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Abstract To examine the impacts of fireworks, size-
resolved PM samples were collected using a single-
particle aerosol mass spectrometer before, during and
after the Spring Festival in a megacity in Chengdu,
China. Chemical composition and atmospheric behav-
ior of urban particles were studied. Ten major single
particle types were resolved with ART-2a algorithm
including elemental and organic carbon (ECOC), EC,
OC, levoglucosan (LEV), high molecular weight
organic molecules (HOM), hard metal (HM), K rich,
Na rich and SiO;~. The average OC/EC ratios
decreased in the order AY (4.7) > overall
(4.1) > NY (4.0) > BY period (3.6), indicating that
many organic pollutants had been generated after the
Spring Festival. The concentrations of many species
exhibited an increasing trend during the firework
period, and the SOR and NOR showed a strong
increase in NY period. SOR and NOR had a slight
positive relationship with fireworks activity but no
obvious relationship with temperature.
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Introduction

The Chinese Spring Festival is one of the most
important traditional festivals in China. It is our
traditional to set off firecrackers and fireworks to
celebrate the Spring Festival in China. Tens of
thousands of people set off firecrackers and fireworks
at the same time, resulting in emission of huge volume
of aerosols into the atmosphere in a short time
(National-Statistics 2014). Though some success has
been achieved in terms of pollution on implementation
of air standards for firecrackers (Ye et al. 2013; He
et al. 2014a, b), however, such strict emission control
measures are not implemented in the Spring Festival in
China.

Chengdu is a megacity which located in the plain of
Sichuan basin (Wang et al. 2009), southwest China,
and the economy has expanded rapidly in recently
years (Xing et al. 2011). Because of its special
geographical location, Chengdu has serious air pollu-
tion in winter, and much more attention has been
drawn in particulate pollution in winter (Sufen 2009).
As we all know, materials used in fireworks contain
chemicals and toxic substances, burning of which
release toxic gases and particulate matter of fine size to
atmosphere leading to heavy air pollution (Wang et al.
2007).
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Single-particle mass spectrometry (SPMAS) can
detect real-time mixing state of the primary and
secondary components of ambient PM, including
refractory species like elemental carbon and trace
metal (Li et al. 2011). Zhang et al. reported the
composition and possible sources of PM, 5 particles
based on single-particle aerosol mass spectrometer
(SPAMS) measurements in Chengdu during the sum-
mer of 2016 (Zhang et al. 2017). However, particulate
matter pollution in winter is much more serious than
that of summer (Tian et al. 2012). The national
government allows the burning of fireworks in the
Spring Festival, and this provides the first opportunity
to detect the associated changes in ambient air
pollutant levels caused by fireworks using SPMAS.
In this paper, we describe real-time single-particle
analysis of Chengdu ambient air during the Spring
Festival using SPAMS. PM, 5 samples of an extended
festive period are chemically characterized for ele-
ments and ions, and these results are useful to
understand the influence of fireworks display on
Chengdu air quality.

Experimental methods
Sampling

The SPAMS (0525-R) (Li et al. 2011) used in this
study was manufactured by Guangzhou Hexin Co.,
Ltd. (Guangzhou, China). Briefly, single particles with
a size range of 0.1-3.0 pum are inhaled into a narrow
beam through an aerodynamic lens and arrive at the
sizing region. In the sizing region, two separated,
diode-pumped Nd:YAG lasers (4 = 532 nm) are used
to determine the vacuum aerodynamic diameter by
measuring the time of flight of passing particles. Then,
aNd:YAG laser (266 nm, ~ 1 mJ/pulse, 1 x 108 W/
cm?, UL728F11-F115, Quantel, France) is used to
desorb and ionize particles arriving at the mass
spectrometer. The resulting positive and negative ions
enter the flight tubes of the mass spectrometer and
generate bipolar ion mass spectra. No industry exists
within 20 km around the sampling site (104°3'15”E,
30°39'72"N). The instruments used in this study are
installed on the stents of a car roof (8 m above
ground).

