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Organic molecular composition and carbon and nitrogen isotope ratios of PM, s samples collected in
November 2013 were analyzed using gas chromatography/mass spectrometry and isotope ratio mass
spectrometry. The samples represented six potential sources and seven sampling sites situated in
concentric zones around Beijing under both haze and non-haze conditions. Our results showed that the
average concentrations of polycyclic aromatic hydrocarbons (PAHs) and n-alkanes were 258.2 + 208.8
ng m~> and 499.5 + 347.8 ng m~>, while the 6°C and 6N values for PM, s varied from —26.29 to
—25.269,, and from 8.68 to 14.509, with an average of —25.70 £+ 0.3%, and 11.97 £+ 1.799,,. respectively.
The highest concentrations of PAHs and n-alkanes were recorded in the sixth ring road, with the lowest
ones in the third ring road. Concentrations of PAHs during haze were higher than during non-haze
conditions, while concentrations of n-alkanes were not markedly different. Principal component
analysis/multiple linear regression analyses indicated that the main sources of PAHs were vehicle and
coal combustion emissions, while n-alkanes had high contributions from petroleum emissions. These
sources were supported by isotopic analyses. Thus, the main sources of organic matter contributing to
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DOI: 10.1039/c6em00037a haze in Beijing were coal combustion and vehicle emissions. Such results provide guidance towards

rsc.li/process-impacts managing haze in Beijing.

Environmental impact

Beijing, the capital of China, has experienced serious air pollution of fine particulate matter in recent years. Organic molecular composition and carbon and
nitrogen isotope ratios of PM, 5 samples were analyzed to identify the PM, 5 sources under haze and non-haze conditions. The results of isotopic values were in
agreement with those of organic molecular compositions, indicating that coal combustion and vehicle emissions were the major sources of organic matter
contributing to haze in Beijing. This provides a new method for tracing the sources of PM, 5.

Organic components of this particulate matter are of
increasing interest, as they have the potential to play an
With the massive development of residential areas and indus- important role in atmospheric chemistry and air quality. Poly-

1 Introduction

tries around Beijing, China's capital is facing very serious air
pollution problems. Studies of atmospheric particulate matter
showed that the particle sizes ranged from 1 nm to 100 um,
spanning five orders of magnitude.> The inhalable particle
component, with its large particle number and surface area, not
only affects atmospheric visibility, but also endangers human
health, causing morbidity and mortality.* Atmospheric particles
are a complex mixture of components, including inorganic,
organic, and biological materials.
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cyclic aromatic hydrocarbons (PAHs) behaving like persistent
organic pollutants are of major concern for human health,
because they are bioaccumulative, resist degradation, and can
cycle in the environment for a long time.*® PAHs, often with
three to six rings, are produced mainly through incomplete
combustion and pyrolysis of carbon-containing materials, such
as fossil fuels and biomasses.® While n-alkanes are emitted by
anthropogenic and natural sources, anthropogenic sources of
n-alkanes typically include combustion of fossil fuels, wood,
agricultural debris, or leaves. Biogenic sources include particles
shed from the leaf epicuticular waxes of vascular plants and
direct suspension of pollen, microorganisms, and insects.”
Atmospheric studies of PAHs and n-alkane deposition have
been carried out worldwide.***

Environ. Sci.: Processes Impacts


http://crossmark.crossref.org/dialog/?doi=10.1039/c6em00037a&domain=pdf&date_stamp=2016-03-03
http://dx.doi.org/10.1039/c6em00037a
http://pubs.rsc.org/en/journals/journal/EM

Published on 23 February 2016. Downloaded by BEIJING UNIVERSITY OF SCIENCE & TECHNOLOGY on 04/03/2016 01:56:19.

Environmental Science: Processes & Impacts

To formulate effective control strategies and reduce the
potential toxic effects of PM, 5, an understanding of the sources
of organic matter in the atmosphere is required. Both PAHs and
n-alkanes contain useful markers for source identification of
fine particles (Bi et al., 2002; Simoneit, 1986).”** In fact, some
particle-phase PAHs and n-alkanes have been used as chemical
mass balance models for PM, 5 source apportionment.'**® In
addition, isotopic analysis is an effective method for dis-
tinguishing the sources of organic carbon (OC). Carbon isotope
and nitrogen isotope ratios are used to distinguish individual
dominant sources of atmospheric pollution.'*?

