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ABSTRACT 
 

PM2.5 samples were collected from Liaocheng, a typical city in the North China Plain, during a winter haze episode around 
2017 Chinese Spring Festival (Lunar New Year, LNY) to investigate the impact of firework on organic aerosols. A 
comparison of PM2.5 concentrations during different periods, with different air mass origins, and under different pollution 
situations was done. Organic compounds including normal alkanes (n-alkanes), polycylic aromatic hydrocarbons (PAHs), 
saccharides, and organic acids in PM2.5 aerosols were determined by GC/MS. Sources were analyzed by diagnostics ratios 
and principal component analysis/multiple linear regression (PCA/MLR) model. The results showed that fireworks burning 
has significant impacts on fine particle pollution. During the haze period, a sharp increase in n-alkanes, PAHs, saccharides, 
and fatty acids were observed, but the influence of fireworks burning on n-alkanes concentration is minor. The concentrations 
of carcinogenic PAHs during haze and LNY periods were more than three times higher than those in the clean period, 
indicating that PAHs were more carcinogenic during the two periods. In addition, the estimated ILCR for children and adults 
were both about three times higher than those in the clean periods, suggesting a moderate potential carcinogenic risk in 
Liaocheng. The higher concentration and the dominance of levoglucoan in the total saccharides suggested that the biomass 
burning is the predominance source of saccharides. Both the ratios of C18:1/C18:0 and BaP/BeP were the highest during the 
haze period, indicating that aerosols in the haze period were more oxidized. According to the source precise molecular tracers 
and the PCA-MLR model, coal combustion, biomass burning, and vehicle emissions were the major sources of organic 
compounds in PM2.5 aerosols during the winter in Liaocheng, cooking activity and firework burning had impact on organic 
aerosols obviously during LNY. Our data provided first analysis of the molecular distributions and sources of organic 
aerosols during Chinese Spring Festival in Liaocheng and their potential effects on human health. 
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INTRODUCTION 
 

In recent decades, haze frequently occurred in China 
because of rapid urbanization and industrialization without 
an efficient emission control (Huang et al., 2014; Wu et al., 
2018; Zhao et al., 2018). Previous studies have demonstrated 
that both unfavorable diffusion conditions and anthropogenic 
sources emissions play key roles in the formation of haze 
pollution (Chen et al., 2017; Wang et al., 2017). Haze events 
have gained considerable attention because of its significant 
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impact on visibility, air quality, human health, and globle 
climate change (Kanakidou et al., 2004; Wang et al., 2016; 
Wang et al., 2018). Recent studies have demonstrated that 
organic constituents are major pollutants causing haze 
pollution events, especially the seconday organic compounds 
(Huang et al., 2014; Ren et al., 2018). Organic aerosol (OA) 
accounts for a substantial fraction (20–90%) of the global 
submicron aerosol loading (Kroll and Seinfeld, 2008; 
Hallquist et al., 2009). Asubstantial fraction (up to 80%) of 
OA is water-soluble (Verma et al., 2017), and thus it has a 
crucial impact on radiative forcing of aerosols by altering 
the cloud condensation nuclei (CCN) (Zhang et al., 2015; 
Wang et al., 2016; Meng et al., 2018). Moreover, a large 
quantity of OA (e.g., polycyclic aromatic hydrocarbons 
(PAHs), polychlorinated biphenyls (PCBs), and n-alkanes) 
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is cytotoxic, mutagenic, and carcinogenic for humans (Zhang 
et al., 2009; Yang et al., 2017a; Huang et al., 2018), resulting 
in an increasing concern about its source, formation 
mechanism, and emission control (Kong et al., 2015a, b; 
Nirmalkar et al., 2015a; Zhao et al., 2018).  

OA can be either directly emitted from vehicle exhaust, 
biomass burning, fossil fuel combustion, and industrial 
processes or indirectly derived from photochemical oxidation 
of organic precursors in urban atmosphere (Rogge et al., 
1993a, b; Li et al., 2009; Fu et al., 2016; Singh et al., 2017). 
Previous studies showed that the severe haze pollution event 
was driven, to a large extent, by secondary aerosol formation, 
which contributed 44–71% of organic aerosol (Huang et al., 
2014). Wang et al. (2016) found that, among the main 
nonrefractory PM2.5 species in Xi’an, organic matter, nitrate, 
and sulfate were most abundant throughout a pollution 
episode. Furthermore, the enhanced sulfate formation during 
the hazy periods was also accompanied by simultaneously 
increased formation of organic matter. Some studies also 
found sharp increases in OC during firework burning 
periods (Feng et al., 2012; Jung et al., 2018). Typically in 
China, firecracker displays are a traditional way to celebrate 
Chinese New Year, which can cause severe haze episodes 
in surrounding areas (Jiang et al., 2015). Han et al. (2014) 
suggested that the influence of fireworks on air quality lasts 
for more than 15 hr and estimated that the amount of PM2.5 
produced from fireworks in Wuhan in February 2013 was more 
than 39.57 tons. Thus far, most surveys of fireworks displays 
have focused on the determination of the concentration of 
inorganic components and metals (Wang et al., 2007b; Li et 
al., 2013b), very limited information has been provided on 
the characteristics of organic compounds during the Chinese 
Spring Festival (Li et al., 2009; Kong et al., 2015a). Therefore, 
more data are needed to understand the influence of fireworks 
burning on PM2.5. 

