2013). The total HMWalkanes (C25e37) showed higher
levels in winter and spring with the same trend as total n-alkanes
(Fig. S4g). The concentrations of total LMW n-alkanes (C18e24)
presented winter maxima (235 ngm!3) and summer minima
(8.58 ngm!3), similar to fossil fuel derived n-alkanes (Fig. 2a and
Fig. S4h), suggesting elevated fossil fuel combustion (e.g., coal
burning) in heating season was a main reason for higher particle
levels of LMW n-alkanes than other seasons (Sun et al., 2016). Such
conclusion was well illustrated by their good correlation with
chloride (r¼ 0.87e0.89, p< 0.0001, N¼ 65), which mainly comes
from direct coal combustion emissions in winter (Sun et al., 2013).
Additionally, cooler ambient temperature, stagnant air condition
and shallow inverse layer inwinter are not favorable for diffusion of

particles, contributing to higher levels of both HMW and LMW n-
alkanes, which signifies that meteorology is also an important
factor controlling the concentrations of aerosols. It is notable that
the concentrations of LMW n-alkanes (mean 235 ngm!3) are
higher than those of HMW n-alkanes (191 ngm!3) in winter, while
other seasons showed higher HMW n-alkanes and lower LMW
ones, indicating there are more anthropogenic contribution in
heating season.

The percent of plant wax derived n-alkanes (WNA%) represents
contribution from biogenic n-alkanes by higher plant waxes, which
displayed largest values in spring (27.0e78.3%, mean 54.5%) and
least in winter (6.52e30.2%, mean 11.6%) in this paper (Fig. 2b,
Fig. S4i and Table 1). Higher WNA% in late spring highlights that
biogenic origin, such as plant waxes, may be the main source for n-
alkanes during spring when large amounts of green leaves exist.
Besides, high WNA% in spring may be also related to frequent dust
weather occurred in Beijing, which blow surface soils mixing
enormous plant residues to the air. The winter aerosols showed the
most abundant HMW n-alkanes but the least WNA%, indicating
that plant waxes are not the major source for these wintertime n-
alkanes in particular of HMW ones. In fact, biomass burning is also
an important origin for HMW alkanes in addition to natural emis-
sion of higher plant wax (Yadav et al., 2013). Good correlation be-
tween levoglucosan and HMWalkanes (r¼ 0.77, p< 0.0001, N¼ 65)
was found in our study, implying that biomass burning emissions
from surrounding areas is another vital contributor to HMW n-al-
kanes associated with fine particles in Beijing especially winter.
This also proves that regional transport of aerosol particles plays an
important role in air pollution of Beijing.

On the other hand, the homologue distributions of n-alkanes
also indicate different pollution sources. The molecular distribu-
tions of n-alkanes (C18eC37) reflected obvious seasonal change
(Fig. S5). The molecular distributions of atmospheric n-alkanes in
autumn, spring and summer were characterized by a pronounced
saw-tooth (odd> even) with a peak at C29, indicating an impor-
tance of biogenic sources (e.g., abrasion of plant leaf waxes, vege-
tation debris, and soil erosion) particularly for HMW n-alkanes
(C25eC34) (Rogge et al., 1993). Interestingly, n-alkanes in winter
exhibited a very slight odd-carbon-numbered predominancewith a
peak at C23, highlighting that n-alkanes inwinter aerosols of Beijing
mainly originated from incomplete coal/petroleum burning,
particularly for LMW of n-alkanes (C18eC24) with no odd/even
predominance. This distribution in winter agrees well with early
reports about wintertime aerosols from Beijing (Ren et al., 2016)

Fig. 2. (a) Seasonal comparison of lowmolecular weight (LMW), high molecular weight (HMW) and fossil fuel combustion derived n-alkanes (ng m!3); (b) percentages of plant wax
derived n-alkanes (WNA%) and (c) CPI ratios during autumn, winter, spring and summer in the PM2.5 samples collected at Beijing, China.
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and Baoji (Wang et al., 2009). He et al. (2006) found that n-alkanes
in PM2.5 from on-road vehicles in Wutong tunnel in Shenzhen,
China had no carbon number predominance and the maxima was
C23, characteristics of vehicle emissions. Our study proposes that
C23 can act as a good marker for fossil fuel emission (e.g., vehicular
exhausts) (He et al., 2006; Yadav et al., 2013; Kang et al., 2017).

CPI is a useful index for assessing relative contributions of nat-
ural and anthropogenic emission to n-alkanes, which is commonly
>5 for n-alkanes derived from higher plant wax and ~1 for
anthropogenic sources, such as fossil fuel combustion (Simoneit,
1984; Kang et al., 2016). CPI values for the whole samples ranged
from 1.1 to 9.0 (2.8), comparable to those from Beijing and other
urban aerosols from China (Wang et al., 2006; Wang et al., 2009;
Ren et al., 2016). The seasonal variations of CPI values in this study
illustrate that the relative contribution of natural and anthropo-
genic sources varied with seasons (Fig. 2c). CPI and WNA% of n-
alkanes showed similar seasonal variations with spring maxima,
suggesting enhanced biogenic input during this season. However,
the lowest CPI values inwinter imply a predominant anthropogenic
origin of n-alkanes (e.g., coal burning and vehicular emissions) in
comparison with other seasons.

