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Single particle aerosol mass spectrometer (SPAMS) was used to characterize the single particle size
and chemical composition of submicron aerosols in the urban area of the Pearl River Delta region,
China, for the period April 30 through May 22, 2010. A total of 696,465 particles were sized and
chemically analyzed with both positive and negative ion spectra, in which 141,338 biomass burning
particles were identified representing a significant source of submicron particles w20.3% by number.
The results have revealed that biomass burning particles have experienced extensive atmospheric
processing, finding that as much as 90.5% of the particles have internally mixed with secondary
inorganic species. Biomass burning particles were clustered into six distinct particle groups,
comprising of KeCa-rich, KeNa-rich, Keorganic carbon (KeOC), Keelemental carbon (KeEC), Kethe
mixture of OC and EC (KeOCEC) and KeSecondary. KeOC was the largest contributor with a fraction
of 22.9%, followed by KeSecondary type (21.4%) and KeOCEC (19.0%). KeNa-rich type was observed in
11.9% of the particles and 90% internally mixed with EC. The fraction of nitrate in biomass burning
particles was 10% higher than in the non-biomass burning particles. The sodium and potassium in
biomass burning particles could exhibit high affinity for nitrate gases during neutralization reactions,
facilitating the particulate nitrate formation. Meanwhile, the particulate sulfate in particles in the
droplet-mode size was also enhanced. The results added appreciably to the knowledge of aerosol
characteristics in the PRD region atmosphere and could be applied to the climate models.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Biomass burning is a significant source of anthropogenic
aerosol particles (Andreae and Merlet, 2001) and represents the
largest source of submicron particles: approximately 33e39% by
number from 1 to 7 km of the troposphere (Pratt and Prather,
2010). Biomass burning activities emit large amounts of carbona-
ceous aerosol containing black carbon and organic constituents
such as polycyclic aromatic hydrocarbons (PAHs) which have
potential carcinogenic, mutagenic and genotoxic effects on
humans. Up to 38% of the total emissions of black carbon in China
have been attributed to biomass burning (Streets et al., 2001).
Moreover, biomass burning particles can effectively scatter and
: þ86 20 85290288.
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absorb solar radiation, and are good cloud condensation nuclei
(Reid et al., 2005a, 2005b). Therefore, biomass burning has always
been of interest to scientists. In addition, biomass burning aerosols
would undergo aging processes as they travel through the air,
causing significant changes to their physiochemical and optical
properties (Reid et al., 2005a) that merits consideration in climate
models.

Single particle mass spectrometer, such as aerosol time-of-flight
mass spectrometer (ATOFMS), has been extensively used to
measure the aerodynamic size and chemical composition of indi-
vidual aerosol particles (Gard et al., 1997, 1998; Guazzotti et al.,
2001; Liu et al., 2003; Toner et al., 2006; Shields et al., 2008;
Spencer et al., 2008; Pratt and Prather, 2009). It has been proved
to be a powerful tool for analyzing the mixing state and formation
mechanisms of aerosols in single particle levels (Gaston et al., 2010;
Angelino et al., 2001; Moffet et al., 2004; Freney et al., 2006;
Denkenberger et al., 2007; Moffet and Prather, 2009; Wang et al.,
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Table 1
The SPAMS markers used to search for biomass burning particles in this study.

Species m/z Marker
ion

Area Relative
area

Function

K and K-clusters 39 � 0.5 [K]þ 500 0.05 and
113 � 0.5, 115 � 0.5 [K2Cl]þ 50 0.005 or
213 � 0.5, 215 � 0.5 [K3SO4]þ 50 0.005 or

Levoglucosan �45 � 0.5 [CHO2]� 50 0.005 or
�59 � 0.5 [C2H3O2]� 50 0.005 or
�73 � 0.5 [C3H5O2]� 50 0.005 or

CN �26 � 0.5 [CN]� 50 0.005 or
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2009a; Yang et al., 2009). These accomplishments are extremely
helpful to understand the impact of aerosols on the global climate.

