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Abstract. Fine particles (PMs, i.e., particles with an aero- being seven times higher than the ambient standard recom-
dynamic diameter ok2.5um) were collected from the air mended by the US Environmental Protection Agency (EPA)
in August 2005, August—September 2006, and January{Wang et al., 2004). Particulate organic matter (POM) makes
February 2007, in Beijing, China. The chemical compo- up a significant fraction of the PM mass concentration
sitions of particulate organic matter in the ambient sam-in Beijing. Zheng et al. (2005) reported that carbonaceous
ples were quantified by gas chromatography/mass spectronspecies were the most abundant components in fine particles
etry. The dominant compounds identified in summertimein Beijing, accounting for 17-65% of the mass concentration
were n-alkanoic acids, followed by dicarboxylic acids and of PM, 5 (average, 35%), and the organic carbon (OC) con-
sugars, while sugars became the most abundant species @entrations were higher in January and October but lower in
winter, followed by polycyclic aromatic hydrocarbons; July. Song et al. (2007) also reported that organic matter was
alkanes, andi-alkanoic acids. The contributions of seven the largest contributor to ambient BM(43% in January and
emission sources (i.e., gasoline/diesel vehicles, coal burn29% in August), while the contribution of elemental carbon
ing, wood/straw burning, cooking, and vegetative detritus)(EC) to PM 5 was 8% in Beijing.

to particulate organic matter in P were estimated using  High concentrations of Pl lead to several environmen-

a chemical mass balance receptor model. The model resultgl problems in Beijing. For example, Song et al. (2003)
present the seasonal trends of source contributions to organieported that optical extinction by light scattering of parti-
aerosols. Biomass burning (straw and wood) had the highcles, especially fine particles, was the main reason for visi-
est contribution in winter, followed by coal burning, vehicle bility impairment in Beijing. A recent epidemiologic study
exhaust, and cooking. The contribution of cooking was thealso confirmed associations between ambient PMvels
highest in summer, followed by vehicle exhaust and biomassind both morbidity and mortality (Pope and Dockery, 2006).
burning, while coal smoke showed only a minor contribution Therefore, air quality in Beijing must be improved for human
to ambient organic carbon. health protection.

A quantitative understanding of the sources of 2Ms
essential for the development of effective control strategies.
1 Introduction Many previous studies on source apportionment of,BM

in Beijing used elemental tracers to characterize sources
The continuous increase in city sizes and the progress of intSong and Xie, 2006; Song et al., 2006, 2007; Sun et
dustrialization, together with rapid increases in the number ofdl., 2006). The major problem with this approach is that
vehicles on the roads and energy consumption, have resulte@any emission sources do not have a unique elemental com-
in very severe PMs (i.e., particles with an aerodynamic di- Position. Many important Pl sources, such as cook-
ameter of<2.5,m) pollution in Beijing. Moreover, emis- ing of food, diesel/gasoline engine exhaust, and cigarette
sions from Beijing have a major impact on regional air qual- SMoke, emit mainly organic compounds and elemental car-

ity, with the annual average P\ concentration in Beijing bon (Hildemann et al., 1991; Schauer et al., 1996; Cass,
1998). The high percentages of organic matter in,BM

make organic molecular tracers critically important to iden-
Correspondence tavl. Shao tify sources of carbonaceous aerosols and ambieni°M
BY (mshao@pku.edu.cn) Zheng et al. (2005) explored the major sources obRNh
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Beijing based on organic compounds using a chemical masters were used for analysis of OC, EC, and speciated organic

balance (CMB) model; however, the source profiles used incompounds.

their model were mostly results obtained in the United States, In addition, Beijing has distinct space-heating and non-

which would not represent the characteristics of local sourcespace-heating periods. In the space-heating season (Decem-

in Beijing. A very limited amount of research has examined ber to March), the coal consumption per month is about dou-

the chemical compositions of POM source profiles that mayble that in the non-space-heating months. To determine the

be specific for China, such as the cooking of food (He et al. differences in PM5 chemical compositions and sources be-

2004; Zhao, 2006; Zhao et al., 2007) and residential coatween these two seasons, 12-h samples of ambient fine parti-

burning (Chen et al., 2005; Zhang et al., 2008). cles (PM ) were also collected from 16 January to 2 Febru-
In the present study, PM samples collected in both sum- ary 2007 (Winter), using the same sampler and sampling cy-

mer and winter from 2005 to 2007 in Beijing were analyzed cles as in Summer Il

by gas chromatography/mass spectrometry (GC-MS) to de-

termine the concentrations of speciated organic compounds2.2 Chemical analysis

The source contributions to ambient POM were estimated us-

ing a CMB model calculation, based on the source profilesThe mass concentrations of BMin Summer Il and Win-

of POM derived from direct measurements of local emissionter were obtained by weighing Teflon filters using a mi-

sources. The seasonal trends of source contributions to finerobalance (Mettler AE 204) in a clean room at'@5and

organic aerosols were examined and compared with the reelative humidity of 50% before and after sampling. One
sults of previous studies in Beijing. punch (1.5crf) was taken from each quartz filter for EC

and OC analysis via a thermal-optical method using a Sunset
Laboratory-based instrument (NIOSH, 1996). The rest of the

2 Experimental methods quartz fiber filter was then extracted and analyzed using an
Agilent GC-MS system (6890 plus GC-5973N MSD) to de-
2.1 Samples of ambient PM5 termine the chemical composition of POM. The quartz filters

from several consecutive days were combined to meet the

Beijing, the capital city of China, is located at the northern limits of detection for speciated organic compounds. There-
tip of the Chinese Northern Plain and enjoys a moderate confore, the concentrations of POM were average concentrations
tinental climate. Due to the control of low-pressure circula- of several days.
tion, the frequency of weather unfavorable for the diffusion The organic species were identified and quantified using
of air pollutants is about 45% (Yu et al., 2002), mainly in authentic standards and internal standards. The details of the
winter. In the present study, samples were obtained at a sitanalytical procedures have been described previously (Zhang
at the top of a building (about 15m above the ground) onet al., 2007). Briefly, the samples were first spiked with
the campus of Peking University, located 17 km northwesta mixture of 26 deuterated compounds and 2 carbon iso-
of the Beijing City center and surrounded by heavy traffic, tope ¢3C)-substituted compounds, and then ultrasonically
restaurants, residential areas, and research institutions. Thextracted with dichloromethane/methanol (3:1, v/v) at room
site was considered to be representative of the urbapsPM temperature. The extracts were filtered and concentrated us-
pollution in Beijing (Huang et al., 2006). ing a rotary vacuum evaporator and further condensed to