The average chain length (ACL) is the weight-averaged carbon
number for higher plant derived n-alkanes. ACL would be lowered
if inputs of petrogenic hydrocarbons happen (Jeng, 2006). The ACL
for all samples were 27.2e29.9 with lowest in winter (mean 27.9),
illustrating more inputs of petrogenic hydrocarbons (e.g., coal or
petroleum) in winter.

The seasonal trends of these diagnostic parameters in this
study revealed evidently that the n-alkanes associated with fine
particles during winter (i.e., heating season) are primarily derived
from fossil fuel combustion particularly for LMW n-alkanes,
whereas n-alkanes in other seasons most likely stemmed from
biogenic origins (e.g., higher plant waxes and surface soil dusts)
and biomass burning activities in the local and adjacent regions of
Beijing.

3.3. Source apportionment using PMF

Positive matrix factorization (PMF) was used to analyze emis-
sion sources of PM2.5 in Beijing. Five to ten factors were chosen in
test runs for an optimal result with the minimum value of Q
(goodness of fit parameters) and the most physically meaningful
profiles. More details are given in the SI. Finally, five sources were
identified, that is, secondary sources, dust and pollen, fossil fuel and
biomass combustion, soil resuspension, and biogenic primary
sources. Figs. S6eS7 displayed the detailed source profiles and their
seasonal variation trends. Soil resuspension presented no clear
seasonal change with high loadings of Ca2þ (46.3%), Mg2þ (42.8%),
and C29 (50.8%). Ca2þ and Mg2þ are good markers for soil/crustal
dust (Zhang et al., 2013; Xu et al., 2016). The high fraction of C29-
alkane probably arises from surface deposited plant fragments. The
profile of secondary sources is characterized by dominance of SO4

2!

(66.6%), NO3
! (70.1%) and NH4

þ (73.2%). The fossil fuel and biomass
burning source with great levels in winter is dominated by levo-
glucosan (59.3%), C23 (59.4%) and Cl! (79.4%), in which C23-alkane
and Cl! are classic indicators for vehicular exhausts and direct
release of coal burning, respectively (He et al., 2006; Sun et al.,
2013). Dust and pollen sources exhibit a predominance of sucrose
(76.8%) and trehalose (89.0%), tracers for airborne pollen grains and
dust storm (Fu et al., 2012). This profile showed clearly high
contribution in winter and spring, when Asian dust storms
frequently occur (Fu et al., 2012). Biogenic primary sources showed
high loadings of arabitol (67.2%), mannitol (60.5%), glucose (55.6%)
and fructose (35.8%), indicating a mixed biological origin of fungal
spores and growing plants.

Fig. 3 shows the contributions of different sources to OC in PM2.5
samples at Beijing and the seasonal changes of each source. On the
whole, fossil fuel and biomass combustion (32%) and soil resus-
pension (32%) contributed more to OC than other sources during
the whole sampling periods. In spring, soil resuspension accounted
for 53% of OC much higher than other seasons, which may be

Fig. 3. Estimated contributions (%) of different sources to OC and averaged concentrations of the measured OC during the whole sampling period (a) and each season (bee).
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related to frequent dust storms during this season. Combustion
sources including fossil fuel and biomass burning made a signifi-
cant contribution to OC in winter (60%), followed by autumn (25%),
in good agreement with the seasonal trends of BB-OC and fossil fuel
derived n-alkanes. Secondary sources contributed most to OC in
summer (48%), followed by autumn (30%). Biogenic primary sour-
ces, such as fungal spores and growing plants, contributed signifi-
cantly to OC in spring (11%), consistent with higher springtime
values of plant wax derived n-alkanes and WNA%.

4. Conclusion

Molecular compositions, abundance and seasonal variations of
sugar species and n-alkanes in a year-round PM2.5 samples
collected at urban Beijing were investigated. Higher concentrations
of these organic species were in winter and lower in summer.
Levoglucosan was the dominant sugar with higher levels in winter
and autumn, highlighting the importance of biomass burning to
fine organic aerosols throughout the whole year especially in cold
seasons. n-Alkanes mainly originate from plant waxes in spring
while from fossil fuel combustion in heating seasons. Our study
prove that dust storms also significantly enhance atmospheric fine
OM. Seasonal variations in these species demonstrate that meteo-
rology is also a controlling factor for fine aerosols in megacities. The
results of PMF illustrate that the soil resuspension, fossil fuel and
biomass burning, and secondary sources could be themajor sources
of OC in PM2.5 at Beijing. Although a lot of comparisons with other
studies has been made in the present study, observations at other
sampling sites in Beijing are still necessary in the future and will be
helpful for better understanding the characteristics of PM2.5 in the
Beijing atmosphere.
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