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A continuous observation of organic carbon (OC) and elemental carbon (EC), and PM10 was conducted
at an urban site of Beijing to investigate the characterization of carbonaceous aerosols during spring
time. The mean value and standard deviations of OC, EC, PM10 concentration, and OC/EC ratio were
13.5 ± 7.0 �g m−3, 7.1 ± 4.1 �g m−3, 187.8 ± 136.9 �g m−3, and 2.0 ± 0.4, respectively. OC, EC, and total
carbonaceous aerosols (TCA) in PM10 account for 9.3 ± 5.7%, 4.7 ± 2.7%, and 19.6 ± 11.6%, respectively.
Good correlations (R2 = 0.7) between OC and EC were observed in spring season. Average OC concentra-

−3 −3

tmospheric pollution
oal combustion
otor vehicles

hina

tions are 13.5 �g m in both daytime and nighttime. Average EC concentrations in daytime (7.4 �g m )
are slightly higher than those in nighttime (6.8 �g m−3). Both OC and EC concentrations reach maximum
value in morning time (07:30–10:30) due to motor vehicles during the traffic rush hour. PM10, OC, and EC
concentration increase while PM2.5 concentration, OC/EC ratio, PM2.5/PM10, and TCA/PM10 ratio decrease
in dust period in Beijing. During the observation period, the carbonaceous aerosols from motor vehicle
and coal combustion accounted for 76% and 24%, respectively. It shows that the motor vehicle represents

arbo
the dominant emitter of c

. Introduction

Carbonaceous aerosols play an important role in the atmosphere
s they are involved in health effects [1–5], radiative transfer [6–9],
nd atmospheric chemistry. Previous study has demonstrated that
hey could completely prevent precipitation from clouds [10].

eanwhile carbon can be present in ambient air as organic carbon
OC) and elemental carbon (EC), both of which are the important
ontributors of particulate matter (PM) in the urban atmosphere
11–15]. While OC is a complex mixture of thousands of different
rganic compounds, containing polycyclic aromatic hydrocarbons

nd other components [16–17]; EC is a mixture of graphite-like par-
icles and light-absorbing organic matter. EC may intervene in some
mportant chemical reactions involving atmospheric SO2, NOx,

3, and other gaseous compounds [18]. Therefore, it is obviously
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ong Kong Polytechnic University, Hung Hom, Hong Kong. Tel.: +852 27664811;

ax: +852 23346389.
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naceous aerosols associated with PM10 in Beijing during spring time.
© 2009 Elsevier B.V. All rights reserved.

important to study of the physical and chemical characteristics of
carbonaceous aerosols in the atmosphere.

Beijing is a city with a large population (with approximately
15 million inhabitants) and has a large number of motor vehicles
(over two million), both of which consume a lot of energy. The city’s
energy consumption is expected to increase by 50% in 2020 as com-
pared to the level of 1995 [19]. Although the local government tried
with various means to reduce atmospheric pollution for the 2008
Olympic game in Beijing, particle pollution (particularly for PM10)
remains serious and difficult to control, and many current research
interests take place in Beijing [17,20–27]. Duan et al. [22] identified
that organic aerosols constituted up to 23% of PM10 in winter based
on a 1.6 ratio for OC to organic matter (OM). Secondary OC was esti-
mated at >40% and as high as 64% of total OC in summer based on
a minimum OC/EC ratio of 1.5. Additionally, vertical distribution
of OC and TC were determined using thermal optical reflectance

(TOR) following the IMPROVE protocol on a DRI Model 2001 Ther-
mal/Optical Carbon Analyzer [23]. OC and EC in PM2.5 showed
complex vertical distributions and distinct layered structures up
the meteorological tower with elevated levels extending to the 100,
200 and 300 m heights. Moreover, dust events occur frequently in

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cehokf@polyu.edu.hk
dx.doi.org/10.1016/j.jhazmat.2009.07.087
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eijing, which results in high aerosol loading in spring time [28]. In
rder to study the characteristics of OC and EC in PM10 continuous
bservations were conducted in Beijing during spring time in 2004.