Focusing on the air pollution conditions in summer (the about 1 ml under a flow of high purity nitrogen. Each extract
time of the Olympics) in Beijing, 12-h samples of ambient was split into two fractions, one of which was derivatized
fine particles (PMs) were collected from 2 to 31 August with BSTFA (BSTFA/TMCS, 99:1; Supelco) to convert polar
2005, (Summer 1) and from 16 August to 10 September 2008rganic compounds to trimethy! silanized derivatives. Both
(Summer I1). Sampling was performed from 08:00 to 20:00 hthe derivatized and underivatized fractions were analyzed us-
during the daytime and from 20:00 to 08:00 h the following ing an Agilent GC-MS equipped with an Agilent DB-5MS
morning for the nighttime measurements. The sampler use@C column (length, 30 m; diameter, 0.25mm; film thick-
in Summer | was a high-volume sampler (Anderson), oper-ness, 0.2xm). The GC temperature program was as fol-
ated at a flow rate of 1.13%min. Quartz fiber filters were lows: isothermal hold at 6& for 10 min, temperature ramp
used for aerosol collection, and then analyses of OC, ECpf 10°C/min to 306C, with an isothermal hold at 30C for
and speciated organic compounds were performed. A four30 min.
channel sampler (TH-16A; Wuhan Tianhong Company) was In total, 114 organic compounds were quantified, includ-
used to collect aerosols in Summer Il. Ambient air passinging sugars, methoxylated phenols, polycyclic aromatic hy-
through a cyclone separator at a flow rate of 16.7 I/min wasdrocarbons (PAHs)-alkanesp-alkanols, and sterols. Cor-
collected simultaneously on four parallel filters (two Teflon relation coefficients £2) of calibration curves for standard
filters and two quartz fiber filters) during each 12-h samplingcompounds were 0.998).014. Spiked filters were analyzed
period. Samples on Teflon filters were used for measuremertb determine the overall efficiency of the measurements, and
of fine particle mass concentrations, while those on quartz filthe average recoveries were 60.2-116.3%. Field blanks were
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Table 1. The weighting factors for the source profile calculation for POM inpRNrom different vehicle exhausts.

Vehicle types Vehicle num- Annual average Emission Weighting
ber (10" travel distance facto®g/km factors
10*km
Gasoline vehicles Light-duty 160 5.0 0.0117 0.573
Heavy duty with electronic 2.2 3.8 0.145 0.075
fuel-injection and 3-way cat-
alyst
Heavy duty carburetor with 3- 2.2 3.8 0.0589 0.031
way catalyst
Heavy duty carburetor 2.2 3.8 0.32076 0.167
Motorcycles 26.5 1.2 0.07863 0.154
Diesel vehicles Heavy duty 13.6 3.7 0.22134 0.248
Light duty 25.9 4.7 0.27772 0.752

@ data from Zhang (2006)

analyzed and subtracted from all the samples. Laboratory Zhang (2006) measured the chemical speciation of organic
blanks (using a blank filter instead of a sample filter) werematter in PM s emitted from four types of gasoline vehi-
also added during sample analysis to evaluate the possiblele (light duty, heavy duty with electronic fuel injection and

contamination during laboratory analysis. three-way catalyst, heavy duty with carburetor and three-way
. catalyst, and heavy duty carburetor), two types of diesel ve-
2.3 Source apportionment by the CMB model hicle (light duty and heavy duty), and motorcycles. The av-

) erage source profiles of diesel/gasoline vehicle exhausts used
A chemical mass balance (CMB8.2) receptor model wasi, the cMB model in the present study were calculated us-
used to apportion sources of carbonaceous aerosols in Befhg the PM s emission weighted averaging method, based
jing. The indicators for acceptable fitting results weté ;e PM s emission factors, vehicle numbers, and annual
(target>0.8), x (target<4), degrees of freedom (DF, target average travel distance of the seven groups of vehicles in Bei-

>5), percentage of aerosol mass explained by the sourcg,g  According to the Beijing Statistic Yearbook (Beijing
(target 80-120%), C/M ratio (ratio of calculated to measuredy; nicipal Bureau of Statistics and Beijing General Team of
concentration, target 0.5-2.0), and absolute value of the R/ estigation under the NBS, 2006), about 0.265 million mo-
ratio (ratio of residual to uncertainty, targe2). torcycles and 2.146 million cars and trucks (0.177 million
The selection of fitting species is critically important ks and 1.883 million passenger cars) were in Beijing in
as they should be stable during transportation from the,ng5 The proportion and annual average travel distance for
source to receptor site, quantifiable in both source testgaqjine/diesel vehicles with different scales were adopted
and the ambient atmosphere, and representative of thg,m previous studies (Hu et al., 2002: Song and Xie, 2006).

chemical characteristics of sources. Based on the workrhe results of weighting factors for the BM emission of
of Schauer et al. (1996), Schauer and Cass (2000), angifterent vehicle exhausts are shown in Table 1.