Stable carbon isotopes (**C and '>C) have proven to be very
useful for tracing sources; these isotopes were first applied to
studies of air pollution in the 1980s.® Several authors*®
explored the use of carbon isotopes in organic carbon for source
apportionment and atmospheric chemical transformation
studies. Cao et al.*” used stable carbon isotope ratios to deter-
mine that the carbonaceous component of PM, 5 was derived
from fossil fuels, especially coal combustion and motor vehicle
emissions. They showed that cities in North China were strongly
affected by coal combustion during winter. Studies of nitrogen
isotopes (N and 'N) are fewer,”*? but still could have
potential as tracers. Widory** measured 6'°N in the atmosphere
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of Paris; these measurements provided clear information on the
sources of primary and possibly secondary nitrogen from road
traffic, waste incinerators, and heating sources. Thus, it was
possible to characterize emissions from different types of
emitters in Paris.

However, few studies combine organic molecular composi-
tion with isotope ratios to ascertain sources of particles during
haze. In this study, the concentrations of PAHs and n-alkanes in
PM, 5 samples collected during haze and non-haze conditions
were measured using gas chromatography coupled with mass
spectrometry and analyzed using principal component analysis
(PCA) and multiple linear regression (MLR) methods to deter-
mine their sources. At the same time, six potential sources of
PM, 5 were collected and the carbon and nitrogen isotope ratios
of these sources were compared with the ratios of our samples
to establish their origins.

2 Materials and methods
2.1 Sampling

PM, 5 samples were collected at seven sites within concentric
zones around Beijing, the capital of China. From the second
loop to Miyun county, seven sample sites were set in each ring
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Fig. 1 Distribution of sample sites in Beijing.

Table 1 The location of the sample sites

Sampling date

No. Location Latitude (N) Longitude (E) Haze Non-haze
P1 2nd ring road 39° 56 48.00” 116° 24’ 02.86" 11.5.2013 12.3.2013
P2 3rd ring road 39° 58’ 11.34" 116° 24’ 06.64" 12.7.2013 11.6.2013
P3 4th ring road 39° 59’ 14.76" 116° 21’ 13.18" 12.6.2013 11.10.2013
P4 5th ring road 40° 00 50.56" 116° 24’ 34.29" 12.7.2013 11.7.2013
P5 6th ring road 40° 09’ 22.86" 116° 26’ 22.00” 11.12.2013 —

P6 Shunyi district 40° 11’ 22.94” 116° 52 40.11" 11.15.2013 11.13.2013
p7 Miyun county 40° 21’ 46.51" 116° 49’ 27.50" 11.23.2013 11.14.2013
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road, Shunyi district and Miyun county (Fig. 1 and Table 1).
Using a median volume sampler with PM, 5 cutting equipment
(manufactured by Laoying, Qingdao, China), PM, s samples
were collected on quartz filters (with 88 mm diameter). Each
sample was collected for 24 hours with a flow rate of 100 L
min~". The sampler was placed more than 20 m away from the
main area of human activity and about 1.5 m above the ground.
Samples were collected under both haze and non-haze condi-
tions during Nov-Dec 2013 (Table 1). In addition, six source
samples were collected under the same conditions from
biomass combustion, anthracite combustion, diesel exhaust,
automobile exhaust, lampblack and road gas; the source
samples were also collected by the median volume sampler
under the same conditions (100 L min~', 24 h). Before
sampling, the filters were baked at 450 °C for 8 h to remove
volatile substances and organic contaminants, and then were
stored at room temperature (25 °C) and under a relative
humidity of 50% for 24 h before weighing. After sampling and
weighing, the filters were wrapped in aluminum foil and stored
in a refrigerator at —40 °C, prior to sampling.