The PM; 5 samples were pumped into the SPAMS
inlet using size selectors connected to a conductive
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silicone tube with an inner diameter of 6 mm and a
length of ~ 2 m. A PM,5s cyclone (URG, Corp.,
USA) was used to remove coarse particles, and a
sampling pump was used to reduce the residence time
of air in the sampling line. The meteorological data,
including temperature, relative humidity (RH), wind
speed and wind direction, were monitored from an
automatic meteorological station (Vaisala
MAWS201). Ambient NO, (NO, NO,) was monitored
using a chemiluminescence nitrogen oxides analyzer
(Thermo 42i). SO, and O3 were monitored using
Thermo 43i and Thermo 49i, respectively. PM mass
was also measured using a Tapered Element Oscillat-
ing Microbalance (Thermo TEOM 1405) with a time
resolution of 1 min. The mass concentrations of PM, s
were measured using a SHARP 5030 instrument
(Thermo, USA). Elemental carbon (EC) and organic
carbon (OC) in PM, s were measured by a semi-
continuous OC/EC analyzer (Sunset laboratory) using
the thermal-optical transmittance method. Potentially
toxic elements (PTE), detected by a Xact-625 heavy
metal analyzer, were used to indicate the feature of
trace apportionment, including K, Ca, Ba, Cu and Co.

Data analysis methods

All the single-particle spectra were imported to the
YAADA toolkit (Software Toolkit to Analyze Single-
Particle Mass Spectral Data, v 2.11). Particle cluster-
ing was performed with ART-2a adaptive resonance
theory method (Song et al. 1999). The parameter
setting for this analysis was: learning rate 0.05,
vigilance factor 0.80 and iterations 20. Two hundred
and seventy-six original groups were manually
merged under the following conditions: (1) similar
major ion pattern in the mass spectra and (2) similar
temporal trend between particle types. Each particle
cluster was named by its chemical composition, the
clusters were then reduced to 10, which was used to
describe the total SPAMS dataset, and others represent
an unidentified group.

Results and discussion

Overview

The measurements period was 01/20/2017 (mm/dd/
yyyy) to 01/31/2017. The temporal trends of
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temperature, RH, NO,, SO,, O3, PM, 5 and PM, are
shown in Fig. 1. The average RH was 68 + 12%. The
wind was mainly from the north, northeast and
northwest (Fig. 1), with a wind speed of
0.8 & 0.7 m/s. The ratio of PM;y/PM,s was
0.62 £ 0.15; submicron particles were important
during the Spring Festival period.

SPAMS clusters characterization

Ten kinds of average mass spectra of resolved particle
types are shown in Fig. 2. Each cluster is named and
identified according to its chemical composition.

EC The EC type includes carbon clusters, K*
(m/z 39), sulfate, and nitrate, C1~, phosphate. And
sulfate peaks are predominant in negative spectra.

ECOC The positive mass spectrum profile contains
typical adjacent hydrocarbon ion fragments. This
cluster is usually including carbenium ions, which

comes from an incomplete combustion process (Mof-
fet and Prather 2009).

HM The average mass spectra of HM contain
higher signal of heavy metal fragments, for example
Pb(206, 207, 208), Zn(64, 66, 68), Cu(63, 65), As(75),
Hg(202), Cr(52, 68), Mn(55), V(51,67) and Fe(54,
56). They have been attributed to coal burning
emissions (Xu et al. 2012) and dust cluster (Silva
et al. 2000).

HOC High mass HOC has a signal of the high
molecule organic species such as CgHo™(m/z 105),
C10H8+(m/z 128), C13H9+(m/z 165), C14H9+(m/
7 177), CysHy H(miz 191) and C,gH10™ (m/z 202) that
are attributed to PAHs in ATOFMS study (Gross et al.
2000). The positive average mass spectra also
contain carbon fragment Cn* and hydrocarbon ion
fragments including saturated hydrocarbon such as
C,,H{,,H(m/z 43, 57, 71, etc.), unsaturated hydrocar-
bon C,H3,_,(m/z41, 55, 69, etc.) and oxidized species

-Z

B RH

c PM2.5 "