Fraser et al. (2003), the organic compounds used as fitting

species in the CMB model in this study includechlkanes With regard to source profiles of straw/wood combustion,
(C26—C33),n-alkanoic acids (C16—C18, C20, C22), PAHs Zhang (2006) and Zhang et al. (2007) measured the chemi-
(benzo[e]pyrene, benzo[ghi]perylene, coronene), hopane§al components in the emissions of three major types cereal
(17B(H)-21a(H)-30-norhopane, If(H), 218(H)-hopane, Straw (wheat, corn, and rice) in China and two types of wood
22R-1%(H), 218(H)-homohopane, 22S-&TH), 218(H)- (pine and mixed wood). In this study, the weighting factors
homohopane, and 22S-4(H), 218(H)-bishomohopane), for PMzs emissions of different cereal straws were calcu-
levoglucosan, cholesterol, and campesterol. EC was also apated based on the total straw yield, the percentage of cereal
plied to further separate gasoline vehicle and diesel vehiclélisposed of by open fire in China, and the emission factors
exhaust. The POM source profiles of diesel/gasoline vehicle®f PMzs in straw combustion reported previously (Gao et
exhausts, coal burning, wood/straw combustion, and cookal-, 2002; Zhu et al., 2005). The results are shown in Table 2.
ing were taken from local studies in China (Zhang, 2006; The source profile of wood combustion used here was an av-
Zhang et al., 2007, 2008; Zhao et al., 2007). Only the sourcérage of the emission of pine and mixed wood combustion.
profile that described emissions of vegetative detritus was Ngte that chemical compositions emitted only from resi-
taken from a previous study in North America (Rogge et al., gential coal burning (Zhang et al., 2008) were adopted as the
1993b). source profile of coal burning, while chemical compositions
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Table 2. Weighting factors for the emission of R from different straw combustion.

Q. Wang et al.: Source apportionment of fine organic aerosols in Beijing

Types Straw yiel8l (10% t) Percent of straw dis- Emission factd? (o/kg  Weighting factors
posed by firé (%) straw)
wheat 11976.3 59.75 0.412
corn 13222.6 54 53.45 0.244
rice 17522.1 7.8 39.3 0.344
@ data from Gao et al. (2002)
b data from Zhu et al. (2005)
Table 3. Modified source profiles with organic tracers and EC used in the CMB model (ng/mgPM
Gasoline Diesel Car Residential Straw Wood Chinese Vegetative
Car Coal cooking detritus
n-hexacosane 770 624 729 41.7 48.8 52.0 109
n-heptacosane 601 283 498 244 54.7 126 929
n-octacosane 464 196 199 45.6 16.1 31.2 282
n-nonacosane 392 81.6 139 834 17.6 304 6290
n-triacontane 274 25.3 73.0 40.1 7.4 13.8 440
n-hentriacontane 215 2.4 58.7 739 17.1 402 9440
n-dotriacontane 130 0.0 17.4 17.0 0.0 0.0 820
n-tritriacontane 102 0.0 17.8 187 16.8 53.0 5060
n-hexadecanoic acid 1101 171 1436 4356 1526 23170 713
n-heptadecanoic acid 32.9 29.4 56.4 121 64.9 210 17.4
n-octadecanoic acid 423 88.6 423 1018 335 5038 206
n-eicosanoic acid 20.7 9.6 50.7 476 125 318 436
n-docosanoic acid 16.7 25 67.5 858 780 342 182
benzo[e]pyrene 34.4 24.6 1037 19.5 297 10.0 0.0
benzo[ghi]lperylene 109 21.6 644 18.5 334 32.8 0.0
coronene 47.4 1.6 121 6.8 97.0 36.3 0.0
178(H),21x(H)-30- 227 147 351 0.0 0.0 0.0 0.0
norhopane
17a(H),218(H)- 331 194 166 0.0 0.0 0.0 0.0
hopane
22S-1%(H),218(H)- 84.9 39.6 33.3 0.0 0.0 0.0 0.0
homohopane
22R-1%(H),218(H)- 65.8 21.4 50.9 0.0 0.0 0.0 0.0
homohopane
22S-1%(H),218(H)- 53.8 19.8 3.7 0.0 0.0 0.0 0.0
bishomohopane
levoglucosan 335 0.0 315 14660 17 350 346 0.0
cholesterol 77.5 1.6 43.9 92.3 25.6 307 0.0
campesterol 0.0 0.0 0.0 2302 41.7 0.0 0.0
ocC 3.8E+05 5.8E+05 4.5E+05 5.2E+05 3.0E+05 8.4E+05 3.2E+05
EC 3.9E+04 1.6E+05 1.2E+05 4.6E+04 1.6E+05 1.5E+04 9.4E+03

from Chinese cooking obtained from Zhao et al. (2007) were3 Results and discussion
used as a source profile of cooking in this study. Therefore
the source profiles of the fitting species for the CMB model3.1  variations in PM, 5 and OC/EC concentrations
run were listed in Table 3.

Atmos. Chem. Phys., 9, 8578585 2009

The seasonal variations in the mass concentrations ofsPM
and OC/EC are presented in Fig. 1. During the measure-
ment period, the Pls mass concentrations varied from
20.6.9/m?® to 487.3ug/m?, with averages of 83,8g/m?® in
summer and 127 Zg/m?® in winter. The average OC and EC

www.atmos-chem-phys.net/9/8573/2009/



Q. Wang et al.: Source apportionment of fine organic aerosols in Beijing

8577

= PM2.5 = 0C EC
100+ 250+ 500 ’ .
(05 Summer) (06 Su1llmer) (07 Winter) \
80- 200 I 4001 f
1 - ‘l
o 60 150 " 300 .|
g =17 |= o # ‘ \
D 401 . 100 IR 2004 '. S .
204 " w50 Yoo o 2 poofnr VAL |
2 i T -, ! S Bkl H.- z .—..- . -._ _:q.'. .._- J .'.-‘l _-',_‘-.'- J L--_; ..\‘.‘.4-. -_.
0 0 SN e ot mbe ) aabienetel. Dponed L ianl
ZOZOZOZOZAOZ [ Y o e e Bl W R G zzzzzzzz
NS MNINHVOMNMWN RO O A N 0 = 0 O == — &0 n 5 O =—
S RheeErey gr e gl e TR g aa o e 99 SR qiq aq gl
CO CO GO 0O 00 0O OO0 OO GO o0 o0 G0 B0 O B0 o0 O O O & 0000 e e e e e e e