The Pearl River Delta (PRD) region, located at the center of
Guangdong Province, China, is an area of 41,700 square kilometers,
with a population of 43 million people. Rapid urbanization and
industrialization in the last few decades have caused substantial
atmospheric pollution. The Program of Regional Integrated Exper-
iments of Air Quality over Pearl River Delta (PRIDE-PRD) was con-
ducted in 2004 and 2006 to observe the chemical and physical
processes controlling the key parameters of aerosol, including
chemical composition, size distribution, and optical properties in
the PRD region (Cheng et al., 2008; Hua et al., 2008; Zhang et al.,
2008; Sugimoto et al., 2009; Xiao et al., 2009). The previous
studies utilizing conventional filter aerosol sampling techniques
showed that biomass burning had a strong impact on the air quality
of the PRD region (Hagler et al., 2006; Wang et al., 2007; Bi et al.,
2008). The chemical composition of biomass burning particles
was measured using off-line analysis (Wang et al., 2009b), which
required long collection periods in which additional chemical
reactions on the filters may have biased the data. To the best of our
knowledge, there has heretofore been scant use of single particle
mass spectrometry to analyze the mixing state of biomass burning
and its impact on particle chemistry in China (Li and Shao, 2009; Li
et al., 2010).

An experiment was designed to study size-resolved character-
istics of submicron aerosols in urban PRD using a single particle
aerosol mass spectrometer (SPAMS) with a focus to study the
chemical composition, size and mixing state of biomass burning
particles. The data acquired could be utilized to assess the influence
of biomass burning on the region’s air quality and climate.

2. Experimental section

2.1. Sampling

Single particle measurement was carried out in 2010 between
April 30 and May 22, with occasional maintenance and recalibra-
tion stand-downs, using an SPAMS made by Hexin Analytical
Instrument Co., Ltd (Li et al., 2011). The hourly variation of
temperature, humidity, visibility and wind directions are presented
in Figure S1 of the SupplementaryMaterial. The temperature varied
between 19 and 33 �C, with an average of 26.0 �C, with relative
humidity varying more widely between 22 and 100%. The sample
air was introduced from the platform about 10 m above ground in
a three-story building at the Guangzhou Institute of Geochemistry,
situated approximately 100 m from the major traffic artery and
2 km from the city center. The air was sampled through an 8 mm
copper tube connected to the SPAMS instrument, which was
installed in an air-conditioned room located on the first floor of the
building. Because of the relative long tubing (approx.10 m) and low
sampling flow rate, an additional pump (operated at a flow rate of
5 L min�1) was used to shorten the residence time of the air in the
tube. A PM2.5 cyclone was installed upstream the sample inlet to
exclude coarse particles. No specific tests were run to check for
leaks or contamination from the use of a copper-based inlet, as such
tainting problems have not been typically observed in previously
published papers.

2.2. Single particle mass spectrometry

Particles detection method of SPAMS has been described else-
where (Li et al., 2011). Briefly, aerosol particles are introduced into
vacuum pumped SPAMS through a 0.1 mm critical orifice at a flow
of 80 mL min�1 due to the pressure drop from w760 to w2.2 Torr.
They are then focused and accelerated to specific velocities
characteristic of their vacuum aerodynamic diameters while
passing through the aerodynamic lens, followed by the sizing
region, where velocities of individual particles are determined by
two continuous diode Nd:YAG laser beams operated at 532 nm and
located 6 cm apart. Desorption/ionization is applied subsequently
by a 266 nm Nd:YAG laser that is triggered exactly based on the
velocity of the specific particle as measured in the sizing chamber.
The positive and negative fragments are detected by a dual-polarity
time-of-flight mass spectrometer. In this study, the energy of
desorption/ionization laser was regulated at about 0.6 mJ. The
power density of the desorption/ionization laser was kept relatively
low, at about 1.06Eþ08 W cm�2. Polystyrene latex spheres (Nano-
sphere Size Standards, Duke Scientific Corp., Palo Alto) of 0.2e2 mm
in diameter were used to calibrate the sizes of the detected
particles.

