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a b s t r a c t

Fine particles (PM2.5) and nanoparticles (PM0.1) were sampled using Dichotomous sampler and MOUDI,
respectively, in Xueshan Tunnel, Taiwan. Eight carbon fractions were analyzed using IMPROVE thermal-
optical reflectance (TOR) method. The concentrations of different temperature carbon fractions
(OC1eOC4, EC1eEC3) in both PM2.5 and PM0.1 were measured and the correlations between OC and EC
were discussed. Results showed that the ratios of OC/EC were 1.26 and 0.67 for PM2.5 and PM0.1, respec-
tively. The concentration of EC1 was found to be more abundant than other elemental carbon fractions in
PM2.5, while themost abundant EC fraction in PM0.1 was found to be EC2. The variation of contributions for
elemental carbon fractions was different among PM2.5 and PM0.1 samples, which was partly owing to the
metal catalysts for soot oxidation. The correlations between char-EC and soot-EC showed that char-EC
dominated EC in PM2.5 while soot-EC dominated EC in PM0.1. Using eight individual carbon fractions, the
gasoline and diesel source profiles of PM0.1 and PM2.5were extracted and analyzedwith the positivematrix
factorization (PMF) method.

Crown Copyright � 2010 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Carbonaceous aerosol, including elemental carbon (EC, a chem-
ical structure similar to impure graphite) and organic carbon (OC,
a large variety of organic compounds) (Seinfeld and Pandis, 1998),
are important components of the atmospheric aerosol due to its
impacts on global climate, health effects and pollution in environ-
ment.Many studies focused on carbonaceous aerosol in recent years
(e.g. IPCC, 2001; Ye et al., 2003; Cao et al., 2004, 2005; Han et al.,
2008; Zhang et al., 2007). The methods for the determination of
OC and EC have been introduced and developed (Novakov, 1981;
Chow et al., 1993, 2001; Fung et al., 2002; Cachier et al., 1989a;
Hitzenberger et al., 1996; Birch and Cary, 1996; Lavanchy et al.,
1999; Watson et al., 2005) in which the thermal-optical reflectance
(TOR)method has been applied inmany studies (e.g. Cao et al., 2003;
Chow et al., 1993, 2004a). The differentiation of carbon fractions
using the TORmethodwas reliable and gave relatively clear chemical
and physical entities for different carbon parts (Han et al., 2009),
: þ886 3 572 7835.
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although some metal catalysts and ions might decrease the activity
energy of soot in the analysis process and some water soluble
organic carbon were found not to evolve in OC oxidization steps
(Novakov and Corrigan, 1995; Yu et al., 2002).

According to the IMPROVE protocol of the TOR method, eight
carbon fractions can be defined (Chow et al., 1993, 2004a) including
OC1-OC4, OP and EC1-EC3. EC can be divided further into char-EC
(EC1-OP) and soot-EC (EC2þ EC3) (Han et al., 2007). Char-EC, formed
at relatively low combustion temperatures, are larger particles. Soot-
EC is formed at higher temperatures with tens of nanometers in size
in which primary particles cluster together into loose agglomerates.
The eight carbon fractions, char-EC and soot-EChave beenutilized for
the source apportionment of fine particles (Cao et al., 2005, 2006;
Ho et al., 2003; Kim et al., 2003, 2004; Han et al., 2009), which
indicated they were the effective indicators for source identification.
Until now, these studies were mostly conducted for fine particles but
not nanoparticles (Shen et al., 2007, 2009; Zhang et al., 2009).

This study investigated the eight carbon fractions in a highway
tunnel where gasoline and diesel vehicles are the two most major
emission sources. Gasoline and diesel vehicle emissions could
be separated with their high carbon fractions concentrations whose
rights reserved.
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abundance differs between two sources. The previous research for
PM2.5 showed that gasoline vehicle emissions have high concentra-
tions of the OC fractions. In contrast, diesel emissions were identified
based upon the high concentration of EC because it contained lots of
high-temperature component of EC particles (Watson et al., 1994,
2001; Kim et al., 2004). In the studies of PMF factor profiles for
PM2.5, EC2was found to be themost abundant carbon constituents for
diesel-fueled vehicles, while OC2 and OC3 were the most abundant
for gasoline vehicles (Cao et al., 2006; Liu et al., 2006). However, the
PMF factor profiles for PM0.1 have never been discussed in previous
studies and are worth investigating in this study.