The purpose of this study is to determine the daily/diurnal
ariations of OC and EC and to identify source contribution of car-
onaceous aerosols in Beijing during spring time.

. Methodology

.1. Observation site

Measurements of carbonaceous aerosol were conducted at an
rban area of Beijing which lies between the North Third Ring
oad and the North Fourth Ring Road in Beijing (39◦58′N, 116◦22′E)
Fig. 1). This observation site was set up to study the particulate and
aseous pollutants [28]. The instrumentations used in this study
ere installed on the roof of a two-storey building (10 m above

round). A meteorological tower, 50 m to the north of this observa-
ion site, was also used to collect data on wind speed and direction.

.2. Equipment

.2.1. PM10 mass concentration
The Tapered Element Oscillating Microbalance (TEOM) 1400a

eries, manufactured by Rupprecht and Patashnick was used for
he continuous measurement of PM10 mass concentration. It is a
S EPA equivalent method providing PM10 or PM2.5 mass concen-

rations with a flow rate of 16.7 l min−1 [29]. TEOM is widely used
n different aerosol studies [30–32]: it has a high accuracy with
1.5 �g m−3 and high resolution with 0.1 �g m−3. However, TEOM

ecords slightly lower concentration values than those determined
y reference samplers due to the heated inlet.

.2.2. Continuous observation of organic and element
oncentrations

The concentrations of particulate EC were continuously
etected by a thermal analysis method using ambient carbon par-
iculate monitors (ACPM), Model 5400 manufactured by Rupprecht
Patashnick Co. Inc. This instrument performs a thermal evolution

nalysis of carbonaceous material [31,33]. Sampling interval was

et to 3 h in the exemplary case presented here. The sample was
ollected on impactors instead of filters to reduce positive artifacts
ue to adsorption of organic vapor. Analysis of the samples is per-
ormed in a closed cycle, which includes the impactor, a NDIR CO2
ensor, and an afterburner, which heats the gas stream to 750 ◦C

Fig. 1. Map of the samplin
Materials 172 (2009) 970–977 971

to burn all remaining material. The amounts of carbonaceous sub-
stances evolved at 280 and 340 ◦C were defined as organic carbon
(OC) and 750 ◦C as total carbon (TC), and the difference between
the two is the EC. Detailed description of this instrument has been
given in the previous studies [31,34–36]. Meanwhile R&P 5400 has
a high resolution of 0.25 �g m−3and it was calibrated by Beijing
Branch of Rupprecht & Patashnick Co. Inc. before it was deployed.
The thermal method used by the R&P 5400 is one of the major tech-
niques for carbonaceous aerosols measurements [1]. However, it
suffers from negative artifact problems caused both by the missing
collection of particles smaller than 0.14 �m and by the evapora-
tion of the organic gases [34]. For detailed description of R&P 5400
instruments see Duan et al. [22] and Zhang et al. [37].

The data of PM10, OC, EC and wind were collected during the
observation period which was 15 March to 13 April 2004. The PM10
concentrations are 1 h averages, while OC/EC concentrations are
3 h averages. An automatic meteorological observation tower was
used to observe the temperature (T-IAP-3, Institute of Atmospheric
Physics), humidity (RH-IAP-3, Institute of Atmospheric Physics),
and the speed and direction of wind (EC9-1, Changchun Weather
Instrument Research Institute) [28].

3. Results and discussion

3.1. Concentration of OC, EC, and PM10

The annual emission rates of PM10 over North China Plain esti-
mated for the year 2006 were shown in Fig. 2, which are given
at http://www.cgrer.uiowa.edu/EMISSION DATA new/data/intex-
b emissions/. These include emissions from power plants,
industry, residential biofuel/fossil fuel combustion, and trans-
portation. PM10 emission from the south of Beijing area was
high.