2.3. Analysis of single particle data

Particles sizes andmass spectra informationwere used to create
peak lists, using TSI MS-Analyze software. The peak lists were then
imported into MatLab 7.1 (The Mathworks Inc.). Peak thresholds
were set to record only those peaks with heights greater than 10
units and area greater than 20 units to distinguish peaks from the
background noise in themass spectra. The YAADA 2.1 toolkit (www.
yaada.org) was utilized to search and analyze the imported infor-
mation for individual particles. Because the particle-detection
efficiency of the SPAMS exhibits strong dependent on particle size
(Allen et al., 2000; Su et al., 2004), each size range represents the
relative counts of different particle types and not the actual
atmospheric concentration, but the size distributions remain useful
for comparing particle types.

3. Results and discussion

The single particle results presented in this work cover aero-
dynamic diameters between 0.2 and 1.2 mm. A total of 696,465
single particle mass spectra were collected over the course of the
campaign. Biomass burning particles were queried by searching for
given m/z ratios, which is given in Table 1, based on previous lab
studies (Silva et al., 1999; Yang, 2010). A total of 141,338 biomass
burning particle mass spectra were obtained, which contributed
approximately 20.3% on average to the total submicron particles
count.

3.1. Chemical composition

The average digitized mass spectrum of biomass burning
particles is displayed in Fig. 1. The dominant peaks in the positive
ion mass spectra were potassium (Kþ), sodium (Naþ), organics and
carbon cluster ions. Sulfate, nitrate, CN� and carbon cluster ions
were the most common peaks observed in the negative ion spectra.
The other species included metallic elements such as copper (Cuþ),
vanadium (Vþ) and lead (Pbþ). As much as 90.5% of the biomass
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Fig. 1. Average digitized positive (top panel) and negative (bottom panel) ion mass spectrum of biomass burning particles.
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burning particles were found to internally mix with secondary
inorganic species, more or less in amount, suggesting that these
particles had undergone significant secondary processing during
transport.

A neural network algorithm, ART-2a, grouped the data into
clusters of particles with similar mass spectral features over 20
iterations, with a vigilance factor of 0.7 and a learning rate of 0.05.
The grouping yielded 578 clusters, with the top 200 clusters rep-
resenting over 91% of the mass spectra from the study. Further
manual classification was used to reduce the number of main
classes to six. The remaining 9% of clusters characterized by low-
mass spectral resolution was grouped into one class referred to as
“Unclassified”. Ca and Na, which are often regarded as originating
from dust and sea salt, respectively (Pastor et al., 2003; Dall’Osto
and Harrison, 2006; Yang et al., 2009), were not removed because
these elements were also detected in the smoke of biomass burning
(Silva et al., 1999; Yamasoe et al., 2000; Schmidl et al., 2008). Both
CaeEC and NaeEC particles have been observed in vehicle exhausts
(Sodeman et al., 2005; Toner et al., 2006). Therefore, the Ca-rich
and Na-rich biomass burning particles might be resulted from the
mixing of biomass burning and vehicular emissions. This choice of
markers allows the selection of all particles present in biomass
burning.

An area matrix for each of the top six particle types is given in
Fig. 2, and a brief description of each type follows. 39[K]þ, which is
considered to be a good marker for biomass burning (Andreae,
1983), was present in all of the types. KeCa-rich was character-
ized by ion peaks in the positive ion spectra for 40[Ca]þ, 39[K]þ, 23
[Na]þ, a smaller 56[CaO]þ; and by peaks in the negative spectra
for �26[CN]�, carbon cluster ions �12[C]�, �24[C2]�.[Cn]�.
KeNa-rich contained intense ions at 23[Na]þ, 39[K]þ and dual
polarity carbon cluster ions 12[C]�, 24[C2]�.[Cn]�. KeOC particles
were identified by 39[K]þ and OC marker ions such as 15[CH3]þ, 27
[C2H3]þ, 29[C2H5]þ and 43[C2H3O]þ (Spencer and Prather, 2006).
KeEC particles contained 39[K]þ and dual polarity carbon cluster
ions (12[C�], 24[C2]�, 36[C3]� ,., [Cn]�) and without OC marker
ions or with really low intensity of OC marker ions. KeOCEC
exhibited a signature indicative of internally mixed with OCmarker
ions and EC cluster ions as well as a strong peak 39[K]þ. The K-
Secondary particles were characterized by intense 39[K]þ without
or very low other ions in the positive spectra as well as strong
sulfate at m/z �97[HSO4]� and nitrate at m/z �46[NO2]� and �62
[NO3]� in the negative spectra. Sulfate and nitrate are generally
regarded as secondary species although they can be emitted from
the primary sources.