Fig. 1. Time series for mass concentrations of £4vand OC/EC in Beijing.
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uary 2007, when an abnormally high average,BMoncen-
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2 100 270 . . centration of 86.Lg/m?, with a low percentage of OC at
% g 200 | 2T

18%, was observed during the day on 31 January 2007, when
the highest wind speed during that time was 6.7 m/s. The
low OC contents under both conditions suggested that the
increase in PMs concentration may have been due to fugi-
tive dust containing less OC than other sources suspended by
the strong winds. The different influence of strong winds on
PM> 5 concentrations could be explained by the distinct land
vegetation coverage and relative humidity between summer
and winter; both dry weather and bare surface (especially
concentrations in Pl were 16.1 and 3./Zlglm3, 22.1 and bare farmland) in winter in Beijing facilitate the emission of
5.5ug/m?, and 36.2 and 7.4g/m? in Summer |, Summer Il,  fugitive dust.
and Winter, respectively. OC accounted for about 8.7-57.5% The variation between P4 and OC concentrations were
of the PM 5 concentrations, with an average of 30.3%. The quite similar, with correlation coefficientsRf) of 0.58 in
concentrations of OC, EC, and BMlin winter, were 1.3-2.3  summer and up to 0.81 in winter if the sample collected dur-
times as high as those in summer, which may have been duiag the day on 29 January 2007 was excluded [the white dot
to larger amounts of emission and more unfavorable disperin Fig. 2 (winter)]. The average OC/EC ratio was about 5.1,
sion conditions in winter. which was slightly smaller than the value of 7.0 in 2000 in
The prevailing wind direction was from the northwest in Beijing reported by Zheng et al. (2005), but higher than the
both summer and winter. Wind speeds varied from 0.01 tovalues of 3.8 in January 2004 and 2.6 in August 2004 in Bei-
8.0m/s in summer, and were lower than 0.5m/s for 35%jing reported by Song et al. (2007).
of the time. Although wind speeds in winter varied over a
similar range, from 0.02 to 9.0m/s, the frequency of static3.2 Concentrations of major organic species
conditions with wind speed lower than 0.5m/s was much
higher, about 47.1%. However, the frequency of high wind In total, 114 organic compounds were quantified and grouped
speed £5m/s) in winter (5.1%) was twice that in summer into 12 classes. The sum of the concentrations of these com-
(2.5%). A negative correlation between wind speed andpounds accounted for about 3% of the total organic matter
PMgy 5 concentration was observed during the observation pein PMy 5 in summer and 6% in winter. The contributions of
riod, as high wind speed generally favored the diffusion of each class are shown in Fig. 3. The dominant compounds
air pollutants. PMs concentrations were very low (20.6— in summer werer-alkanoic acids, followed by dicarboxylic
39.1.9/m?) when the wind speed rose to more than 5 m/s onacids and sugars. In contrast, sugars were the most abun-
8-9 September 2006. In winter, the PMconcentrations de- dant components in winter, followed by PAHs;alkanes,
creased significantly from 160g/m? to 50..g/m3 on 25-27  andn-alkanoic acids. Generally;-alkanoic acids could be
January 2007, when wind speeds increased to about 5.0 m/detected in most sources, among which cooking emissions
However, when the wind speeds exceeded 5 m/s, no markedere important with no clear seasonal differences in source
decreases were observed in Ptoncentrations, and some- intensity (Rogge et al., 1991). Sugars were mainly emitted
times sharp increases were observed. For example, the higlfrom biomass burning and were verified to be reliable trac-
est wind speed of 9.0 m/s occurred during the day on 29 Janers of biomass burning (Simoneit, 1986, 2002; Simoneit and
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Fig. 2. Correlations between OC and BM concentrations (Sum-
mer II: Aug.—Sep. 2006; Winter: Jan.—Feb. 2007).
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Elias, 2000, 2001; Schauer et al., 2001; Zhang et al., 2007)

Dicarboxylic acids could be generated through photochemi
cal reaction in the atmosphere, and their concentrations wer
closely related to atmospheric photochemical activity.

(1) n-Alkanes

Normal alkanes from C18 to C36 were measured in this
study (Fig. 4). All thern-alkanes showed a strong seasonal
variation, with lower total concentrations in summer (av-
erage: 48 and 73ngArin Summer | and Summer |, re-

spectively) and much higher concentrations in winter (aver-
age: 748ng/M). Although many emission sources of air-
bornen-alkanes exist, including both biogenic and anthro-
pogenic sources, the relative distributionsneéilkanes can

provide source information. Previous studies showed that th
n-alkanes emitted from biogenic sources, such as bioma
burning, vegetative detritus, and cooking, had a unique od

e

‘Zgussed in detail in Sect. 3.3.

t al.: Source apportionment of fine organic aerosols in Beijing

n-tricosane, an@-pentacosane) and vehicle exhausts (dom-
inated byn-eicosane andi-heneicosane) (Schauer et al.,
1999a; Zhang, 2006; Zhang et al., 2008). In this study, the
distribution ofn-alkanes showed obvious seasonal character-
istics: Cmax appeared at C27 and C29 in summer and at C22
and C23 in winter. Meanwhile, a strong odd carbon num-
ber preference was observed for highaalkanes £C27) in

both summer and winter, indicating their origin from bio-
genic sources. CPI (carbon predominance index) values were
1.8, 2.0 and 1.7 in Summer |, Summer Il and winter, respec-

tively.
%
Cait1
CPpi= i1 P S
- 2 17 18
> Ca ) Cy
i=13 i=14

The seasonal variation in-alkane distribution was re-
ported to be due to the volatility of low-molecular-weight
alkanes (C18—-C26) and the temperature difference between
winter and summer. Compared to the conditions in summer,
the low temperature in winter favors the conversion of lower-
carbon-numbenr-alkanes from the gas phase to the particu-
late phase, which partly facilitates the overwhelming concen-
trations ofn-alkanes with lower carbon numbers (Feng et al.,
2005; He et al., 2006; Huang et al., 2006). The Cmax ap-
pearing at C22 and C23 in winter also implied a significant
contribution of coal burning.