Table 1 gives the average concentrations of OC and EC deter-
mined in this study and the results are compared with other studies.
The OC concentration in PM10 ranged from 3.4 to 37.8 �g m−3

with average concentration of 13.5 ± 7.0 �g m−3 while the EC con-
centration in PM10 ranged from 1.4 to 30.3 �g m−3 with average
concentration of 7.1 ± 4.1 �g m−3. As Beijing has switched from res-
idential coal usage to natural gas or central steam, lower levels of OC

and EC were observed when compared to other northern cities in
China [37]. The concentrations of OC and EC during winter were
1.6 and 1.3 times higher than those during spring, respectively.
Low mixing height and low precipitation during winter contributed
to the high carbon loading during cold season. As summarized in

g location in Beijing.

http://www.cgrer.uiowa.edu/EMISSION_DATA_new/data/intex-b_emissions/
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Fig. 2. The annual emission rates of PM10 over North China Plain estimated fo
(available at the website http://www.cgrer.uiowa.edu/EMISSION DATA new/d

able 1, the OC concentrations in PM10 are lower than those mea-
ured at Los Angeles (18.5 �g m−3, [38]), Pearl River Delta Region
19.7 �g m−3, [11]), Xi’an (43.3 �g m−3, [18]), and they are simi-
ar to those measured at Seoul (11.1 �g m−3, [39]; 10.3 �g m−3,
40]), Kaohsiung (10.4 �g m−3, [41]), however, they are higher than
hose measured at Helsinki (3.0 �g m−3, [42]). EC concentrations
re comparable to those measured at urban areas described above
6.2–10.0 �g m−3), however, they are higher than those in Helsinki
1.2 �g m−3, [42]) and Kaohsiung (4.0 �g m−3, [41]), but lower than
hat in Xi’an (15.0 �g m−3, [18]).

According to Turpin and Lim [43], the amount of urban organic
atter (OM) can be estimated by multiplying the amount of OC by

.6. Thus, the total carbonaceous aerosol (TCA) was calculated by
he sum of OM and EC (TCA = 1.6 × OC + EC). Fig. 3 shows the daily
ariations of OC, EC, OC/EC ratio, PM10 and TCA/PM10 ratio (%) in
eijing from 15 March to 12 April 2004. PM10 mass concentrations
anged from 12.8 to 986.2 �g m−3, with average concentration of
87.8 ± 136.9 �g m−3, which has exceeded 100 �g m−3, the Second
nnual Ambient Air Quality Standard of PM10 by China Envi-

onmental Protection Administration. As indicated by the results,
M10 pollution in Beijing during spring is still serious and requires
nhanced attention in order to work out strategies for a more effec-
ive control of the pollutants. The OC, EC, and TCA account for
.3 ± 5.7%, 4.7 ± 2.7%, and 19.6 ±11.6% of PM10, respectively. And

able 1
omparison of OC, EC concentration (�g m−3) and OC/EC value with results from other ar

Season/date OC

Beijing, China January 2004 21
Beijing, China March and April 2004 13
Sub-Beijing, China September–December 2002 21
Downtown Beijing, China July 1999–September 2000 21
Los Angeles, USA November and December 1987 18
Seoul, Korea June 1994 11
Seoul, Korea June 1994 10
Kaohsiung, Taiwan November 1998–April 1999 10
Helsinki, Finland July July 2000–July 2001 3
Pearl River Delta Region January and February, 2002) 19
Xi’an,China September and October, 2004 43
Uji, Japan June 1998–December 1999 3
year 2006. Location of Beijing is shown as asterisk. (tonnes year−1 0.5 ◦−1cell).
tex-b emissions).

the contributions of OC and EC to PM10 in spring are lower than
that in winter.

3.2. Diurnal variation of OC, EC, PM10 concentrations during
spring 2004

Table 2 presents the diurnal variations of OC, EC, PM10 and OC/EC
ratio in Beijing during the spring time of 2004. The PM10 concen-
trations in daytime are obviously higher than that at night since
turbulence is usually more active during daytime than at night
[44] which can lift more dust particles and cause high ambient
PM10 concentrations. Average OC concentrations are 13.5 �g m−3

in both daytime and nighttime. Average EC concentrations in day-
time (7.4 �g m−3) are higher than that in nighttime (6.8 �g m−3).
Both OC and EC concentrations have their maxima between 07:30
and 10:30 due to motor vehicles in the morning traffic rush hour.
However, low OC/EC ratios in daytime were observed.
3.3. Impact of meteorological factor

The standard meteorological parameters including wind speed
and direction, air temperature and relative humidity were rou-
tinely measured. Fig. 4 presents the wind rose diagram measured

eas.