Fig. 3 showed that KeOC was the most abundant among the
seven clusters with a fraction of 22.9%, followed by KeSecondary
(21.4%) and KeOCEC (19.0%). The KeCa-rich type was the least one
accounting for 5% of the analyzed particles. It is important to note
that KeNa-rich type was observed in 11.9% of the particles. The
color stacks of the carbon cluster ions peak demonstrate that
approximately 90% of the KeNa-rich particles internally mixed
with EC (Figure S3), which differs from the sea salt particles
(Dall’Osto et al., 2004; Dall’Osto and Harrison, 2006; Spencer et al.,
2008). Pearson correlation analysis indicated that the unscaled
SPAMS counts in 1 h resolution of certain particle types have
a correlative relationship, particularly between KeEC and KeNa-
rich (correlation coefficients r ¼ 0.894, p < 0.01) (Table S1). The
good correlation between particle types suggests common or
similar sources, and/or that they were subject to similar processes.

The temporal profile (1 h resolution) of the six particle types
between May/14/10 and May/21/10 is shown in Figure S3. These
figures show that each type exhibited a similar pattern, and did not
show strong diurnal trends although generally there was a peak in
the night. The peaks occurred in the night were due to the
portioning of semi-volatile compounds from the vapor phase into
the particle phase and/or the formation of a stable nocturnal
inversion layer. Peaks occurred in the early morning hours or in the
afternoon were most likely correlated with particular sources
and events. The particle types excluding K-Secondary showed
correlations with relative humidity and anti-correlations with
temperature.

For a more detailed examination, Fig. 4 illustrates the
percentage of the particle types as a function of their aerodynamic
diameters (in 50 nm bins). Although nearly all of the particle types
were observed in all size ranges, the size distribution of the biomass
burning particles was bimodal with significant condensation and
droplet-mode fractions. KeEC and KeNa-rich were the major



Fig. 2. Area matrices for the top six particle classes (KeCa-rich, KeNa-rich, KeOC, KeEC, KeOCEC, K-Secondary) observed in urban area of the PRD region.
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components, accounting for 65.8% of the condensation particles
ranging from 200 to 400 nm (dva); as the particle size increasing,
their contribution decreased. From 500 to 1200 nm, the chemical
composition became relatively constant with KeOC being the
dominant type, suggesting that the organic aerosol component was
largely from secondary formation rather than primary emission.
KeEC particles aged with and without extra OC coating accounted
for 18.1% and 6.6% of particles greater than 500 nm in diameter,
respectively. The KeEC particles in droplet-mode support that
addition of sulfate through in-cloud processing, and nitrate through
heterogenic reactions, caused the transition from the condensation
mode (Yu et al., 2010).
3.2. Mixing state of biomass burning particles with secondary
species

The mixing state of the original particles would alter the light
absorption and surface properties of particles. Studies have showed
that internally mixed ECesulfate and OC-coated EC particles
enhanced atmospheric absorption ability by increasing a particle’s
absorption efficiency by about 3 times compared to uncoated EC
(Jacobson, 2001; Bond et al., 2006), and their ability as CCN by
hydrophobic to hydrophilic surface alteration (Rose et al., 2010).
Presented here are the first in situ chemically resolved measure-
ments of the mixing state of biomass burning particles in the PRD
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region. This study shows that 67.1% and 66.8% of biomass burning
particles were found to internally mix with sulfate and nitrate,
respectively. The identification of sulfate and nitrate was based on
the criterion that the relative areas of the peaks were more than
0.05 for sulfate and nitrate. Sulfate-only particles were present in
w23.7% of the total biomass burning particles, and had stronger
correlations with KeOC and KeOCEC than with the other types. In
contrast, nitrate-only particles accounted for 23.4% of the particles,
and were more internally mixed with KeCae, KeNae, and
KeSecondary particles. These results suggest different formation
pathways for sulfate and nitrate. Particle-phase sulfate resulted
predominantly from sulfur dioxide oxidation in the cloud free
atmosphere (Tyndall and Ravishankara, 1991) and, more
commonly, SO2 conversion in clouds and fogs (Gurciullo and
Pandis, 1997; Zhang et al., 1999). The preferential enrichment of
nitrate in inorganic ions-rich particles was evidence of a predomi-
nant gas-phase source for nitric acid and precursors, followed by
partitioning and heterogeneous/aqueous chemistry. Sulfate and
nitratemixture (accounting for>43.4% of the total biomass burning
particles) coexisted in the KeOC, KeOCEC and K-Secondary types.