2.2 Analytical methods

Details of the methods used for PM, 5 sample extraction and our
clean-up procedure can be found in a previous study;**** a brief
summary is given below. Aliquots of filter samples (1/4) were
ultrasonically extracted three times for 15 min each with
dichloromethane/methanol (1:1, v/v). After filtering, the
solvent extracts were combined and concentrated on a rotary
evaporator; the extract was reduced to 1 mL with dry nitrogen
gas. Aliquots of these extracts were reacted with bis
(trimethylsilyl)-trifluoroacetamide (BSTFA), containing 1% tri-
methyl-chlorosilane and pyridine for 3 h at 70 °C to derivatize
—-COOH and -OH groups to their corresponding trimethylsilyl
esters and ethers, respectively. The silylated extracts were dried
with N, to remove the remaining BSTFA and pyridine, and then
were added to n-hexane and internal standards before injection
into the gas chromatograph.

An Agilent/HP 6890 gas chromatograph (GC; Agilent/Hewlitt-
Packard, Santa Clara, CA, USA) equipped with a 30 m DB-5MS
(0.25 mm i.d., 0.10 mm in thickness, J&W Scientific) capillary
column coupled to a Micromass VG Platform II mass spec-
trometer (MS; Waters, Manchester, UK) operating in the elec-
tron impact mode (70 eV) was used to analyze the
concentrations of 18 PAHs (naphthalene, acenaphthylene, ace-
naphthene, fluorene, phenanthrene, anthracene, fluoranthene,
pyrene, retene, benz(a)anthracene, chrysene, benzo(b)fluo-
ranthene; benzo(k)fluoranthene, benzo(a)-pyrene, 1,3,5-triphe-
nylbenzene, indeno(1,2,3-cd)pyrene, dibenz(a,h)anthracene,
and benzo(g,h,i)-perylene) and n-alkanes. Helium was used as
the carrier gas at a flow rate of 1.5 mL min~". The injection was
conducted in the splitless mode at 250 °C with an injection
volume of 1 mL. The column temperature was started at 150 °C,
maintained for 2 min, and ramped to 245 °C at 2 °C min ™", held
for 2 min, and then increased to 300 °C at 20 °C min ™}, and held
for 5 min. GC-MS operated on a TSQ Quantum XLS system
(Thermo Fisher Scientific, USA) in the scan mode was also
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employed to further identify the analytes in the samples. Data
acquisition and processing were controlled by a HP Chem-
station data system.

The statistical analysis using PCA and MLR analysis was
carried out using IBM SPSS statistical software packages to
extract the possible sources of PAHs and n-alkanes. In this
study, PCA has been applied to identify sources of PAHs and
n-alkanes in order to provide a further understanding of the
haze conditions in Beijing. MLR analysis was applied to quan-
tify source contributions to PAHs and n-alkanes in the atmo-
sphere in Beijing. MLR was carried out with standardized
component scores of PCs as independent variables and stan-
dardized total concentrations of PAHs and n-alkanes as
dependent variables. Source contributions were estimated
based on regression equations and regression coefficients.

2.3 Quality control (QC) and quality assurance (QA)

All data in the study were subject to strict quality-control
procedures to minimize sampling/measurement
Samples were analyzed more than 3 times on different days to
check for reproducibility and reduce measurement errors. A
number of field and laboratory blanks were taken during
sampling and processing. Blank samples were measured
everyday under the same conditions as real samples. All
compounds, but three recovery indicators, were under detection
limits in blanks. The average recoveries of the three indicators
were from 70 to 110% for the experimental process.

€Irors.

2.4 Isotope experiments

The contents of carbon, nitrogen, and their isotope ratios 6'*C
and 6"°N of the aerosols were determined using an Isotope
Ratio Mass Spectrometer (DELTA V Advantage; Thermo Fisher
Scientific, Waltham, MA, USA) and an Elemental Analyzer
(Flash EA1112 HT; Thermo Fisher Scientific). In the isotope
experiments, the aliquots of sample filters (1/2) and CuO, Cu,
and CaO were transferred to a quartz-glass tube and combusted
at 900 °C within the Elemental Analyzer to convert C into CO,
and N into N,. The cooled gases were then analyzed in the
Isotope Ratio Mass Spectrometer. Because measurements of the
analysis blank (mainly caused by reactants) can vary slightly
over time from 0.1 to 2 nmol, each series of three samples was
analyzed together with a blank. Nitrogen was measured with an
accuracy of 70.5% (2 s), estimated from the reproducibility
measurements of the international standards.