(2) Sugars

fhree types of sugar were quantified: levoglucosan, galac-
tosan, and mannosan. The seasonal variations in their con-
centrations were similar to those efalkanes, i.e., high in
winter (average: 772 ngffhand low in summer (average: 94
and 191 ng/rhin Summer | and Summer |1, respectively). Of
these, levoglucosan showed the highest concentrations, with
averages of 82 ng/fn167 ng/n?, and 678 ng/rhin Summer

I, Summer I, and Winter, respectively. The concentrations of
levoglucosan recorded here were much higher than the lev-
els in summer (34 ng/®, autumn (117 ng/), and winter

(78 ng/n?) from 2002 to 2003 in Beijing (He et al., 2006),
but much lower than the level of 3048 ngfmeasured at ur-
ban sites in California in the United States during episodes
of severe winter air pollution (Schauer and Cass, 2000). The
source indication of levoglucosan concentrations will be dis-

carbon number preference, with the maximum concentration

species (Cmax) at C29, C31, or C33 (Rogge et al., 1993b
Zhang et al., 2007; Zhao et al., 2007), whilalkanes with

{3) Sterols

lower carbon numbers were usually attributable to the emis+our sterols were detected in this study: campesterol, choles-
sion of fossil fuel (Rogge et al., 1993a; Schauer et al., 1999aterol, g-sitosterol, and stigmasterol (Fig. 5). The seasonal

2002). The predominantalkanes emitted were slightly dif-
ferent between coal combustion (dominatedibgocosane,

Atmos. Chem. Phys., 9, 8578585 2009

trends in total concentrations were also similar to those of
then-alkanes, i.e., higher in winter (average: 49 n§)imnd

www.atmos-chem-phys.net/9/8573/2009/
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Fig. 5. Ambient concentrations of sterols in Beijing (Chole:
cholesterol; Campe: campesterol; Stigma: stigmasterol; $ito:

sitosterol). Fig. 6. Distributions of the hopane series in ambient aerosol in

Beijing (Tm: 1m(H)-22,29,30-trisnorhopane; HP29: A(H)-
21x(H)-30-norhopane; HP30: #[H),218(H)-hopane; HP31R:
. . . 22R-1%(H),218(H)-homohopane; HP31S: 22Sd(H),218(H)-
lower in summer (avergge. 8 and 17 n_ﬁ/nn Summer | homohopane;  HP32S:  22Se(H),218(H)-bishomohopane:
and Summer I, respec_uvely). Of thgsée,snosterol showed p3oR: 22R-1#(H),218(H)-bishomohopane).
the highest concentrations, accounting for almost half of the

concentrations of total sterols. Compared to the other three

sterols of vegetable origin, the concentrations of cholesterol 07 Winter
were relatively constant in both summer and winter; the con- g 100+

centrations in winter were approximately double those in 2 50+

summer, while concentrations of the other sterols were two- 0-

to tenfold higher in winter than in summer. Previous studies 15+ 06 Summer

have shown that cholesterol is typical in the sources related tc~z 10
high-temperature processing of animal tissues, such as emis 2 5 | i i
sions from charbroilers, meat cooking, and Chinese cooking 0

(Rogge et al., 1991; Zhao et al., 2007). These observations
imply a stable impact of cooking emissions on ambient or- 05 Summer

15+

. : : . £ 10
ganic aerosols, consistent with the constant concentrationso 2 5

fatty acids, which are also possible organic tracers of cooking )

0-

T e e o o o o o o £ P £ T o P o o o o o . o o o .

emissions. OOONOOMNIIITITIIITNDDINNDNNDINNOOON

e N e e e e R e e e et et e e e et e S e e et e et et et

(4) Hopanes

in thig::ig' 7. mbient concentrations of PAH in Beijing (digits in parenthe-

Seven hopanes were analyzed and quantified - X . .
tudv: 1B (H)-22 29 30-tri h T ses indicate the ring numbers in the molecular structure of PAH:
study. (H)-22,29,30-trisnorhopane  (Tm), AH)- FLU, Fluoranthene; PHE, Phenanthrene; ANT, Anthracene; M-

21a(H)-30-norhopane  (HP29), #TH), 21B(H)-hopane FLU, Methyl-fluorene; M-PHE, Methyl-Phenanthrene; M-ANT,
(HP30), 22R-1¢(H), 21B(H)-homohopane (HP31R), mMethyl-Anthracene; RET, Retene; PYR, Pyrene; CHR, Chrysene:
22S-1%(H), 218(H)-homohopane (HP31S), 22Se¢i(H),  BaA, Benzo[a]anthracene; M-CHR, Methyl-Chrysene; BghiF,
218(H)-bishomohopane (HP32S), and 22Rx{H), Benzo[ghilfluoranthene; CPcdp, Cyclopenta[cd]pyrene; PER,
21B8(H)-bishomohopane (HP32R). Hopanes are a series oPerylene; BbF, Benzo[b]fluoranthene; BkF, Benzo[K]fluoranthene;
pentacyclic triterpenoids, which are considered as organi®aPYR, Benzo[a]pyrene; BePYR, Benzo[e]pyrene; DBahA,
tracers for fossil fuel combustion. Their fingerprint dis- Dibenzo[a,h]anthracene; IncdP, Indeno[1,2,3-cd]pyrene; BghiP,
tribution could even indicate the maturity of fossil fuels Benzolghilperylene; PIC, Picene; DBaeP, Dibenz[a,e]pyrene;
and their emissions (Oros and Simoneit, 2000; ZhangCOR: Coronene).

et al.,, 2008). For example, almost all the Chinese coal

combu§tion (except industrigl bituminite) ef“‘“ed HP29 a_s‘winter, while the concentrations of HP29 and HP30 were
a dominant compound, while the predominant hopane in

. .. similar in summer. The ratio of Tm vs. HP30 increased from
vehicle exhausts was HP30 (Zhang et al., 2008). In addltlono_1 to 0.2 in summer to 0.9 in winter. The homohopane

Tm usually showed higher concentrations in the emiSSionindex was about 0.6 in summer and 0.5 in winter. These

Or CSC?CIJSCOWI%UST\O” tf;an in \{egiclea fg?%uitsR(Zh?ng etobservations indicated that the contribution of coal burning
al, )- e homohopane indég31[S/( )] also rise markedly from summer to winter in Beijing.

increased along with the increasing rank of fuel maturity
(Oros and Simoneit, 2000; Schnelle-Kreis et al., 2007).
In this study, the distribution of the ambient hopane series
showed a distinct seasonal variation (Fig. 6); HP29 showed
the highest concentrations, followed by HP30 and Tm in
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Table 4. Comparison of source contribution (%) to ambient fine organic carbon concentrations in Beijing.