In this study, PM2.5 and its chemical species including 
n-alkanes, PAHs, saccharides, and fatty acids were 
concurrently measured on a 12-hour basis in Liaocheng city 
to explore the pollution characteristics, sources of organic 

compounds in PM2.5 as well as human health risk level during 
haze and fireworks buring periods. In January 2017, an 
extremely severe haze occurred in eastern and central China 
with a record daily PM2.5 concentration of over 450 µg m–3 
observed in Beijing, the largest city in the North China 
Plain, attracting worldwide attention. Liaocheng is an inland 
city located in the center of the North China Plain, one of 
the regions with the worst air pollution in the world (Meng 
et al., 2018), which suffering from serious air pollution and 
was listed as Jing-Jin-Ji air pollution transmission channel 
city (“Air pollution prevention and control plan for Jing-Jin-
Ji and surrounding areas in 2017”). To our knowledge, this 
is the first time to fill the knowledge gap in the compositions 
and sources of organic aerosols in Liaocheng, which in turn 
may inform policy for local and regional pollution control 
strategies in the North China Plain. 
 
MATERIALS and METHODS 
 
Sample Collection 

As a Jing-Jin-Ji air pollution transmission channel city, 
Liaocheng is located in the southwestern part of Shandong 
province in the North China Plain. PM2.5 samples were 
collected on the rooftop of a four-story building (12 m above 
the ground) on the campus of Liaocheng University, which is 
located in the southeast of Liaocheng city (36.44°N, 116.02°E) 
(Fig. 1). The sampling site represents a typical urban setting 
influenced by traffic, residential, and commercial pollution in 
Liaocheng city. PM2.5 samples were collected on a day/night 
basis using a mid-volume sampler (KC-120H, Qingdao 
Laoshan Company, China) at an airflow rate of 100 L min–1 

from January 17 to February 7 of 2017. The daytime samples 
were collected from 8:00 AM to 19:50 PM, while nighttime 
samples were collected from 20:00 PM to 7:50 AM of the 
next day. Field blanks were collected before, during, and 
after the sampling campaign by putting pre-combusted 
filters onto the sampler for 10 min without pumping. The 
sampling period covers the Chinese Lunar New Year (LNY) 
festival on January 28. 

 

 
Fig. 1. Backward trajectories of air masses during the sampling periods. 
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The meteorological parameters during sampling period 
are shown in Fig. 2. Wind speed varied from 0.5 to 2.5 m s–1, 
and winds mostly came from the south. Temperature ranged 
from –4.2℃ to 8.6°C with an average of 1.9°C. Relative 
humidity covered a range of 20.5–75.1% with an average of 
46.1%. It is generally sunny and occasionally cloudy 
throughout the entire sampling period. 

 
Sample Analyses 

Detailed methods for extraction, derivatization, and gas 
chromatography/mass spectrometry (GC/MS) analysis were 
described in previous studies (Wang and Kawamura, 2005). 
Briefly, one fourth of the sample/blank filter was cut into 
pieces and extracted with a mixture of dichloromethane and 
methanol (2:1, v/v) under ultrasonication (15 min, three 
times). The solvent extracts were filtered through quartz 
wool packed in a Pasteur pipette, concentrated using a 
rotary evaporator under a vacuum condition, and then dried 
using pure nitrogen. After reactiing with 60 µL mixture of 
N,O-bis-(trimethylsilyl) trifluoroacetamide (BSTFA) and 
pyridine (5:1, v/v) at 70°C for 3 hr, the derivatives were 
diluted with 140 µL of n-hexane containing C13 n-alkane as 
an internal standard prior to GC/MS determination. 

GC/MS analysis of the derivatized fraction was 
performed using a Hewlett-Packard 6890 GC coupled to a 
Hewlett-Packard 5973 MSD. The GC separation was 
carried out on a DB-5MS fused silica capillary column in 
the GC oven at temperature programmed from 50°C (2 min) 
to 120°C at 15°C min–1 and then to 300°C at 5°C min–1 with 
a final isothermal holds at 300°C for 16 min. The sample 
was injected in a splitless mode at an injector temperature 
of 280°C and then scanned from 50 to 650 Da using electron 
impact (EI) mode at 70 eV. Method detection limits (MDLs) 
for major compounds, that is, nonacosane (C29 alkane), 
benzo(b)fluoranthene (BbF), levoglucosan (Levo), 
hexadecanoic (C16:0) and tere-phthalic acid (t-Ph) were 
0.16, 0.02, 0.11, 0.70 and 0.02 ng m–3, respectively. 
 
Data Analysis 

The meteorological data of Liaocheng, including ambient 
temperature, relative humidity, wind speed and visibility, 
were obtained from the Liaocheng Meteorological Bureau 
(http://hbj.liaocheng.gov.cn/) and shown in Fig. 2. In this 
study, the haze period was defined as the period with 1-hr PM2.5 
concentration higher than 75 µg m–3, which is the secondary 
grade number of 24-hr average value of China National 
Ambient Air Quality Standard (CNAAQS). The remaining 
periods except for the LNY were defined as the clean period. 

To understand the impact of firework burning on PM2.5, 
element levels between LNY and before, after LNY can be 
compared by Eqs. (1) and (2) (Wu et al., 2014; Feng et al., 
2016): 
 

PM2.5

PM2.5

L L
ei

Lp p p
ei

C C
R

C C
  (1) 

 

PM2.5

PM2.5

L L
ei

La a a
ei

C C
R

C C
  (2) 

where RLp is the relative enrichment of certain element 
between CNY and pre-CNY, RLa is the relative enrichment 

of certain element between CNY and pre-CNY. L
eiC  is the 

concentration of given element in LNY, while p
eiC  and 

a
eiC  are the concentrations of the corresponding element 

before and after LNY. PM2.5
LC , PM2.5

pC , and PM2.5
aC  are 

the PM2.5 concentrations in LNY before and after LNY, 
respectively.  