SO, —o0—0,
PM,,—— NO,

100

)
Ogrus e 3
o %
©

Fig. 1 Temporal trends of temperature, humidity, wind direct, wind speed, gaseous pollutants (SO,, NO,, PM, 5, PM ) in 1-h time

resolution
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Fig. 2 Average mass spectra for single particle types in the Spring Festival SPAMS dataset. The label in each panel indicates the single

particle type

like C,H,0™ (m/z 42, C.H,O™, m/z 59 CH;CO, ™). The
negative ion spectrum contains carbon cluster, along
with hydrocarbon ion fragments (CxHy ™), sulfate and
nitrate.

K rich The average mass spectra of K rich contain
higher signal of nitrate and sulfate and lower signal of
Cl7, CN7, CNO™ than in the LEV average mass
spectra.

LEV The positive mass spectrum contains the peak
of K,CIT(113, 115) or K350,%(213, 215). In the
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negative mass spectrum, sulfate (m/z 97, 80), nitrate
(m/z 46 and 62), carbon (12, 24, 36, etc.), CN~ (m/
z 26), C1I™ (m/z 35, 37) and CNO™ (m/z 42) are
pronounced. The levoglucosan fragments are also
found peaking at m/z 45, 59 and 71 (Silva et al. 1999).
The levoglucosan particle type has also been reported
in the previous studies (Bi et al. 2011; Dallosto and
Harrison 2006; Healy et al. 2010; Moffet et al. 2008;
Qin and Prather 2006).
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Fig. 2 continued

Na rich The organic species including hydrocarbon
ion fragments, chloride and CN™~ are notably lower
than ECOC.

OC The OC particle type is characterized by
abundant organic ion fragments, including C,H;™ (m/
727), CoHs " (m/z 29), CsH™ (m/z 37), C3Hs ™t (miz 39),
C,H;0™" (m/z 43), and monoaromatic hydrocarbon
peaks like 51, 63, 77 and 91 in the positive mass
spectrum. C,H™ (m/z 25), Co;H, (m/z 26) and C;H™
(m/z 49) are abundant in the negative spectrum.

m/z

Organic acid marker Co,HsCOO™/C,HO3 ™ (m/z 73) is
also observed (Zauscher et al. 2013).

SiO3 This particle is characterized with strong
silicate and potassium peaks in the positive mass
spectra. The silicate points to soil dust particles from
building yards and unpaved roads that are common in
some Chinese cities (Huang et al. 2014).

Other The positive mass spectrums contain the high
abundance of other peaks, and we cannot classify them
as one category.
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Temporal trends of single-particle analysis

The temporal trends of single particle types can
provide insights into the influence of fireworks display
on variation of particle types during the Spring
Festival period. As shown in Fig. 3, it is beginning
to set off firecrackers in the morning of 01/27/2017.
Average wind speed decreases below 0.5 m/s, and the
humidity was 75%. Hourly PM;, and PM, s mass
concentration accumulated from 205 to 407 and 93 to
275 pg/m?, respectively. Two severe haze episodes
(BY and NY in Fig. 1) were characterized by high
PM, 5 mass loadings. The first episode (BY) was from
01/20 to 01/24, when light haze accumulated gradu-
ally. The second episode (NY) was from 01/25 to
01/28, when quantities of firecrackers began setting
off and severe haze occurred. The third episode (AY)
was from 01/29 to 01/31, when the air becomes to be
clear.

In NY, the count number of primary particle types
like ECOC, K* and OC increased. The aged groups,
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such as K™, ECOC and secondary particle, also
increased significantly after the Chinese New Year’s
Eve. These results suggest that the aged particle types
were prominent during the Spring Festival period. In
daytime, in the presence of light, pollutants get more
space to disperse due to elevation of boundary layer
height (Deka and Hoque 2014); what is more,
fireworks activity is more intense. The formation of
particulate event in Chengdu is driven by the accu-
mulation of primary particles and formation of
secondary particles.