Variations in the isotopic composition of the bulk carbon
(%, vs. V-PDB) and nitrogen (9%, vs. standard atmospheric N,) in
samples are expressed in the usual 6 notation. The 6"°C and
6"°N measurements had an overall precision of +£0.1%, and
+0.29,,, respectively.

613 Csample (%o) =

13C 12C
((13(3//12(3))%“]101e - 1:| x 10° (1)

standard

ISN/14N
615Nsample (%0) = [w — 1:| X 103 (2)

standard
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3 Results and discussion
3.1 Pollution from the PAHs and n-alkanes

3.1.1 PAH concentration. Eighteen PAHs were detected in
the PM, 5 samples, although naphthalene and acenaphthene
were not detected in all samples; the concentrations of the other
16 PAHs are presented in Fig. 2. The average concentrations of
individual 16 PAHs varied from 1.1 to 37.3 ng m™>, while the
concentration of their sum (> 16PAHs) ranged from 36.8 to
479.8 ng m °, with a mean of 258.2 + 208.8 ng m °. These
results were about 5-10 times higher than those for summer in
Guangzhou, a city in the south of China, but only 2-3 times
those for winter.** They were also much higher than those
measured in Harbin, a city in northeast China.*® The mean
concentrations of PAHs in this study were 50% higher than
those recorded from January to March 2006,%® and 2-3 times the
values for September 2008 and July 2009.%”

In Fig. 2, higher ring PAHs (with four to six rings) were the
dominant species, with fluoranthene, pyrene, benz(a)anthra-
cene (BaA), chrysene, benzo(b)fluoranthene (BbF), benzo(k)flu-
oranthene (BKF), and benzo(a)pyrene (BaP) constituting more
than 90% of the ) 16PAHs. This result was consistent with
other studies.?*%%*

Comparison of the concentrations of Y 16PAHs for each site
under both haze and non-haze conditions (Fig. 2) shows that
the concentrations in haze were higher, except for the Miyun
county site. Interestingly, the minimum concentration in non-
haze samples was 36.8 ng m* in the fourth ring road, similar to
concentrations in Guangzhou in winter;* while the maximum
was 287.3 ng m~ > in Miyun county. The range of concentrations
under non-haze conditions (36.8-287.3 ng m>) was a little

500

400

3

300 -

concentration ng/m

100

Fig. 2 Concentrations of PAHs in PM, 5 samples.
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higher than for Beijing in 2009.* The concentrations of haze
samples were very high, ranging from 126.6 to 479.8 ng m >,
about 2-3 times the values under non-haze conditions. This
result suggests that under non-haze conditions, the air quality
in Beijing is comparable to other Chinese cities, but during hazy
days, the air pollution is serious.

3.1.2 n-Alkane concentrations. The concentrations or
n-alkanes with C12 to C36 are shown in Fig. 3. The content of
S n-alkanes varied between 168.0 and 901.6 ng m >, with an
average concentration of 499.5 + 347.8 ng m™>. These results
were similar to those recorded in Guangzhou for April, but
higher than summer values in Guangzhou.® Likewise, they are
2-3 times those for Beijing from 2006.* The major contributors
to > n-alkanes were the lighter congeners (C13 and C19-C25),
accounting for 39.3-50.3% of the total sum. The highest
concentrations were recorded in the sixth ring road, followed by
the Shunyi district, fourth ring road, second ring road, Miyun
county, and third ring road, in decreasing order.

The differences between samples collected under haze and
non-haze conditions were different from those for PAHs.
Concentrations for haze were higher than those for non-haze
conditions in the second to fourth ring roads. While in the fifth
ring road, Shunyi district, and Miyun county, non-haze samples
were higher than haze ones. Such differences likely reflect
different sources.

The carbon preference index (CPI) of n-alkanes is used to
calculate the contributions of biogenic versus fossil fuel
combustions.*»*> We defined CPI1 as the average CPI for the
whole range of n-alkanes (C12-C36), while CPI2 denotes only
petrogenic n-alkanes (C12-C25), and CPI3 (C25-C36) gives
values for biogenic-n-alkanes. Their values were 0.99, 1.16, and

nzo(a)pyrene

nzo(k)fluoranthene

nzo(b)fluoranthene
ene

a)anthracene

woranthene
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Fig. 3 Concentrations of n-alkanes in PM, s samples.