The 48-hr backward trajectories of air masses were 
calculated using the HYSPLIT model (Hybrid Single Particle 
Langrangian Integrated Trajectory Model) (http://ready.arl. 
noaa.gov/HYSPLIT_traj.php). These trajectories were 
calculated two times per day (08:00 and 20:00) with the 
arrival level at 500 m. The analysis of the trajectories was 
based on the GIS-based software TrajStat (Xie et al., 2009). 

 
Quality Assurance and Quality Control (QA/QC) 

All the samples were collected onto the prebaked (450°C, 
8 hr) quartz filters and all pre-baked glasswares were rinsed 
with methanol, dichloromethane, and hexane immediately 
before using to avoid any potential contamination. After 
sampling, each filter was sealed in an aluminum foil bag and 
stored in a freezer (–20°C) to avoid the evaporation of 
volatile components prior to analysis. The derivatived sample 
was injected in a splitless mode at an injector temperature 
of 280°C and scanned with an electronic impact (EI) mode 
at 70 eV. GC/MS response factors were determined using 
the authentic standards (Wang et al., 2006). The average 
recovery of the 70 compounds including n-alkanes, PAHs, 
saccharides, fatty acids, and aromatic acids was higher than 
80%. The target compounds in the field blank samples were 
lower than 4% of those in the ambient samples. 
 
RESULTS AND DISCUSSION 
 
Mass Concentration of PM2.5 

The temporal variations of PM2.5 mass concentration 
during the sampling campaign were shown in Fig. 2 along 
with the meteorological parameters. The average concentration 
of PM2.5 were 130 ± 70 µg m–3 during the sampling period 
(Table 1), which were higher than those measured during the 
same periods in Beijing (88.7 µg m–3), Tianjin (89.0 µg m–3), 
Jinan (97.1 µg m–3), and Zhengzhou (93.1 µg m–3) (China 
air quality online monitoring and analysis platform, 
http://www.aqistudy.cn), indicating that Liaocheng was 
suffering from serious air pollution. There were no significant 
differences between the PM2.5 concentrations in the day and 
night during the sampling periods (p > 0.05). The mean 
concentration of PM2.5 was highest in LNY (174 ± 49 µg m–3), 
followed by haze period (162 ± 66 µg m–3), which were 
about 2.6 and 2.4 times higher than those during clean 
period (67 ± 11 µg m–3), respectively. PM2.5 concentration 
in LNY’s Eve was 1.8 times higher than that during the 
daytime of the LNY (no fireworks) (Fig. 2(d)), suggesting that 
fireworks burning has significant impacts on fine particle 
pollution. As shown in Fig. 1(c), the backward trajectories 
during LNY were transported for short distances, which 
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Fig. 2. Temporal variations of PM2.5, OC, EC, and meteorological parameters during the sampling period: (a) wind direction 
(WD) and wind speed (WS), (b) temperature (T), (c) relative humidity (RH), (d) mass concentration of OC, (e) mass 
concentration of EC, and (f) mass concentration of PM2.5. 

 

Table 1. Mass concentration (ng m–3) of PM2.5 and organic compounds of samples collected in Liaocheng City during the 
winter of 2017.  

 
Clean period Haze period LNY period 

Mean ± SD Range Mean ± SD Range Mean ± SD Range 
PM2.5  67 ± 11 41–76 162 ± 66 90–342 174 ± 49 125–223 
n-Alkanes 363 ± 116 219–706 536 ± 263 179–1251 391 ± 77 313–469 
Plant wax n-alkanes 42 ± 20 14–101 71 ± 40 12–179 46 ± 20 26–67 
Fossil fuel n-alkanes 320 ± 21 278–365 465 ± 29 303–474 344 ± 21 323–364 
CPI 1.2 ± 0.1 1.0–1.5 1.2 ± 0.2 0.9–1.8 1.1 ± 0.1 1.0–1.2 
PAHs 37 ± 19 12–78 54 ± 27 18–119 53 ± 1.8 51–55 
carcinogenic PAHs 15 ± 9.5 4.0–42 20 ± 11 5.5–44 21 ± 0.7 20–21 
Saccharides 260 ± 114 99–523 512 ± 208 140–1170 455 ± 107 247–562 
Levoglucosan 194 ± 89 73–390 388 ± 109 228–735 371 ± 84 287–455 
Fatty acids 972 ± 309 667–2917 3185 ± 980 852–9872 2223 ± 872 1351–3095 

 
may easily aggravate regional air pollution. The highest 
PM2.5 concentration (342 µg m–3) recorded on the night of 
18 January (haze period), was 4.6 times higher than the 
secondary standard of China’s National Ambient Air Quality 
(75 µg m–3, 24 hr average) limit, and 13.7 times higher than 
the air quality guideline of an 24-hour average of 25 µg m–3 
by the World Health Organization. 

Note that the air masses during haze periods were 
transported from south such as Jiangsu, Zhejiang, and 
Henan province to Liaocheng. In addition, the average wind 
speed was 1.2 m s–1 and the RH was 52% during haze periods, 

all favoring the accumulation of pollutants and regional air 
pollution formation. In contrast, air mass during the clean 
period originated mostly from northwest China. 