(�g m−3) EC (�g m−3) OC/EC Reference

.2 8.9 2.3 [37]

.5 7.1 2.0 This study

.2 7.3 3.0 [22]

.5 8.7 2.5 [20]

.5 7.3 2.5 [38]

.1 8.4 1.3 [39]

.3 8.4 1.3 [40]

.4 4.0 2.6 [41]

.0 1.2 2.5 [42]

.7 7.8 2.5 [11]

.2 15.0 3.2 [18]

.0 6.2 0.5 [31]

http://www.cgrer.uiowa.edu/EMISSION_DATA_new/data/intex-b_emissions


R. Zhang et al. / Journal of Hazardous Materials 172 (2009) 970–977 973

Fig. 3. Time series of day-averaged OC, EC, OC/EC ratio, PM10 mass, TCA/PM10 in Beijing from 15 March to 12 April 2004.

Table 2
Diurnal variation of concentration of OC, EC, PM10, in spring in 2004.

Time (h) 0 (22:30–01:30) 3 (01:30–04:30) 6 (04:30–07:30) 9 (07:30–10:30) 12 (10:30–13:30) 15 (13:30–16:30) 18 (16:30–19:30) 21 (19:30–22:30)

OC(�g m−3) 13.5 ± 5.5 13.3 ± 6.5 14.3 ± 8.1 14.7 ± 9.1 14.4 ± 7.4 12.8 ± 6.6 12.2 ± 6.1 13 ± 5.3
EC(�g m−3) 6.7 ± 3.1 6.5 ± 2.8 7.3 ± 4.1 7.9 ± 5.0
OC/EC 2.1 ± 0.4 2.1 ± 0.4 2.0 ± 0.3 1.9 ± 0.4
PM10(�g m−3) 188.1 ± 103.7 180.0 ± 100.0 172.0 ± 109.3 180.1 ± 146.2

Fig. 4. Wind rose diagram during the sampling period in Beijing (15 March to 13
April 2004).
7.8 ± 4.2 7.1 ± 5.3 6.8 ± 4.6 6.6 ± 3.2
1.9 ± 0.4 1.9 ± 0.5 1.9 ± 0.4 2.1 ± 0.4

177.7 ± 118.9 200.6 ± 218.9 206.3 ± 119.3 197.3 ± 128.3

at the 8 m level of the meteorological tower. The wind was mainly
from the northwest sector during the sampling period. North and
northwest part of Beijing is mainly surrounded by the moun-
tains while south and southeast of Beijing are heavily populated,
urbanized, and industrialized areas such as Tianjin, Hebei province,
and Shandong province. High emission of carbonaceous aerosols
from southern part of Beijing (Fig. 2) was the major course for
the episode day. According to the 24 h back trajectory analysis
(Fig. 5a), when the air mass passed over southwest part of Bei-
jing (26 March 2004 and 10 April 2004), high concentrations
of air pollutants was observed (e.g. PM10 = 272 and 259 �g m−3,
respectively). On the contrary, Fig. 5b showed that the clean air
masses came from the north during 30 March, 2 April and 6 April
when low levels of pollutants were observed (e.g. PM10 = 57, 86
and 88 �g m−3, respectively). Moreover, high negative correlations
were observed between wind speed and air pollutants (except dust
storm period) while fair positive correlations were between RH
and air pollutants (except dust storm period). The linear regres-
sion results relating air pollutants and wind speed or RH are shown
in Table 3. Low daily concentrations of air pollutants were observed
when wind speed was high. Wind blows away air pollutants,

gases and particulate alike and favors pollutant dilution. There-
fore, wind speed, wind direction and RH affect the concentration
of particulate pollutants at urban area of Beijing, but no signifi-
cant relationships were observed between particulate pollutants
and temperature.