0.82, respectively. The CPI values show that n-alkanes were
derived from high contributions of petroleum, diesel residues,
and gasoline emissions, with a minor contribution of n-alkanes
emitted from plant waxes.

cprt = 2 EBC oy, 2 OO
> cl2-c35 > C12-C24

cprs = 2= C25 = C36 (3)
> C24-C35

3.2 PCA-MLR analysis and the sources of PAHs and
n-alkanes

In the beginning, the Positive Matrix Factorization (PMF) model
was used to analyze the sources of organics in the atmosphere,
but the results were uncertain in 4, 5 or more factors, so it is
hard to determine the sources of PAHs and n-alkanes. The
reason for this phenomenon was that the samples were
collected in different places and weather conditions, and thus
their main sources were not similar to each other. PCA is
a reliable model for identifying the sources of organics in the
atmosphere.**** Here, PCA was used to identify the sources of
PAHs and n-alkanes in Beijing. Five principal components (PCs)
explained 91.9% of the total variance in PAHs (Table 2). The first
component (PC1) accounted for 39.2%, and was mostly asso-
ciated with four- and five-ring PAHs, such as fluoranthene,
pyrene, benz(a)anthracene, chrysene, benzo(b)fluoranthene,
benzo(k)fluoranthene, and benzo(a)pyrene. According to the

literature, fluoranthene, pyrene, benz(a)anthracene, and

This journal is © The Royal Society of Chemistry 2016

chrysene are markers for coal combustion, while fluoranthene,
pyrene, benzo(b)fluoranthene, and benzo(k)fluoranthene are
tracers for vehicle emissions, and benz(a)anthracene is a tracer
for natural gas combustion.*** Thus, PC1 reflected combustion
of fossil fuels. The second component (PC2) was enriched in
fluorene, phenanthrene, 1,3,5-triphenylbenzene, indeno(1,2,3-
cd)pyrene, dibenz(a,h)-anthracene, and benzo(g,h,i)perylene,
accounting for 30.4% of the total variance in PAHs (Table 2).

Table 2 PCA results of PAHs

Component

PAHs PC1 PC2 PC3 PC4 PC5
Acenaphthylene —0.385 —0.136 0.056 0.290  0.767
Fluorene 0.120 0.703 —0.596 0.258 —0.074
Phenanthrene —0.273 0.810  0.181 0.214 —0.279
Anthracene —0.420 0.390 0.729 —0.054 —-0.274
Fluoranthene 0.851 —0.222 —-0.323 —-0.153 —0.026
Pyrene 0.741 0.323 0.341 0.285 0.204
Retene 0.419 0.268 —0.092 0.780 —0.175
Benz(a)anthracene 0973  0.032  0.045 —0.138 —0.021
Chrysene 0.985 0.114 0.032 —0.045 —0.021
Benzo(b)fluoranthene  0.979  0.066  0.070  —0.122 —0.010
Benzo(k)fluoranthene  0.955  —0.035 0.099  —0.205 0.017

Benzo(a)pyrene 0.775  0.200 0.356  0.190  0.177

1,3,5-Triphenylbenzene —0.148 0.930  0.068 —0.197 0.097
Indeno(1,2,3-cd)pyrene  —0.071 0.892  —0.018 —0.248 0.282
Dibenz(a,h)anthracene  —0.003 0.869  —0.212 —0.098 —0.153
Benzo(g,h,i)perylene —0.045 0920 —0.111 -0.183 0.244
Explained variance (%) 39.2 30.4 8.5 7.3 6.4
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These higher ring PAHs are tracers of gasoline-powered vehicles
(Harrison et al., 1996). Thus, PC2 reflected the use of gasoline-
powered vehicles. The third component (PC3), with 8.5% of the
total variance, is associated with anthracene, and also pyrene
and benzo(a)pyrene; these three PAHs are coal combustion
tracers.® Thus, PC3 reflected coal combustion emissions.
Components PC4 and PC5, enriched in retene and acenaph-
thylene, comprised 7.3% and 6.4% of the total variance,
respectively. Retene is produced from the combustion of
coniferous wood, while acenaphthylene is the tracer for cement
plant emissions.***°