To assess the impact of fireworks burning on the 
composition of PM2.5, the RLp and RLa values of OC and EC 
were calculated. The RLp values of OC and EC were 2.53 
and 0.93, the RLa value of OC and EC were 2.94 and 0.94, 
suggesting that fireworks had more impacts on OC than EC. 
The concentration of OC also increased significantly during 
haze periods compared with clean periods. To explore the 
chemical characteristics of OA and the influence of fireworks 
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displays, the organic compounds including n-alkanes, 
PAHs, saccharides, and fatty acids in PM2.5 were analyzed 
during the clean, haze, and LNY periods. 

 
n-Alkanes 

n-Alkanes compounds ranging from C18 to C36 were 
detected in the PM2.5 samples. The average concentration of 
total n-alkanes was 471 ± 233 ng m–3 (ranging from 179 to 
1251 ng m–3), which was about 4.5 times higher than that in 
the regional background sites of the Yangtze River Delta 
during the wintertime (Decesari et al., 2006). As shown in 
Table 1, the concentration of n-alkanes during haze periods 
(536 ± 263 ng m–3) was higher than that in clean periods (363 
± 116 ng m–3) owing to the unfavorable weather conditions. 
The stagnation conditions with lower wind speed (1.2 ± 
0.4 m s–1) and higher RH (52.3 ± 12.8%) in the haze period 
than those in the clean period (wind speed: 2.9 ± 0.7 m s–1; RH 
as and 26.1 ± 10.3%) favored the accumulation of n-alkanes 
in PM2.5 (Fig. 2). The concentration of n-alkanes during 
LNY was 391 ± 78 ng m–3, accounting for 0.23% of the fine 
particle mass. The RLp and RLa values of n-alkanes were 
0.60 and 0.55, indicating that the influence of fireworks 
burning on n-alkanes concentration is minor. 

As shown in Fig. 4, C23 was the most abundant compound 
followed by C24 and C25. Carbon preference index (CPI) 
standing for the relative abundance of compounds containing 
odd or even number of carbon atoms was used to distinguish 
the source of plant waxes and fossil fuel emissions (Simoneit, 
1986; Rogge et al., 1993a). It is recognized that n-alkanes 
derived from plant wax are characterized by an odd carbon 
number preference and generally larger than 5, whereas 
n-alkanes derived from fossil fuel are characterized by a CPI 
close to unity (Simoneit, 1984b; Rogge et al., 1993a; Feng et 
al., 2006). The n-alkanes in this study displayed little odd-
even preference with a CPI in the range of 0.9–1.8 (Table 1), 
indicating that the n-alkanes in PM2.5 from Liaocheng were 
mainly produced from fossil fuels combustion. 

To estimate the source strength of plant wax versus fossil 
fuel for producing n-alkanes, the concentration of plant wax 
n-alkanes can be calculated from the following equation 
(Simoneit et al., 1991): 

 
Wax Cn = Cn  (Cn-1+ Cn+1) (3) 
 
where Wax Cn was the concentration of the plant wax n-
alkane with carbon number n. Cn-1, Cn and Cn+1 are the 
concentrations of n-alkanes with the specified carbon 
numbers. Negative values of Cn were taken as zero. 

The average concentrations of plant wax n-alkanes were 
much lower than that of fossil fuels n-alkanes (Table 1), and 
the contribution of plant wax to the total n-alkanes were 
11.7%, 13.3%, and 11.8% during clean, haze, and LNY 
periods, respectively, which implied the dominance of 
anthropogenic n-alkanes from vehicle emission and coal 
burning (Simoneit, 1984a). 
 
PAHs 
PAH Concentrations in Ambient Air 

A total of 14 kinds of polycyclic aromatic hydrocarbons 

(PAHs) were detected in the PM2.5 samples from Liaocheng. 
As shown in Table 1, total PAHs varied from 12 to 119 
ng m–3 with an average of 48 ± 25 ng m–3, which is much 
lower than that in Jinan (105.3 ng m–3) in the similar 
meteorological period of 2016 (Li et al., 2017), but higher 
than that in Nanjing (17.21 ± 13.21 ng m–3) (Kong et al., 
2015a), Nanchang (22.54 ± 8.47 ng m–3) (Liu et al., 2016), 
and Guangzhou (23.7 ± 18.4 ng m–3) (Li et al., 2006), for 
coal combustion was one of the most important sources of 
PAHs in North China during the heating season (Simoneit et 
al., 1991). The total concentrations of PAHs during the haze 
period were 1.4 times higher than those in the clean period 
(Table 1) due to the stagnant meteorological conditions 
(Fig. 2) (Li and Zhang, 2014). 

During the whole period of observation, the PAHs 
concentrations had no significant correlations with the 
PM2.5 concentrations (R2 = 0.32, P < 0.01), which implied 
that not only the emission sources but also the gas-particle 
partitioning processes control the variations of the particulate 
PAHs concentrations (Sitaras et al., 2004; Zhu et al., 2015). 
The PAHs concentrations were higher in the nighttime (54.9 
± 29.1 ng m–3) than those in the daytime (40.9 ± 17.6 ng m–3), 
because the lower temperature (daytime: 3.8°C; nighttime: 
1.5°C) (Fig. 2) are favorable for the transition of PAHs from 
the vapour phase to the particle phase (Li et al., 2014), and 
the weaker solar radiation suppresses the photochemical 
decomposition of PAHs during the nighttime (Duan et al., 
2007). In addition, the accumulation process enhanced by 
the decreased inversion layers at night was another important 
reason for the higher concentrations of PAHs in the nighttime 
compared to that in the daytime (Li et al., 2012). 