Influence of fireworks on the physicochemical
characteristics of PM pollution

Characteristics of fireworks

As shown in Fig. 4, concentrations of most species
(such as crustal elements, heavy metal species,
carbonaceous species, C1~, K™ and Mg>") exhibited
increasing trends during the firework period. It is
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Fig. 4 Concentrations of K, Ca, Ba, Cu, Co in the atmosphere during the observation

believed that Ca, Co, Cu, Ba, C1~, K™ and Mngr might
represent firework-related species. Potassium is one of
the major components of fireworks because potassium
compounds in black powder (commonly in the form of
perchlorate or chlorate) act as the main oxidisers
during burning, with the corresponding chemical
equations being 2KClO3 = 2KC1 + 30, and KCIO4.
= KCI + 20,. The Ca compounds (such as calcium
chloride and sulfate), Ba compounds and Cu

compounds (such as copper chloride and oxide) give
rise to orange and blue color, respectively. (Conkling
1985). A Cr compound (CuCr,0,) is used as a catalyst
for propellants. Cu, K, and Co are used to provide
silvery and glitter effects as well. Many components
are in the form of perchlorate or chlorate (Munster
et al. 2009). Leading to high concentrations of C1 ™, the
abruptly high emissions of these elements due to
firework combustion can explain the high
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concentrations of these firework-related species in
atmospheric PM during the Spring Festival period. It is
noteworthy that certain firework-related heavy metals
(Co, Ba, Cu, etc.) are dangerous elements because of
their toxicity and are forbidden by law in many
countries (Vecchi et al. 2008). Such high concentra-
tions in a short time, especially in a place where a
considerable number of people are gathered, might be
of concern. Apparently, a fivefold increase in mass
concentration of heavy metals is observed during the
Spring Festival Eve.

The temporal variations of the carbonaceous
species and the ratio of OC/EC for 20-31 January
are shown in Fig. 5. In this study, the average values of
OC on the BY, NY and AY episode were 30.9, 37.1
and 17.0 ug/m’, respectively. The average values of
EC in three episodes were 8.8, 9.3 and 3.8 pg/m?,
respectively.

On the other hand, the ratio of OC/EC has been used
as a valuable tool to indicate the sources and formation
of carbonaceous aerosol. The previous studies have
shown that the OC/EC ratios for vehicle emissions,
coal combustion and biomass burning were 0.7-2.4,
0.3-7.6 and 4.1-14.5 (Watson et al. 2001; Qin and Xie
2011), respectively. A study of Chinese sources
similarly showed that the OC/EC ratios from coal
combustion and biomass burning are much higher than
those from vehicle emissions (Gan et al. 2010). In this
study, the average OC/EC ratios decreased in the order

Fig. 5 Time series of 60

AY (4.7) > overall (4.1) > NY (4.0) > BY period
(3.6), indicating that many organic pollutants had
generated after the Spring Festival. The average OC
and EC in PM, 5 were 28.9 and 7.5 mg/m3 in the
whole observation period, respectively, lower than the
corresponding value in other studies (Cao et al. 2007)
in Beijing (OC = 27.1 mg/m’; EC = 7.1 mg/m’),
Shanghai (OC = 28.6 mg/m; EC = 8.3 mg/m®) and
Guangzhou (OC = 41.1 mg/m*; EC = 14.5 mg/m>).

Intense secondary aerosol transformation

It is noteworthy that fireworks contain many toxicity
heavy metals, such high concentrations in a short time,
especially in a place where a considerable number of
people are gathered, might be of concern. Except for
the directly firework-related species, an increase was
also observed for most of the inorganic elements (such
as S, K and N).