Table 3 gives PCA results of n-alkanes. Four PCs explained
85.0% of the total variance. PC1 was highly loaded with C15 and
C17-C31 n-alkanes, accounting for 42.0% of the total variance.
PC2 had a high loading of C29-C31 and C33-C36, accounting
for 21.2% of the total variance. PC3 was characterized by a high
loading of the short-chain n-alkanes (C12-C16), representing
11.5% of the total variance, while PC4 was highly loaded with
C18 and C32, accounting for 10.3% of the total variance.
According to the literature, C12-C25 are derived from fossil fuel
burning, including vehicle emissions and coal burning; while
C26-C36 have a biogenic source and are derived from higher
plant waxes.””*® Thus, PC1 reflected fossil fuel burning and
plant waxes, PC2 was directly derived from higher plant waxes,
PC3 reflected vehicle emissions and coal burning, while PC4
also reflected both fossil fuel burning and higher plant waxes.

MLR analysis was used to quantify source contributions to
samples based on PAHs and n-alkanes. MLR was carried out
using the standardized component scores of PCs as

Table 3 PCA results of n-alkanes

Component

n-Alkanes PC1 PC2 PC3 PC4
Dodecane (Cy,) 0.072 —0.660  0.578 —0.390
Tridecane (Cy3) 0.191 —0.656 0.567 —0.372
Pentadecane (Cys) 0.687 —0.271 0.320 0.281
Hexadecane (Cy¢) 0.162 —0.172 0.706 0.445
Heptadecane (Cy7) 0.711 —0.029 —0.055 0.349
Octadecane (Cyg) 0.564 0.099 0.331 0.723
Nonadecane (Cyo) 0.830 —0.403 0.139 —0.126
Eicosane (Cao) 0.812 —0.412 0.146 —0.180
Heneicosane (C,,) 0.857 —0.385 0.044 —0.152
Docosane (Cy,) 0.568 0.151 —0.599 0.305
Tricosane (C,3) 0.963 —0.136 —0.155 —0.102
Tetracosane (Csg4) 0.938 0.052 —0.229 —0.077
Pentacosane (Cys) 0.907 0.135 —0.189 —0.115
Heptacosane (C,) 0.784 0.507 —0.083 —0.118
Octacosane (Cag) 0.968 —0.025 0.050 —0.186
Nonacosane (C,g) 0.741 0.538 0.040 —0.173
Tricontane (Csp) 0.706 0.590 —0.020 —0.072
Hentriacontane (Cs,) 0.543 0.792 0.163 —0.072
Dotriacontane (Cs,) —0.018 —0.076 0.165 0.886
Tritriacontane (Cs;) —0.405 0.641 0.326 —0.151
Tetratracontane (Cz,) —0.435 0.569 0.141 —0.261
Pentatriacontane (Css) 0.077 0.737 0.539 —0.050
Hexatriacontane (Czg) 0.077 0.737 0.539 —0.050
Explained variance (%) 42.0 21.2 11.5 10.3
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independent variables and the standardized total concentra-
tions of PAHs and n-alkanes as dependent variables. Regression
coefficients were used to estimate source contributions. Eqn (4)
and (5) describe the PCs' contributions of PAHs and n-alkanes
to samples.

S16PAHs = 0.886PC1 + 0.440PC2 + 0.114PC3
+0.035PC4 + 0.060PC5 (4)

S n-Alkanes = 0.967PC1 — 0.08PC2 + 0.171PC3
— 0.096PC4 )

For PAHs, the contributions of PC1 (fossil fuels), PC2
(gasoline-powered vehicles), PC3 (coal combustion emissions),
PC4 (coniferous wood combustion), and PC5 (cement plant
emissions) were 58%, 29%, 7%, 2%, and 4%, respectively. Our
analyses indicated that coal combustion and gasoline-powered
vehicles were the dominant PAH sources, accounting for more
than 85% of their contribution to the atmosphere. For
n-alkanes, PC1 (fossil fuel burning and higher plant waxes) and
PC3 (vehicle emissions and coal burning) were the dominant
sources, contributing 85% and 15% of the total. PC2 and PC4
were close to zero, suggesting that their contributions were
negligible.