As indicated in Fig. 3, the most abundant PAH congener 
was Fluoranthene (Flu), followed by Benzo(b)fluorantheSne 
(BbF), and Chrysene (Chr), and the lowest PAH was Ant, 
whose concentration was around 14 times less abundant 
than the highest species. The 14 PAHs can be classified on 
the basis of the number of aromatic rings as low molecular 
weight [LMW, 3-ring (Phe, Ant) and 4-ring (Flu, Pyr, BaA, 
and Chr)] and high molecular weight [HMW, 5-ring (BbF, 
BkF, BeP, BaP, Per, and DBA) and 6-ring (IP and BghiP)] 
(Wang et al., 2012). The distribution of ring number of 
PAHs were presented in Fig. 4. LMW species were dominant 
in each sampling period that accounted for about 54% of the 
total PAHs on average. Previous studies revealed that the 
major sources of LMW PAHs were from the combustion of 
grass, wood, and coal (Sorooshian et al., 2007; Lin et al., 
2015; Ren et al., 2017a), while HMW PAHs was significantly 
derived from the emissions of vehicle exhausts (Kong et al., 
2015a; Li et al., 2017). These results implied the important 
contribution of coal combustion and biomass burning to the 
total concentrations of PAHs in this study. 
 
Source Identification of PAHs by Diagnostic Ratios  

To identify the sources of PAHs, diagnostic ratios such 
as Ant/(Ant + Phe), Flu/(Flu + Pyr), BaA/(BaA + Chr), 
IP/(IP + BghiP), and BaP/BeP were calculated as shown in 
Table 2. Wang et al. (2008) and Kong et al. (2015a) have 
suggested that the mass ratio of Ant/(Ant+Phe) is less than 
0.10 when petroleum consumed by vehicles is predominant, 
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Fig. 3. Molecular composition and concentration of organic compounds in PM2.5 samples in Liaocheng during the clean, 
haze, and Lunar New Year periods. 

 

and the opposite is the fossil fuels combustion source. As 
shown in Table 2, the ratios of Ant/(Ant + Phe) in the 
Liaocheng atmosphere were in the range of 0.05–0.16, 
suggesting that PAHs in Liaocheng samples were mostly 
derived from petroleum consumption and fossil fuels 
combustion. Ratios of Flu/(Flu + Pyr) close to 0.4 imply 
petroleum sources, ranging from 0.4 to 0.5 indicate petroleum 
combustion, and higher than 0.5 indicate coal or biomass 
burning (Gu et al., 2010; Kong et al., 2015a). In this study, 
the Flu/(Flu + Pyr) ratios were greater than 0.5 during the 
whole sampling period, indicating that coal and biomass 
burning were the dominated sources of PAHs. The ratios of 

BaA/(BaA + Chr) ranged from 0.20 to 0.45, similar to the 
values for gasoline (0.22–0.55) and diesel (0.38–0.64) 
emissions (Kong et al., 2015a). The ratios of IP/(IP + BghiP) 
has been reported as less than 0.4 for vehicle emissions 
(0.18 for gasoline and 0.38 for diesel), and higher than 0.5 
for the mixture of coal combustion and biomass burning 
(Grimmer et al., 1981; Feng et al., 2012). In this study, the 
diagnostic ratios of IP/(IP + BghiP) were 0.58, 0.56, and 
0.56 during clean, haze, and LNY periods, respectively, 
suggesting that PAHs were mostly derived from coal 
combustion and biomass burning. The ratio of BaP/BeP can 
be used as an indicator of the photochemical aging of 
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Fig. 4. Distribution of ring number of PAHs in PM2.5 samples in Liaocheng during the clean, haze, and Lunar New Year 
periods. 

 

Table 2. Diagnostic ratios of PAHs detected in the PM2.5 samples in Liaocheng City. 

 Clean period Haze period LNY period 
Average Range Average Range Average Range 

Ant/(Ant + Phe) 0.10 ± 0.03 0.06–0.13 0.09 ± 0.03 0.05–0.16 0.11 ± 0.02 0.09–0.13 
Flu/(Flu + Pyr) 0.55 ± 0.00 0.55–0.56 0.56 ± 0.01 0.54–0.58 0.56 ± 0.00 0.56–0.57 
BaA/(BaA + Chr) 0.21 ± 0.02 0.20–0.22 0.32 ± 0.05 0.24–0.45 0.37 ± 0.01 0.37–0.38 
IP/(IP + BghiP) 0.58 ± 0.01 0.57–0.59 0.56 ± 0.02 0.48–0.58 0.56 ± 0.00 0.55–0.56 
BaP/BeP 0.84 ± 0.01 0.79–0.85 0.70 ± 0.08 0.60–0.88 0.77 ± 0.05 0.74–0.83 

 

organic aerosols, because BaP is more reactive than BeP in 
the atmosphere (Li et al., 2009; Huang et al., 2012; Kong et 
al., 2015a). It could be found that the lowest BaP/BeP value 
occurred in haze periods (0.70 ± 0.01), largely because the 
higher temperature and RH conditions (Fig. 2) are favourable 
for photochemical oxidation of aerosols. The mean value of 
BaP/BeP in Liaocheng (0.75 ± 0.07) was similar to that of 
Xi'an (0.80 ± 0.10) (Li et al., 2014) and Beijing (0.72–0.93) 
(Li et al., 2013c), which were both much lower than that 
over the Qinghai Lake (0.22) (Li et al., 2013a), reflecting 
that aerosols in the urban area were less oxidized than the 
high altitude regions due to the weaker solar radiation. 
 