At present, the studies for nanoparticles were mainly focused
on the quantification of particle number, size distributions and mass
concentrations (Kittelson et al., 2004; Westerdahl et al., 2005; Zhu
et al., 2007; Knibbs et al., 2009; Kumar et al., 2009; Heikkilä et al.,
2009). The results showed nanoparticles were the most dominant
in total particle number in many locations. Owing to poor ventilation,
exposure concentration of particles is high in the tunnels (Westerdahl
et al., 2005; Zhu et al., 2005; Fruin et al., 2008; Chen et al., 2010a,
2010b). Many previous studies of carbonaceous components in the
tunnels have been conducted (Fraser et al., 1998; Ma et al., 2004;
Geller et al., 2005; Huang et al., 2006; Chiang and Huang, 2009;
Chen et al., 2010a, 2010b), which reported that OC and EC were the
major constituent species of particles emitted fromgasoline anddiesel
vehicles. Nonetheless, the characteristics of the eight carbon fractions,
char-EC and soot-EC for nanoparticles in the tunnels environment
have rarely been reported.Herewepresented themeasured results for
both fine particles and nanoparticles in Xueshan tunnel, Taiwan. The
purposes of the study are (1) to obtain the profile of eight carbon
fractions for both fine particles and nanoparticles, (2) to discuss the
relationships between OC and EC, char-EC and soot-EC, and (3) to
characterize the source apportionments of carbonaceous fractions for
fine and nanoparticles in the tunnel.

2. Materials and methods

2.1. Sample collection

The sampling site is located in Xueshan Tunnel, which is the
longest tunnel with 12.9 km in Taiwan. Traffic emissions are the
major sources in the tunnel because of poor ventilation. Dichotomous
samplers (Model SA-241, Andersen Inc., Georgia, USA) were used
to collect PM2.5 samples (fine particles, aerodynamic diameter
dp < 2.5 mm) and MOUDIs (Model 110, MSP Corp., MN, USA) were
used to collect PM0.1 samples (nanoparticles, dp < 0.1 mm) in
the sampling campaigns. The MOUDIs have 10 size stages with the
nominal cutoff diameter of 18 (inlet), 10, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32,
0.18, 0.1 and 0.056 mm, respectively (Marple et al.,1991), inwhich the
nozzle plates of the 10th stages were removed so that only PM0.1
samples were collected in the after filters. The substrates used in the
studywere quartzmembrane filters (Tissuqartz 2500QAT-UP, 7201 &
7202, Pall Corp., NewYork, USA). In the present study, both PM2.5 and
PM0.1 were sampled using the quartz behind quartz (QBQ) approach
by Dichotomous samplers andMOUDIswith theflow rate of 16.7 and
30 L min�1, respectively (Chen et al., 2010b). The stages 0e9 of the
MOUDIs used silicone grease coated foils to reduce particle bounce
so that PM0.1 samples were obtained by the quartz after filters
accurately. PM samples collected by the silicon grease coated foils in
stages 1e9 ofMOUDI (18e0.1 mm)were analyzed gravimetrically but
not chemically because of interference of grease coating. The average
mass concentration of PM10 and PM2.5 concentrations determined by
theMOUDIswere shown to be in agreementwith those of the Dichot
with a relative deviation of <20% (Chen et al., 2010b).

All quartz filters were pre-heated at 900 �C for 3 h and then
stored in aluminum foils before sampling. After sampling, the filters
were stored immediately in a cooler packed with ice cubes and
transported to the laboratory in 30 min. The samples were then
stored in a freezer at�18 �C until OC/EC was analyzed in less than 3
days. The samples for this study were collected in nine sampling
campaigns from October 2008 to July 2009, each lasted for 3e6.5 h.