Both data analyses show that the main sources of PAHs and
n-alkanes in winter in Beijing were coal combustion emissions
and vehicle emissions. This is consistent with the fact that coal
is the main energy source in North China, especially in winter
when there is a need for heating*~>* Motor vehicles in Beijing
already are related to high PM pollution problems.*> Recent
increases in both energy consumption and private vehicle
ownership have aggravated air pollution in recent years.>

3.3 Isotope composition

The samples from six potential sources and seven sampling
sites were analyzed by isotope ratio mass spectrometry.
Although the results of road gas were similar with those of the
sampling sites, it could not be considered as a kind of source.
Thus, only five potential sources were discussed.

3.3.1 Carbon isotope in PM,;. The 6"°C (—27.55%,) of
particles derived from burning firewood is comparable to that
for C3 plants (—27.129,) in Miyun county, Beijing (Lu et al.
2013). This 6"*C value is higher than the value obtained in
Yurihonjo, Japan, where 6'°C values varied from —34.7%, to
—28.0%,.** The 6'C of coal-combustion particles (—23.31%,) is
similar to that for Chinese coal (—23.4 £ 1.29,,),% Parisian coal
(—26 £ 0.5%,)," and Japanese coal from Yurihonjo (—23.3%,).>
The 6"*C values for diesel (—25.90%,) and gasoline (—25.27%,)
were within the same range as for Hangzhou, China (—28 to
—269%, for diesel and —27.6 to —23.5%, for gasoline),”” but
slightly lower than values for Yurihonjo (—24.49, for diesel and
—24.3Y%, for gasoline). The 6'°C values for soot derived from
diesel and gasoline were lower than for coal, consistent with
studies.”*>®

The 6"3C values and carbon concentrations for major emis-
sion sources and PM, s samples are plotted in Fig. 4a. The
carbon isotopic compositions of PM, s samples varied from

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Variations of 61°C vs. OC% (a), 6*°N vs. N% (b) and 6*°C vs. 6*°N

(c) in Beijing city. The dashed lines in (a and c) indicate the end-member

61C range of motor vehicles (—25.9 + 0.8%,)62 and Chinese coal (—23.4 + 1.2%,).%* The 6**C and 6'°N values of the soil end member in (c) are

taken from the study of Lu®® in the Miyun watershed, Beijing.

—26.29 to —25.269%,,, with an average of —25.70 £ 0.39,. The
major emission sources for carbon in PM, s samples were
clearly motor vehicles and lampblack. The highest carbon
concentration (9.11%) was recorded in the suburban area,
where individual households use coal and biomass for burning.
Other potential sources such as dust from construction areas
and desert sand from the desert were negligible, given the
higher 6*°C values for these end members (—17.5 to —1.75%,).%
The contributions from motor vehicles and lampblack were
estimated using a carbon isotopic mass balance equation.
Because gasoline was the major vehicle fuel, it was used as the
mixing end member. The results indicate that motor vehicles
were the major emission source for carbon in PM, s samples,
with an average contribution of 57%. Motor vehicle pollution
has become increasingly prominent, with the rapid urbaniza-
tion in Beijing, while traditional use of coal and biomass
burning has decreased under a series of clean air programs.
In Fig. 4a, the difference of 6'*C values under haze and non-
haze conditions was not significant, showing that the carbon
sources of PM, 5 in haze weather were similar to those under
non-haze conditions. However, compared with non-haze

This journal is © The Royal Society of Chemistry 2016

conditions, the carbon concentrations in haze were obviously
higher. The results indicate that the sources of organic matter
under haze and non-haze conditions were similar, but the
atmospheric pollution in haze weather was more serious than
under non-haze conditions.