Health Risk Assessment of PAHs Pollution 

PAHs, the products of incomplete combustion of carbon-
containing materials, are of high toxicity and carcinogenicity 
(Huang et al., 2018). Yang et al. (2017a) have demonstrated 
that the carcinogenic potency of PAHs in winter was 
approximately 6.21 times higher than that in summer. The 
concentrations of carcinogenic PAHs including BaA, BbF, 
BkF, BaP, InP, and DBA during the haze and LNY periods 
were more than three times higher than those in the clean 
period (Table 1), indicating PAHs were more carcinogenic 
during these two periods. As the classical chemical carcinogen, 
BaP is considered as one of the most powerful mutagens, 
BaP concentration was 3.1 ± 1.5 ng m–3 during the sampling 
periods, which about three times higher than the standard of 
World Health Organization (1 ng m–3). The BaP equivalent 
concentration (BaPeq) is typically employed to assess the 
carcinogenic potency of PAHs. The concentrations of 
carcinogenic PAHs were calculated as follows (Zhu et al., 
2015): 

BaPeqi = PAHi × TEFi (4) 
 
TEQ = ∑BaPeqi (5) 
 
where BaPeqi is the BaP equivalent concentration of the ith 
congener PAH; PAHi is the concentration of the ith 
congener PAH, TEFi is the toxic equivalent factor for the ith 
congener PAH, and TEQ is the toxic equivalent of the target 
compound. The average concentration of TEQ was 5.69 ± 
2.7 ng m–3 during the sampling period, which was much 
higher than that in the cities of southern China such as Hong 
Kong (0.64 ng m–3) (Zheng and Fang, 2000) and Guangzhou 
(2.15 ng m–3) (Ren et al., 2017b) in winter. Nonetheless, the 
TEQ value was much lower than that in heavily polluted 
cities of North China, such as Xi’an (55.4 ng m–3) (Li et al., 
2014), Beijing (45.99 ng m–3) (Li et al., 2013c), and Jinan 
(10.88 ng m–3) (Li et al., 2017). These results illustrate that 
the increased health risks associated with the high PAHs 
loading during the winter heating season, thus people living 
in the cities of northern China have a greater inhalation 
cancer risk due to PAHs exposure. As shown in Fig. 5, the 
averaged TEQ showed the following trend as haze period 
(6.32 ± 2.57 ng m–3) > LNY (5.89 ± 0.27ng m–3) > clean 
period (1.97 ± 0.55ng m–3), further indicating that PAHs 
have more carcinogenic and mutagenic effects during haze 
and LNY periods. Additionally, the TEQ value was higher 
during the nighttime than that during the daytime in the 
whole period (Fig. 5), suggesting a higher potential 
carcinogenic effect of PAHs at nighttime than daytime due 
to the accumulation process. 

The exposure risks of PAHs in gas and particle phases 
were calculated using the incremental lifetime cancer risk
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Fig. 5. Toxic equivalent concentrations (TEQ) and incremental lifetime cancer risk (ILCR) for children and adult during the 
clean, haze, and Lunar New Year periods. 

 

(ILCR) based on the standard model established by the 
United States Environmental Protection Agency (Gao et al., 
2018; Zhang et al., 2019), the ILCR was calculated from the 
following equation: 
 

 inhalation
inhalation inhalation

C IR ED EF
ILCR CSF

BW ALT

  
 


 (6) 

 
where CSFinhalation is inhalation carcinogenic slope factor of 
BaP (3.14mg kg–1 day–1), C is the sum of converted PAHs 
concentrations based on TEQ values, IRinhalation is the inhalation 
rate (7.6 m3 day–1 for children and 20m3 day–1 for adults), 
ED is the lifetime exposure duration (6 years for children 
and 52 years for adults), EF is the exposure frequency (1 day 
year–1 for CNY); BW is the body weight (15 kg for children 
and 70 kg for adults); ALT is the average life span for 
carcinogens (25,550 days for both children and adults). The 
mean of inhalation ILCR for Liaocheng citizens was shown in 
Fig. 5. According to most regulatory programs for carcinogen 
risk assessment, the virtual safety was denoted with an 
ILCR of 10–6 or less, while the values of ILCR range from 
10–6 to 10–4 indicated potential risk, and a potentially high 
risk was estimated by an ILCR of greater than 10–4 (Wang 
et al., 2011; Pongpiachan, 2016). In this study, the estimated 
ILCR for children and adults were 2.13 × 10–6 and 1.04 × 10–5, 
respectively, suggesting a moderate potential carcinogenic risk 
to human in Liaocheng. Fortunately, the ILCR for children 
was less than 10–6 during clean periods, indicating that it is 
relatively safe for children to expose to PM2.5-bound PAHs 
during the clean period. But the ILCR for both children and 
adults during LNY and haze periods were about 3.0 and 3.2 
times higher than that during the clean period, highlighting 
the importance of air pollution to human health. 
 

Saccharides 
A total of 10 kinds of saccharides, including three 

anhydrosugars (galactosan, mannosan, and levoglucosan), 
four primary sugars (fructose, glucose, sucrose, and trehalose), 
and three sugar alcohols (arabitol, mannitol, and inositol) 
were detected in the PM2.5 samples. The concentrations of 
total sugars showed the following trend as LNY (455 ± 107 
ng m–3) > haze period (512 ± 208 ng m–3) > clean period 
(260 ± 114ng m–3) (Table1), which was largely owing to the 
significant contribution of levoglucosan. Levoglucosan was 
the most abundant saccharides species, accounting for 
74.8%, 75.8%, and 81.6% of the total saccharides in clean, 
haze, and LNY periods, respectively. Levoglucosan is 
chemically stable in the atmosphere and originates from 
thermal splitting of cellulose at temperature ≥ 300°C, thus 
it can be considered as a key tracer for biomass-burning 
(Simoneit et al., 2004a; Mochida et al., 2010). Moreover, 
levoglucosan was significantly correlated with K+ (R2 = 
0.89, P < 0.01) (unpublished data), which mostly originated 
from biomass burning. Galactosan and mannosan, the isomers 
of levoglucosan, are thermal decomposition products of 
hemicellulose (Simoneit, 2002), thus they are also the tracers 
for smoke from biomass (Oros et al., 2006). As shown in 
Fig. 3, all of the three anhydrosugars exhibited higher 
concentrations during haze and LNY periods than those in 
the clean period, confirming that air quality during haze and 
LNY periods were more significantly influenced by biomass 
burning. In addition, the stagnant meteorological conditions 
is favorable for the accumulation of pollutants (Fig. 2). 