Q. Wang et al.: Source apportionment of fine organic aerosols in Beijing

Source Zheng et al. (2005) This study
Jul Jan Aug Aug-Sep Jan—-Feb
2000 2000 2005 2006 2007
Gasoline vehicles 19.0 9.9 16:8.8 7.H41.5 11.9+0.8
Diesel vehicles 9466.2 5415 5.2:4.2
Vegetative detritus 15 0430.2 0.3t0.2 0.5:0.1
dust 25.6 7.2
Wood combustion 14.5 10443.5 8.2:2.0 23.2:5.0
Straw combustion 1-80.7 1.A42.8 2.9t0.6
Coal smoke 5.8 13.8 21222 1.84+0.8 17.2:2.7
Cigarette 2.2 2.4
Cooking 24542 23.8:4.3 17.3:3.0
Other OC 45.9 52.1 4149.7 51.4£5.6 21.9t8.6
10 36% and 37% of the total PAHs in winter, respectively, fol-
lowed by 3-ring PAHs (16%). This seasonal variation could
@ gasoline vehicles be attributed to the effect of ambient temperature, due to the
8 @ diesel vehicles . . .
coal combustion volatility of PAH with molecular weight252.

o @wood burning Three source-specific and stable species were selected
§ 6 o :f“i‘? burning to construct ratio-ratio plots (Fig. 8): levoglucosan (Levo),
o o S P indeno[1,2,3-cd]pyrene (IncdP), and EC. The concentrations
ﬁ 4 . Oambient in summer of Levo and IncdP were normalized relative to EC as a ref-
% © erence compound. Ambient data and source profiles used in
= % OO this study are shown on ratio—ratio plots. The results clearly

? 00y showed that biomass burning, especially the burning of straw,
Iﬁ . yielded a much higher ratio of Levo/EC than other sources,
0

while coal combustion had the highest ratio of IncdP/EC. The
ratios of both IncdP/EC and Levo/EC in ambient samples dis-
played seasonal differences. In most cases, the ratios of In-
cdP/EC in ambient samples in summer were between those
in gasoline and diesel vehicle exhausts, and increased sharply
to approach the ratio of coal combustion in winter, imply-
ing a significant contribution of coal combustion in winter.
Ambient ratios of Levo/EC in summer were similar to those
of cooking emissions, and some were slightly higher than

PAHs are formed through incomplete combustion of organicth©S€ of other sources, except biomass burning, indicating
substances, partly from natural combustion such as volcanif® influence of biomass burning to some degree in summer.
activity and forest fires, but with the majority due to anthro- 110S€ ambient ratios also increased markedly in winter and
pogenic emissions (Ravindra et al., 2008). Considering thei@PProached those of wood burning, indicating a strong im-
toxicity and carcinogenicity, ambient PAH concentrations arePact of biomass burning.

a cause for concern and have attracted a great deal of atten-

tion. In total, 26 PAHs were identified in this study (Fig. 7). 3.3 Source apportionment

The average concentrations of all PAHs were 30.0 Ag/m

31.3ng/n?, and 808.7 ng/min Summer |, Summer I, and Organic tracers as well as EC were applied to quantify

Winter, respectively. The PAH distribution showed seasonalthe contributions of various sources to ambient carbona-
differences. The dominant PAHs in summer were those withceous components in Bl in Beijing. Seven types of

a 5-ring structure, accounting for about 50% of the total source were considered in the model: gasoline and diesel
PAHSs, followed by 4-ring PAHs (20%) and 6-ring PAHs vehicle exhaust, wood and straw combustion, coal burning,
(20%), with 3-ring PAHs accounting for only 6-9% of the cooking, and vegetative detritus. Eleven, five, and seven
total. In contrast, 4- and 5-ring PAHs accounted for aboutsamples were used in the CMB model for the Summer I,

0 50 100 150 200 250 300 350
Levo/EC*1000

Fig. 8. Ratio-ratio plots of ambient samples and source profiles
(Levo, levoglucosan; IncdP, Indeno[1,2,3-cd]pyrene).

(5) PAHs
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Table 5. Comparison of source contribution (%) to ambientf4Mn Beijing by different studies.

Source Zheng et al. (2005) Song et Song et al. (2007) This study
al. (2006)

Jul Jan annual Aug Jan Aug-Sep Jan—-Feb

2000 2000 2000 2004 2004 2006 2007
Gasoline vehicles 5.0+2.6 9.3t2.4
Diesel vehicles 74 4.5 6.0 4.5 7.9 2.5+1.2 2.4t15
Vegetative detritus 0.8 040.2 0.5t0.1
dust 32.9 21.2 6.0 14.0 5.9
Wood combustion 7.4 11.0 17.3 17.9 2.0 23.2£7.2
Straw combustion 1.0£1.3 1.A40.7
Coal smoke 2.9 15.7 19.0 12.5 37.9 128 11.5:4.0
Cigarette 0.6 15
Chinese cooking 7.4+3.5 6.2£1.9