Additionally, the sulfur oxidation ratio
(SOR = nSO,>"/(nSO4*~ + nSO,), n is the molar
concentration) and nitrogen oxidation ratio
(NOR = nNO; /(nNO3~ + nNO,)) were important
factors; their high values show that gaseous species
were oxidized to secondary aerosols in the atmosphere
(Sun et al. 2006). It has been reported that SOR is less
than 0.10 in primary source emissions (Pierson et al.
1979) but higher than 0.10 when sulfate is produced
through the photochemical oxidation of SO, (Ohta and
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Okita 1990). Overall, the SOR and NOR in both NY
and AY (Fig. 6b) showed strong secondary aerosol
transformation. Especially, in Spring Festival’s Eve,
quantities of fireworks display in a short time,
releasing a lot of SO,. And the high levels of SOR
and NOR led to rapid accumulation of sulfates and
nitrates, resulting in worsening of the haze pollution.
SOR was always larger than NOR, and thus, the
concentration of SO,>~ was higher than that of NO5™~
all the time (Fig. 6a). The highest SOR (0.85) occurred
at 8:00 on 27 January; 23 h later, the highest

24
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concentration of PM,s (275 mg/m®) in AY was
observed.

The average NORs were elevated slightly from 0.28
(AY) to 0.30 (NY), and NOR showed a clearly
increasing trend in both AY and NY. The averages of
SOR in AY and NY were 0.61 and 0.70, respectively,
the same trend as the NOR. Figure 6b shows that
NOR/SOR and NO;/SO,>~ both had increase trends
with event development, especially during NY. NOR/
SOR showed a positive correlation with NO; /SO,>~,
as their variation was similar. SOR showed a slightly

(b)

NOR
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(d) "

0.57 L ¥ .- ~
. LT o
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Fig. 6 Time series of a NOR/SOR and NO;7/SO,>~ and b SOR and NOR during the observation, and the relationship and curve fitting
between ¢ temperature and SOR or NOR, and d RH and SOR or NOR

@ Springer



2770

Environ Geochem Health (2018) 40:2761-2771

more increasing trend; the increase in NOR was
important for the increase trend of NO; /SO,*™ in
NY.

SOR and NOR showed a strong interrelationship in
AY. SO,* is predominantly formed by homogeneous
gas-phase reactions of SO, with OH radicals and
heterogeneous reactions in the aqueous surface layer
of preexisting particles and in-cloud processes (Meng
and Seinfeld 1994; Yao et al. 2002). The formation of
NO;™ from NO, usually occurs via a homogeneous
gas-phase reaction of NO, with OH radicals and
heterogeneous chemistry involving the hydrolysis of
dinitrogen pentoxide on aerosol surfaces (Pathak et al.
2008). Additionally, it has been reported that high
levels of NOx might accelerate the reaction from SO,
to SO,>~ (He et al. 2014a, b). Thus, the formation of
both SO,*~ and NO; ™ is largely related to heteroge-
neous chemistry. However, NOR and SOR have
almost no relationship in NY (Fig. 6d). It is possible
that the oxidation mechanism may have been different
in the two episodes. The concentration of O3 was
extremely low in BY (Fig. 1), indicating that the
photochemical reaction was not strong and atmo-
spheric oxidation was insufficient during BY, which
was a restrictive condition for SOR and NOR, even
though the gas precursors are abundant.

SOR and NOR showed no obvious relation to
temperature (Fig. 6¢); the very low temperature may
have provided little enhancement to them. SOR and
NOR showed an increasing trend with increased RH
(Fig. 6d), which implied that high RH was conducive
to the conversion of SO, to SO,>~ and NO, to NO5 ™.

Conclusions

To quantify the direct impacts of fireworks, size-
resolved PM samples were collected in a megacity in
Chengdu. An online measurement of urban single
particle types was taken in Chengdu during the Spring
Festival of 2017 from 01/20 to 01/31. The major particle
types were mainly carbonaceous particles and metal-
rich dust. The sampling campaign covered the Spring
Festival, which provides a unique opportunity to
quantify the contributions of fireworks under signifi-
cantly different emission patterns. The strong influence
of fireworks on the physicochemical characteristics of
atmospheric PM, 5 was observed. During the observa-
tion period, intense secondary pollutant transformation
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was observed; the SOR and NOR showed a strong
interrelationship in NY period. SOR and NOR had a
slight positive relationship with fireworks activity but
no obvious relationship with temperature. However,
NOR and SOR have almost no relationship in NY. It is
possible that the oxidation mechanism may have been
different in the two episodes.
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