3.3.2 Nitrogen isotope in PM, ;. Nitrogen in atmospheric
particles can be derived from multiple sources, including
primary and secondary processes, making it difficult to identify
its sources. Nitrogen isotopic composition (6'°N) can be useful
for the identification of primary and secondary nitrogen.** The
6'°N values and nitrogen concentrations of major pollution
sources and PM, 5 samples are shown in Fig. 4b. The 6'°N values
for PM, 5 samples ranged from 8.68 to 14.509%,,, with an average
of 11.97 + 1.79%,. The wide range of 6"°N values in PM, ;
samples indicates multiple origins of nitrogen in the atmo-
sphere or different processes of formation. This is similar to the
values reported by the study® in Paris, where 6'°N (PMj,)
ranged from 5.3 to 16.19,,, with an average of 10.7 & 3.19,,. The
0"°N of coal in China ranged from —6 to +4%,,°° while the 6'°N of
NO, from coal combustion ranged from 6 to 13%,.* The 6'°N
values for diesel and gasoline were 0.98%, and 9.179,,
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respectively. These values were different from those for Paris,
where average 6"°N values for diesel and unleaded gasoline were
both 4.6%,. Hence, the higher 6'°N values for PM, 5 samples in
Beijing may reflect the NO, input from coal combustion. The
nitrogen concentrations and 0N values in PM,; samples
showed a positive correlation (R* = 0.63, P = 0.004, with the
exception of two samples), suggesting the formation of
secondary nitrogen, as reported by Widory.** However, most of
the nitrogen concentrations in PM, 5 samples were similar to
those measured directly at pollution sources, inferring that the
influence of secondary processes is weak. In this case, a positive
relationship between nitrogen concentrations and 6'°N values
may indicate mixing of multiple pollution sources.

Plotting both 6'°C and 6'°N for PM, s samples shows that
gasoline, coal, and biomass combustion were the major sources
of carbon and nitrogen in PM, 5 samples (Fig. 4c). This varies
slightly from the carbon source identification using 6">C and
carbon concentrations. However, the significant positive corre-
lation (R*> = 0.52, P = 0.005) between carbon and nitrogen
concentrations in PM, 5 samples suggests they had common
pollution sources. Both isotopes and concentrations of carbon
and nitrogen suggested that motor vehicles were an important
pollution source of PM, s.

Although being similar to the results of the carbon isotope,
there were a few differences between the 6'°N values under haze
and non-haze conditions, and the nitrogen concentrations
under haze conditions were three times that in non-haze
weather. This result shows that there is more serious atmo-
spheric pollution under haze conditions, but the pollution
matter was from similar sources.

In summary, the results of isotopic analysis were in agree-
ment with the results of PAHs, n-alkanes and PCA-MLR, indi-
cating that the main sources of organic matter in PM, 5 were
vehicle emissions and coal combustion emissions, but their
concentrations were much higher under haze weather
conditions.

4 Conclusions

There was serious air pollution in Beijing in winter: the
concentrations of PAHs and n-alkanes ranged from 36.8 to 479.8
ng m~> and 168.0 to 901.6 ng m >, with the average of 258.2 +
208.8 ng m ® and 499.5 + 347.8 ng m °, respectively. These
concentrations were much higher than other cities in China,
especially under haze conditions. The highest concentration of
PAHs and n-alkanes was both in the sixth ring road and the
lowest one was in the third ring road, and the concentrations of
PAHSs under haze conditions were higher than that under non-
haze conditions, except in Miyun county, but the difference of
n-alkanes between haze and non-haze conditions was not very
clear.

PCA-MLR and CPI analysis indicated that the main sources
of PAHs were vehicle emissions and coal combustion emis-
sions, and n-alkanes included high contributions of petroleum,
diesel residues and gasoline emissions and minor contribu-
tions of n-alkanes emitted directly from epicuticular waxes. In
addition, the isotopic analysis result showed that the sources of

Environ. Sci.. Processes Impacts

View Article Online

Paper

organic matter were coal combustion emissions, vehicle emis-
sions and biomass combustion emissions, which was similar to
the result of PCA-MLR analysis, proving that the main sources
of organic matter in Beijing were coal combustion emissions
and vehicle emissions.

Carbon and nitrogen isotope analysis indicated that coal
combustion and vehicle emissions were the major sources of
PM, 5 in Beijing. These results were in agreement with those of
PCA-MLR analysis, proving that the carbon and nitrogen
isotope analysis is a reliable new method for tracing the sources
of PM, 5.

Our study shows that sources of organic matter in PM, 5
samples collected under haze and non-haze conditions were
similar, but concentrations of organic matter were higher
during haze. This suggests that haze pollution in Beijing is
caused by coal combustion and vehicle emissions. Isotopic
analyses showed that the contribution of coal combustion
during haze was higher than under non-haze conditions. Thus,
coal combustion for heating in winter contributed greatly to
haze pollution in Beijing. These results provide guidance for
managing haze in Beijing.
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