Summer I, and Winter periods, respectively. The averagetions of pollutants exceeded the air quality standards on 2
R2, x2, DF, and percentage of aerosol mass explained in thelays in June 2005 due to straw burning in open fields in ar-
results using this model were 0-88.01, 2.46-0.98, 15+1, eas close to Beijinghttp://news.sina.com.cn/c/2008-05-05/
and 63.7£15.02% = 23), respectively, while the average 021513829040s.shtml). The amounts of straw and wood
C/M ratio and average absolute R/U ratio were 8086  consumed as domestic fuel in rural areas of Beijing in 2005
and 0.98:0.85 (2 =490), respectively. were equivalent to about 0.59 and 0.25 million tons of stan-
The source apportionment results of fine OC are showrdard coal, respectively (China Energy Yearbook Editorial
in Table 4 along with previously reported results (Zheng etCommittee, 2005/2006).
al., 2005). This study found that biomass burning (straw and |, this study, biomass burning was estimated to account for
Woog) showed the highest contr!butlon tq fine particulate OC5phout 26% and 11% of the ambient OC in winter and sum-
in winter, followed by coal burning, vehicle exhaust (9aso- mer, respectively. Wood smoke was also distinguished from
line and d_lesel), and copkmg. In contrast, the 'contrlbutlonstraw burning. The average amounts of OC originating from
from gookmg became.h|ghes't, followed by vehlclg exhaustwood smoke were approximately 2:y/m? (10%) in sum-
and blomass_combus_tlon, while coal burning had little influ- a1 and 11.3:g/m? (23%) in winter, and those from straw
ence on ambient OC in summer. burning were 0.4.g/m?® (2%) in summer and 1,4g/m® (3%)
in winter. The relative contribution of straw was much
smaller than that of wood smoke, which was the opposite
of their consumption. This can be explained by differences
Biomass burning was estimated to be one of the most imPetween the Pis sampling times in this study and the har-
portant sources of particulate organic matter in Beijing, al-VeSt times of the main crops in Beijing; wheat and maize
though it is thought to be less important in China overall Were harvested in June and in the fall, respectively, and both
(Wang et al., 2007). In fact, agricultural production in China Were missing from our sampling periods. In comparison with
led to a yield of about 593 million tons of straw in 2003, the CMB results of a previous study in Beijing (Zheng etal.,
about 23% of which was disposed of in open fires (Cao e12005), the contrlbqtlon of wood combustion in the present
al., 2007). In addition, straw and firewood were estimated toStUdy was much higher, although Zheng et al. (2005) also
provide 18.4% and 14.3%, respectively, of the energy Con_qongludgd that wood cc_>mb_ust|on had the great_est_contrlbu-
sumption in rural areas of China in 2000; most of the strawtion in winter. The contribution of wood combustion in sum-
and wood was used domestically and accounted for abodf'€r Was approximately 11% in this study, but was not iden-
55.2% of household energy consumption (Wang and Fenglified in the previous study by Zheng et al. (2005).
2004). Although the proportion of agricultural waste de- Furthermore, the source contributions to ambient,BM
stroyed by open burning could be considered to be zero duen Summer Il and Winter were also calculated from the re-
to strict control in Beijing (Cao et al., 2005), the air quality sults of fine OC and the ratios of fine OC to P¥emitted
may also be influenced by open fires of agricultural wastefrom primary sources. The results are listed in Table 5, to-
in nearby provinces of Hebei and Tianjin. The Environmen- gether with the CMB results of Zheng et al. (2005) and pos-
tal Protection Bureau reported that the ambient concentraitive matrix factorization (PMF) results of Song et al. (2006)

(1) Biomass burning
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and Song et al. (2007). The contribution of biomass burningsuburban areas by the floating population working temporar-
to ambient PMs in Beijing increased from 11% in 2000 to ily in Beijing City.

18% in 2004 in the PMF results, indicating changes in pollu- However, only a few studies have examined the impact of
tion conditions. The annual average of biomass contributioncooking on ambient air quality (Huang et al., 2006; Zhao
to PMys (17%) in this study was similar to that (18%) in et al., 2007). The quantified contributions of cooking emis-
the PMF results in Beijing in 2004 (Song et al., 2007), andsions to ambient OC estimated in the present study were
higher than the two other sets of results in Beijing in 2000. about 4.Qug/m® (24.5%), 7.7ug/m® (23.8%), and 8.@.g/m?

In previous studies, levoglucosan was considered a key17.3%) in Summer I, Summer Il, and Winter, respectively.
tracer in estimating the influence of biomass burning on theThe contributions from cooking did not vary greatly between
ambient air quality (Simoneit, 1986, 2002; Simoneit and Seasons, comprising the largest contributor to ambient OC in
Elias, 2000, 2001; Schauer et al., 2001; Zhang et al., 2007)summer (due to the reduced consumption of coal and wood)
Schauer et al. (2001) estimated the contributions of woodahd a major source in winter. These results were in agree-
burning to the ambient concentrations of volatile OC rang-ment with the consistently high concentrations of cholesterol
ing from 5.0% to 24.0% in Fresno, California, USA, us- and fatty acids in the ambient aerosols, which are organic
ing levoglucosan as a tracer of wood burning. Wang ettracers of cooking emissions. Note that the contribution of
al. (2007) also used levoglucosan to estimate the contribuChinese cooking to Pk was relatively low, about 7.4% in
tions of biomass burning to PA4 concentrations (about 3.0— summer and 6.2% in winter, which was because the particles
19.0%) in Guangzhou, China. In the present study, the avemitted from cooking consisted mainly of organic matter.
erage ambient ratios of levoglucosan to OC were 0.6% in Yang et al. (2005) reported a significant contribution of
summer and 1.4% in winter. The average levoglucosan tanodern carbon originating from modern sources, such as
OC ratios in emissions of wood burning and cereal burningbiomass burning and restaurant emissions, to the total fine
in China were 5.9% and 2.8%, respectively (Zhang, 2006;carbonaceous PM burden in Beijing in 2001, with values
Zhang et al., 2007). Given that all levoglucosan was emit-of 33.7% in January and 38.9% in August. In the present
ted from wood burning and the use of a method similar study, the total contributions of biomass burning and Chinese
to that described by Wang et al. (2007), the contributionscooking to ambient OC were about85% in summer and
of wood burning to ambient OC in PM were calculated 433+5% in winter, which were similar to the results obtained
to be approximately 10% in summer and 24% in winter, by *4C analysis.
which agreed quite well with our calculations using the CMB