The percentage of biomass burning particles mixed with sulfate
and nitrate is presented as a function of aerodynamic diameter in
Fig. 5. The fraction with sulfate and nitrate increased with particle
size, ranging from 49.9% to 72.0% and 42.2% to 70.8%, respectively,
which is different from the non-biomass burning particles, which
was referred to as the particles excluding the biomass burning-
containing particles from the total particles detected by SPAMS.
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condensation mode particles. Nitrate-containing particles formed
mainly through the gas-phase reactions of NO2 with OH radicals,
followed by HNO3 transformation from gas phase into particles via
neutralization reactions and heterogeneous oxidation of nitrogen
oxide on the particle surface (Hu et al., 2008; Wang et al., 2009a).
The preferential formation of nitrate in biomass burning particles
was attributed to the reaction of its gaseous precursors with
particles. Alkalinic particle types such as Kþ and Naþ-rich would
be expected to have a high affinity for acidic gases during aqueous
processing. This processing by acids likely neutralized much of the
alkaline particles, driving gaseous nitric acid to partition to the
particles (Lee et al., 2003; Wang et al., 2009a). Potassium was
the most abundant ion in the biomass burning particles. The
KeNa-rich particles accounted for 11.9% of the total biomass
burning particles, but accounted up to 35.6% of the condensation
mode particles. The high percentage of Na in the small particles
may facilitate the reaction of gaseous HNO3 with particles. Xiao
et al. (2009) studied the formation of submicron sulfate aerosol
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in the urban area of the PRD region, and observed the rapid
increased of sulfate in the condensation mode due to gas-phase
oxidation of SO2 by OH radical. By a similar formation mecha-
nism, sulfate and nitrate competed, with the enhanced nitrate
blocking the formation of sulfate in the condensation mode
particles. The enhanced sulfate formation in the droplet-mode
particles was possibly due to rich ions produced by biomass
burning, which made a stronger hydrophilic surface, thus favored
the sulfate formation by in-cloud process. Therefore, both the
potassium and sodium biomass burning particles could have their
roles in the internal mixing of sulfate and nitrate in the PRD
region, which was also observed with clean airflow (Murphy and
Thomson, 1997).

Previous studies have also shown that biomass burning signif-
icantly contributed to the regional haze, and led to deterioration of
air quality (bin Abas et al., 2004; Li and Shao, 2009; Warneke et al.,
2009; Li et al., 2010). The light-scattering efficiency of fine partic-
ulate nitrate was also reported to be higher than that of sulfate
(Appel et al., 1985). This study shows that biomass burning causes
air quality deterioration not only by the emission of gas and
particles, but also by the facilitating formation of nitrate particles
during the transport.

4. Conclusions

To reduce the assumptions and uncertainties associated with
modeling the impacts of biomass burning aerosols on direct and
indirect radiative forcing, direct measurements of the chemistry of
atmospheric particles are required. SPAMS analysis of biomass
burning particles in this study shows that approximately 90.5% of
biomass burning particles were internally mixed with inorganic
secondary species, suggesting they underwent significant pro-
cessing during transport to the sampling site. Three particle types
e KeOC, KeOCEC and KeSecondary e dominated the submicron
aerosols. KeEC and KeNa-rich were more prevalent with the
condensation mode particles, while KeOC and KeOCEC were
abundant with the droplet-mode particles. Sulfate was preferen-
tially mixed with the organics-containing particles, while nitrate
tended to mix with the inorganic ions-rich particle type. The
abundance of inorganic ions in the biomass burning particles
maybe facilitate the formation of particulate nitrate in the
condensation mode and of particulate sulfate in the droplet mode.
Further research will focus on the effects of meteorological
conditions on the mixing state of biomass burning particles in
PRD and the impact of biomass burning on particle chemistry
during haze.
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