974 R. Zhang et al. / Journal of Hazardous Materials 172 (2009) 970–977

F
A

3
r

c
O
c
g
s
a
s
e
c

T
R
(

ig. 5. 24 h air mass back trajectories on (a) 26 March and 10 April (b) 30 March, 2
pril and 6 April.

.4. Relationship of organic carbon and elemental carbon and
atios of OC to EC

The relationship of OC and EC indicates the origins of carbona-
eous aerosols [45]. To investigate, the regression between the
C and EC concentrations are shown in Fig. 6 and good OC–EC
orrelations (R2 = 0.7) were observed for spring season. This sug-
ests that the emissions of OC and EC in Beijing could have similar
ources, such as local motor vehicular emission and residential
nd commercial coal combustion. The slope of regression line in
pring was different to that of winter, which indicated different
mission sources contributing to the ambient carbonaceous parti-

les.

able 3
egression and correlation analysis of air pollutants concentration and wind speed
except dust storm period).

Regression relationshipa R2

PM10 PM10 = −116.4WS + 348.4 0.58
PM10 = 4.0RH − 13.4 0.44

PM2.5 PM2.5 = −61.2WS + 166.6 0.57
PM2.5 = 2.5RH − 41.0 0.61

OC OC = −8.5WS + 26.07 0.67
OC = 0.25RH + 1.5 0.37

EC EC = −3.8WS + 12.3 0.60
EC = 0.1RH + 2.0 0.24

a WS: wind speed (m s−1); RH: relative humidity (%).
Fig. 6. Relationships between OC and EC concentrations in PM10 during winter and
Beijing in 2006.

3.5. Source identification of carbonaceous aerosol based on OC/EC
ratio

OC to EC ratio is commonly regarded as secondary organic
aerosol (SOA) indicator [45]. High OC/EC ratios determined in the
atmosphere indicate the formation of SOA or the contributions from
residential biomass burning and coal combustion. Moreover, coal
combustion with high OC/EC ratio was the major source in the
northern cities in China [18] and the ratios exceeding 2.8 have been
used to identify SOA formation [46].

China produces and consumes 25% of the world’s total coal [47],
which constituting about 70% of the national energy budget. Coal
will be China’s dominant energy source for next 20 years [48] and
coal combustion is one important source of atmospheric particles
in typical cities in northern part of China during heating period
[44,49]. While only limited coal combustion sources are observed
in the urban areas of Beijing, it is still widely used in the neighboring
areas [50]. Motor vehicle exhaust is another important source for
ambient particles [20,50] and this resulted in low OC/EC ratio [37].
Watson et al. [51] reported that OC/EC ratio is 1.1 from motor vehi-
cle and 2.7 from coal combustion. The study by Cao et al. [18] shows
that OC/EC ratio from coal combustion is 12. The elevated OC/EC
ratios were found during heating seasons with increased primary
emissions from residential coal combustion.

The average OC/EC ratios in Beijing were in the range between
0.88 and 2.95 with an overall average of 2.0 for PM10. Therefore, the
formation of SOA in Beijing during spring is not significant and the
measured OC is mainly from primary emissions. Moreover, spring
is not the biomass burning season, and the main primary sources
for carbonaceous aerosol are coal combustion and motor vehicles.

The contribution of the two major sources is calculated using
OC/EC ratio with the speculation that carbonaceous aerosols are
primary emission during spring period. According to Zhang et al.

[37], OC/EC ratio was 5.6 for coal combustion in Beijing in winter.
In this study, OC/EC ratios in Beijing ranged from 0.88 to 2.95. So
0.88 is used as the OC/EC ratio from motor vehicles sources and
5.6 is the OC/EC ratio from coal combustion sources. Then, a simple
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Fig. 7. Time series of 3 h-averaged OC, EC, OC/EC ratio, PM2.5, PM10, PM

ource identification equation is given as the following:

.88� + 5.6(1 − �) = Cavg (1)

here � is the fraction of carbonaceous aerosol of motor vehicle
rigin and (1 − �) is fraction of carbonaceous aerosol of coal com-
ustion origin, Cavg is averaged OC/EC ratio. The average OC/EC

n the observation period was 2.0 and the calculated contribu-
ion of local motor vehicle and coal combustion sources is 76% and
4%, respectively. This shows that motor vehicles were the domi-
ant emitter of carbonaceous aerosols associated with PM10 during
pring.