model.
(3) Coal combustion

Coal is the dominant fuel in Beijing. For example, energy
(2) Chinese cooking consumption was 55.2 million tons standard coal equiva-

lents in Beijing in 2005, of which 30.7 million tons (55.6%)
The composition of particles emitted from the cooking of was coal (China Energy Yearbook Editorial Committee,
food is strongly dependent on cooking procedure, including2005/2006). Of the various usages of coal, residential coal
the materials used, cooking temperature, and cooking timeburning can have much more adverse effects due to its higher
These lead to differences in source profiles of POM emit-emission factors and lower emission altitude; i.e., the aver-
ted from Chinese and Western-style cooking (Hildemann etage emission factors are 43.7% for OC and 9% for EC in
al., 1991; Rogge et al., 1991; He et al., 2004; Zhao et al. PM, 5 emitted from residential coal burning, and about 8%
2007). Previous studies in the United States have indicatefor OC and 1.5% for EC in Pl emitted from industrial
that the cooking of food is one of the largest sources of finecoal burning (Zhang, 2006). Therefore, the contribution of
organic aerosols in urban areas, especially in major citiesesidential coal burning to fine organic aerosols in winter
where millions of people must be fed several times per day(heating period) is likely to be considerable. In this study,
The emissions from cooking meat can contribute up to ap-coal burning contributed up to 17% of the ambient OC and
proximately 20% of the annual average concentrations ofl2% of the PM s in winter, and fell to 2% of the OC and 1%
fine organic aerosols in the Los Angeles area (Hildemann ebf the PMy 5 in summer. Such marked differences between
al., 1991; Schauer et al., 1996, 1999b; Cass, 1998; Schauesinter and summer are not unusual due to the much larger
1998; Schauer and Cass, 2000). China has a very large popamounts of coal consumed in winter for heating. These ob-
lation of around 1.3 billion, and Beijing as the capital city has servations were consistent with those based on the distribu-
a population of over 17 million. Beijing has approximately tion of n-alkanes and hopane series and ratio—ratio plots dis-
35000 restaurants, as well as large numbers of street vereussed in Sect. 3.2. In comparison with the results of Zheng
dors. In 2007, restaurants accounted for 2.7% of the annuadt al. (2005), the contribution of coal burning showed similar
municipal GDP with an annual growth rate of 19.4%. An- seasonal trends: lower in summer and higher in winter. How-
other possible important cooking source may be from that inever, the contributions in the PMF results were much higher,
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as they may have counted both residential and industrial coahgreed well with the percentages of unexplained carbona-

burning together. ceous aerosols in this study. Zheng et al. (2005) also reported
that the residuals of mass concentrations were higher in sum-
mer (about 45.9%).

(4) Vehicle exhaust

Due to the rapid process of economic growth and urbanizag Conclusions
tion, the number of civil motor vehicles in Beijing increased

to 2 million in 2005, 2.4 million in 2006, and more than 3.0 During the measurement period, the PdMmass concentra-
million in 2007, with an annual growth rate of more than tijons changed markedly from 2Q.&/m? to 487.3ug/m?,
20%. The CMB results showed that the contributions of with averages of 83.,8g/m® in summer and 127,Zg/m? in
vehicle exhaust accounted for 13-20% of ambient OC andyinter. The average OC and EC concentrations i, Bk
8-12% of ambient PMs. There seems to be a decrease inwinter were 1.3—2.3 times higher than those in summer. In
the contributions of both gasoline vehicles and diesel vehi+otal, 114 organic compounds were quantified and grouped
cles from summer in 2005 to summer in 2006. This mayinto 12 classes. The dominant compounds in summer were
be attributed to the implementation of a new standard for,-glkanoic acids, followed by dicarboxylic acids and sugars.
emissions from vehicles in Beijing late in 2005 (equivalent |n contrast, sugars were the most abundant components in
to the European emission standards for vehicleshttp{/  winter, followed by PAHsg-alkanes, and-alkanoic acids.
news.163.com/05/1226/13/25TCSDNI0001124T.htrihe Seven sources were identified by the CMB model with
relative contributions from gasoline vehicles are SomeWhaTorganic tracers: wood/straw burning, coal burning, gaso-
higher than those of diesel vehicles during the campaigns. jine/diesel vehicle exhaust, cooking, and vegetative detritus,
The annual contributions of vehicle exhaust to ambiemaccounting for 64:15% of the total ambient OC. Among
PMgz 5 determined here were higher than in previous studiesthe explained ambient OC, biomass burning was the domi-
In addition to the increasing number of vehicles in Beijing, nant source in winter and Chinese cooking was the largest
this may also be partly explained by urban road dust, whichin summer. The contributions of biomass burning were 26%
is derived from, for example, the depOSition of vehicle ex- in winter and 11% in summer. Those of Cooking were 17—
haust, smoke from coal combustion, and ambient aerosol504 and that of coal burning was up to 17% in winter, but
Therefore, the contribution of vehicle exhaust in this Studyth|s dropped to 2% in summer. The Contribution of Vehi_
may have included part of the re-suspended road dust. Ije exhaust was 13-20%. Although CMB can not deal with
road dust were considered as a receptor sample, we can th@@condary organic aerosol, the residual OC that could not be
do the source apportionment by using the CMB model, andexplained by the above sources may imply the upper limit of
found that about 21% of the PM in urban road dust origi-  the contributions of secondary organic aerosols. In this pa-
nated from vehicle exhaust. per, residual OC accounted for 44% and 22% of total ambient
The seasonal variations in vehicular contributions re-QC in summer and winter, respectively.
ported by different researchers are quite different: Zheng
et al. (2005) considered the contribution of vehicle exhaustacknowledgementsThis work was supported by the Beijing
to be higher in summer and lower in winter, while Song et council of Science and Technology project (HB200504-6,
al. (2007) reported opposite results. In this study, the seaHB200504-2). The Authors thank the discussion with Mei Zheng
sonal variation in the contribution of vehicle exhausts wasfrom Georgia Institute of Technology.

unclear and further investigations are required.
Edited by: U. Baltensperger
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