Primary saccharides and sugar alcohols totally account 
for 6.16% of the saccharides in this study. Glucose was the 
dominant saccharide compound except for 
anhydrosaccharides, which originated in different sources such 
as soil and biological particles as well as biomass burning 
(Wan and Yu, 2007). The ratio of glucose/levoglucosan (G/L) 
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can be used to estimate the contribution of different sources 
(Nirmalkar et al., 2015b). Previous studies (Medeiros et al., 
2006) have reported that the ratio of G/L was about 4.5 for 
smoke free samples, while the ratio of G/L was significantly 
lower (0.03) for vegetative burning (Medeiros and Simoneit, 
2008). In this study, the ratio of G/L ranged from 0.01–0.04 
with a mean of 0.02, indicating that glucose was mostly 
attributed to biomass burning in the Liaocheng PM2.5 aerosols. 
Interestingly, the concentration of sucrose increased sharply 
during LNY (RLp > 1), a recent study (Yang et al., 2017b) 
showed that manufacturers add sucrose to firecrackers in 
order to increase the loudness of firecrackers. Sugar alcohol 
were more abundant in fine aerosols during winter (Liang et 
al., 2016). Arabitol and mannitol, the dominant sugar alcohol, 
whose concentrations (8.4 and 3.2 ng m–3, respectively) 
were much higher than those in the Taklimakan desert 
(1.5 and 0.27 ng m–3, respectively) (Fu et al., 2016), likely 
associated with biomass burning activities. 
 
Fatty Acids 

Twenty-four fatty acids (C10:0-C32:0, and C18:1) were 
detected in the PM2.5 samples. The concentrations of fatty 
acids were in the range of 668–9872 ng m–3 with an average 
concentration of 2679±1695 ng m–3. The concentrations of 
fatty acids during the haze (3185 ± 980 ng m–3) and LNY 
(2223 ± 872 ng m–3) periods were more than two times 
higher than those in the clean period (972 ± 309 ng m–3), 
respectively. As shown in Fig. 3, C18:0 was the most abundant 
acid followed by C24:0 during the sampling period. It has 
been found that LMW fatty acids (C12:0-C19:0) with the major 
peak of C16:0/C18:0 are mostly derived from cooking activities 

in the urban aerosols (Li et al., 2014), while HMW fatty 
acids (C20:0-C34:0) largely originate in vascular plant wax 
(Simoneit, 1986; Mochida et al., 2003; Simoneit et al., 2004b). 
Octadecenoic acid (C18:1) is unstable and it can be rapidly 
degraded in the atmosphere, thus the ratio of octadecenoic 
acid (C18:1) to octadecanoic acid (C18:0) was used to indicate 
the ageing of aerosols. The ratio of C18:1/C18:0 was 0.17 ± 
0.01, 0.11 ± 0.03 and 0.13 ± 0.02 during clean, haze, and 
LNY periods, respectively, indicating that aerosols in haze 
periods were more oxidized, which is consistent with the 
results of BaP/BeP ratios. No significant diurnal variations 
of C18:1/C18:0 ratio was found in Liaocheng during winter 
(daytime: 0.11; nighttime: 0.12). Similar results were also 
reported on the aerosols from New Delhi (Li et al., 2014), 
where the winter aerosols were found to be much oxidized. 

 
Source Estimates from PCA-MLR 

Principal component analysis (PCA) was employed to 
identify the sources of organic compounds in the Liaocheng 
PM2.5 samples. In order to further determine the relative 
contribution of different sources, multiple linear regression 
(MLR) was applied following the PCA. Detailed methods 
for PCA-MLR model were described in previous studies 
(Larsen and Baker, 2003). As showen in Table 3, PCA 
factors for the clean, haze, and LNY period totally explaining 
83%, 98%, and 90% of the data variance, respectively. As 
for clean periods, factor 1 shows high loading with PAHs 
including low molecular weight and higher molecular 
weight PAHs, which were mainly related to fossil fuels 
combustion sources including coal and vehicles; while 
factor 2 represents plant wax source as it highly correlates 

 

Table 3. Principal component analysis for major species in PM2.5 aerosols collected in Liaocheng City. 