.6. Organic carbon and elemental carbon in dust storm period

Dust storms are serious natural disasters in China and occur fre-
uently in Beijing during spring (March–May) [28,52,53,54]. From
000 to 2002 these storms had disrupted air traffic, commercial
ctivities, affected air quality and the daily life over broad areas
f the country [55,56]. Previous study suggests that dust weather
requency in North China is associated with both the strength of
he winter monsoon and the state of El Niño-Southern Oscillation
ENSO) [57]. The weather observations made by the China Mete-
rological Administration (CMA) classified dust events into four
ategories: dust in suspension, blowing dust, a dust storm, or a
evere dust storm. These categories are based on factors such as
orizontal visibility, that is, the horizontal visibilities for dust in
uspension, blowing dust, dust storm and severe dust storm are
ess than 10 km, 1–10 km, 500–1000 m and less than 500 m, respec-
ively. According to this definition, the dust event on 29 March 2004
n Beijing is a blowing dust.
Fig. 7 presents the variations of OC, EC, OC/EC ratio, PM2.5, PM10,
M2.5/PM10 (%), TCA/PM10 (%), wind speed, and relative humidity
rom 24 to 31 March 2004. Meteorological data showed that the
round wind speed reached a maximum of 11.8 m s−, while the rel-
tive humidity decreased to ∼17% on 29 March 2004. 1 h-averaged
M10, TCA/PM10, and wind speed, and relative humidity in dust period.

PM10 and PM2.5 concentration reached maximum of 1363.9 �g m−3

and 109.0 �g m−3, respectively during dust storm period. The per-
centage of PM2.5/PM10 reached low value of 8%. From 27 to 29
March, PM10 concentration has an increasing trend, while PM2.5
concentration has a decreasing trend and reach minimum on 29
March. The percentages of PM2.5/PM10 also decrease from 27 to 29
May. When dust event occurred, OC and EC had high values of 26.7
and 30.3 �g m−3, respectively. However, the contributions of total
carbon aerosols to PM10 were low before and during dust period
and increase after dust event. OC/EC ratio reaches their minimum
during dust period. This shows that PM10, OC, and EC concentration
increase while PM2.5 concentration, OC/EC ratio, PM2.5/PM10, and
TCA/PM10 ratio decrease during the dust period.

4. Conclusion

Continuous observations of OC, EC, and PM10 were conducted
in Beijing, China in order to investigate the characterizations and
sources of OC and EC. PM10 pollution in Beijing during spring
is still serious; the average concentration of PM10 has exceeded
100 �g m−3, the Second Annual Ambient Air Quality Standard of
PM10 by China Environmental Protection Administration. There-
fore, enhanced attention was required in order to work out
strategies for a more effective control of the pollutants. OC and EC
were the dominant species in PM10 which account for 9.3 ± 5.7%
and 4.7 ± 2.7% of PM10, respectively. High daily concentrations of
air pollutants were observed, when the air masses came from south
or the wind speed was low. However, when the clean air masses
came from the north or the wind speeds were strong, low levels
of pollutants were observed in the urban area of Beijing. Overall,

vehicular exhaust and coal combustion, plus the dust from the long-
range transport could be the major sources of the PM10 pollution in
Beijing during spring time. Based on OC/EC ratio, the contribution
of local motor vehicle and coal combustion sources for carbona-
ceous aerosols are 76% and 24%, respectively. It shows that the



9 rdous

m
i
e
i

A

g
M
P
A
e
O
i

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

76 R. Zhang et al. / Journal of Haza

otor vehicle is the dominant emission for carbonaceous aerosols
n Beijing PM10 in spring and winter. Therefore, vehicular control
mission will be the possible strategies to decrease PM10 pollution
n the atmosphere of Beijing.
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