Compound 
Clean period Haze period LNY period 

Factor 1 Factor 2 Factor 1 Factor 2 Factor 1 Factor 2 
LMW n-alkane (C23) 0.62 –0.25 0.56 0.48 0.51 0.19 
HMW n-alkanes (C36) –0.25 0.88 0.07 0.04 0.47 –0.82 
Ant 0.74 –0.42 0.91 0.23 0.43 0.01 
Flu 0.51 –0.35 0.96 0.33 0.48 0.55 
Pyr 0.57 –0.27 0.95 0.32 0.46 0.59 
BaA 0.88 0.40 0.79 0.48 0.91 0.03 
Chr 0.94 0.27 0.80 0.49 0.81 –0.01 
BbF 0.97 0.24 0.68 0.48 0.85 –0.04 
BkF 0.96 0.16 0.42 0.75 0.48 0.09 
Bep 0.97 0.21 0.49 0.75 0.36 –0.03 
Bap 0.96 0.20 0.36 0.72 0.40 0.13 
Per 0.90 0.23 0.41 0.57 0.32 0.19 
IP 0.91 –0.14 0.26 0.97 0.32 0.11 
BghiP 0.95 –0.16 0.32 0.93 0.41 0.13 
DBA 0.90 –0.09 0.21 0.94 0.22 0.08 
levoglucosan 0.25 0.49 0.74 0.13 0.40 0.61 
sucrose 0.24 0.31 0.45 0.15 0.36 0.87 
LMW fatty acid (C18:0) 0.23 0.45 0.49 0.13 0.93 0.29 
HMW fatty acid (C24:0) 0.23 0.92 0.02 0.12 0.11 –0.02 
Source Fossil fuels 

combustion 
Plant wax coal burning + 

biomass burning 
vehicle coal burning +  

cooking  
firework burning + 
biomass burning 

Contribution 63% 37% 65% 35% 55% 45% 
Note: absolute values higher than 0.5 are highlighted in boldface. 
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with low molecular weight n-alkanes and high molecular 
weight fatty acid. As for haze periods, two components were 
identified. Factor 1 was mixed of coal combustion and 
biomass burning as it shows a high loading with LMW 
PAHs and levoglucosan. As discussed above, Flu, Pyr, and 
levoglucosan were emitted from biomass burning (Zhang et 
al., 2010; Lin et al., 2015; Ren et al., 2017a), and BbF was 
the dominant species in coal combustion smokes (Wang et 
al., 2006, 2007a); factor 2 represents the vehicle source as 
it showed high loading with HMW PAHs such as BkF, BaP, 
IP, and BghiP, which are mostly derived from diesel and 
gasoline vehicle (Wang et al., 2010). For the LNY period, 
factor 1 represents the coal burning and cooking source, 
because it shows a high loading with BbF and low molecular 
weight fatty acid as it drieved from cooking activities. 
Sucrose was an additive in firecrackers, thus factor 2 
represents firework burning and biomass burning emission 
since it shows a high loading with sucrose, Flu, Pyr, and 
levoglucosan. 

MLR was applied to determine the contribution of different 
sources after identifying the four factors by PCA. The 
regression analyzes the following equation: 

 
Z1 = 0.876F1 + 0.517F2   (R2 = 0.99) (7) 
 
Z2 = 0.835F1 + 0.455F2   (R2 = 0.86) (8) 
 
Z3 = 0.697F1 + 0.560F2   (R2 = 0.95) (9) 
 

Therefore, the average percent contribution during clean 
periods is 63% for the fossil fuels combustion (Factor 1), 
17% for the plant wax source (Factor 2). The mean 
contribution during haze periods is 65% for coal burning 
and biomass burning emissions (Factor 1), 35% for the 
vehicular source (Factor 2). For the LNY period, the mean 
percent contribution is 55% for the coal burning and cooking 
activity (Factor 1), 45% for the firework burning and 
biomass burning emissions (Factor 2). 
 
CONCLUSIONS 

 
PM2.5 aerosols from Liaocheng the in North China Plain 

during a winter haze episode around 2017 Chinese Spring 
Festival were analyzed for n-alkanes, PAHs, saccharides, 
and organic acids to investigate the molecular distributions 
of organic aerosol as well as to assess the impacts of fireworks 
burning on aerosol chemical components and human health 
risk levels. The mean concentration of PM2.5 during the haze 
period (162 ± 66 µg m–3) and LNY (174 ± 49 µg m–3) were 
about 2.2 and 2.3 times higher than the secondary standard 
of China’s National Ambient Air Quality limit, respectively, 
indicating that Liaocheng was suffering from serious air 
pollution. PM2.5 concentration in LNY’s Eve was 1.8 times 
higher than that during the daytime of the LNY (no fireworks), 
suggesting that fireworks burning has significant impacts on 
fine particle pollution. During the haze period, a sharp 
increase in n-alkanes, PAHs, saccharides, and fatty acids 
were observed, but the influence of fireworks burning on 
n-alkanes concentration is minor. C23 was the most abundant 

n-alkane followed by C24 and C25 in PM2.5 throughout the 
entire study period. The CPI was in the range of 0.8–1.7, 
and %Wax Cn were 13.2%, 22.5%, and 11.8% during clean, 
haze, and LNY periods, respectively, indicating that the 
aerosol n-alkanes in Liaocheng were mainly produced from 
fossil fuels combustion. The concentrations of carcinogenic 
PAHs during haze and LNY periods were more than three 
times higher than those in the clean period, indicating that 
PAHs were more carcinogenic during the two periods. In 
addition, the estimated ILCR for children and adults were 
both about three times higher than those in the clean period, 
suggesting a moderate potential carcinogenic risk in 
Liaocheng. Levoglucosan, galactosan, and mannosan were 
the most abundant saccharides, contributing 93.84% of the 
total concnrtrations of saccharides, confirming that the 
saccharides in PM2.5 from Liaocheng were significantly 
influenced by biomass burning. Both ratios of BaP/BeP and 
C18:1/C18:0 suggest that aerosols in the haze period were more 
oxidized than those in the clean and LNY periods. According 
to the source precise molecular tracers and PCA-MLR model, 
coal combustion, biomass burning, and vehicle emissions 
were the major sources of organic compounds in PM2.5 
aerosols during winter in Liaocheng, cooking activity and 
firework burning had impact on organic aerosols obviously 
during LNY. 
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