2.2. Carbonaceous aerosol measurement

All the loaded filters for PM2.5 and PM0.1 were analyzed for OC
and EC using a DRI Model 2001 Thermal/Optical Carbon Analyzer
(Atmoslytic Inc., Calabasas, CA, USA). A punch from the quartz filter
was analyzed for three elemental carbon fractions and four organic
carbon fractions following the IMPROVE (Interagency Monitoring of
Protected Visual Environments) thermal/optical reflectance (TOR)
protocol (Chow et al., 1993, 2001; Fung et al., 2002; Cao et al., 2003).
Themethod produced data for four OC fractions (OC1, OC2, OC3, and
OC4 in a helium atmosphere at 140 �C, 280 �C, 480 �C, and 580 �C,
respectively), a pyrolyzed carbon fraction (OP, determined when
reflected laser light attained its original intensity after oxygen was
added to the combustion atmosphere), and three EC fractions (EC1,
EC2, and EC3 in a 2% oxygen/98% helium atmosphere at 580 �C,
740 �C, and 840 �C, respectively). The IMPROVE protocol defined OC
as OC1 þ OC2 þ OC3 þ OC4 þ OP and EC as EC1 þ EC2 þ EC3-OP.
The analyzerwas calibratedwith knownquantities of CH4 every day.
Replicate analyses were performed once per ten samples. Blank
sample was also analyzed and the sample results were corrected by
the blank sample concentration.

3. Results and discussion

3.1. Concentrations of eight carbon fractions, char-EC
and soot-EC for PM2.5 and PM0.1

Asshown inTable1, theaverageOCandECconcentrations forPM2.5
were 23.9 � 8.7 and 18.9 � 5.4 mg m�3, while those of PM0.1 were
4.7� 2.7 and 7.0� 3.6 mgm�3, respectively. The four OC and three EC
fractions concentrations for PM2.5 were ranked in the following order:
OC1 (8.0 � 2.2 mg m�3) > OC2 (6.1 � 2.0 mg m�3) > OC3 (3.5 � 1.4 mg
m�3) > OC4 (2.2 � 0.3 mg m�3) and EC1 (22.2 � 7.7 mg m�3) > EC2
(0.8�0.6mgm�3)>EC3 (0mgm�3), respectively. The ranking forPM0.1
was: OC2 (1.7� 0.7 mgm�3)>OC1 (1.1�0.9 mgm�3)>OC3 (0.9� 0.5
mg m�3) > OC4 (0.3 � 0.2 mg m�3) and EC2 (6.0 � 2.2 mg m�3) > EC1
(1.6� 1.5 mgm�3)> EC3 (0.0� 0.1 mgm�3), respectively. The levels of
OC1, OC2, OC3 and OC4 were higher in PM2.5 than those in PM0.1.
The mean concentrations of OP were 4.1 mg m�3 and 0.7 mg m�3 for
PM2.5 and PM0.1, respectively. The concentration of EC1 was higher
than any other elemental carbon fractions in PM2.5, while EC2was the
highest in PM0.1. EC3 was almost under the method detection limit in
bothPM2.5 andPM0.1 (Fig.1).OCofPM0.1 accounted for20%ofPM2.5OC,
whereas ECof PM0.1 accounted for 37%of PM2.5 EC,which reflected the
presence of richer EC content in nanoparticles.

Table 2 shows the comparison of the average OC and EC
concentrations of PM2.5 and PM0.1 from Xueshan Tunnel with data
published in the literature from other sites. PM2.5 OC concentrations
were found to be comparable with PM0.1 at Buk-Ak tunnel Korea,
roughly twice those of PM2.5 from Chung-Liao tunnel, PM1.6 from
Van Nuys Tunnel and PM10 from Caldecott Tunnel, but much
lower than those of PM2.5 at Zhujiang tunnel. For EC of PM2.5, the
concentrations were comparable to those of Caldecott Tunnel and
Chung-Liao tunnel, twice those of Van Nuys Tunnel, but only one
fourth to fifth of those from Zhujiang tunnel. The OC concentrations
of PM0.1 in the present studyweremuch lower, only half to one tenth
of those at other tunnels. The average PM0.1 EC levels were similar to
those in Van Nuys Tunnel, but much lower than those of other
tunnels shown in Table 2 and less than one tenth of that at Buk-Ak



Table 1
Mass concentrations of 8 carbon fractions and the ratio of OC/EC in PM2.5 and PM0.1.

Mean Conc. (mgm-3)
and Stdev.

OC1 OC2 OC3 OC4 OP EC1 EC2 EC3 OC EC OC/EC

PM2.5 Ave. 8.0 6.1 3.5 2.2 4.1 22.2 0.8 * 23.9 18.9 1.26
Stdev. 2.2 2.0 1.4 0.3 3.0 7.7 0.6 * 8.7 5.4

PM0.1 Ave. 1.1 1.7 0.9 0.3 0.7 1.6 6.0 * 4.7 6.9 0.68
Stdev. 0.9 0.7 0.5 0.2 0.3 1.5 2.2 0.1 2.7 3.6

*under the method detection limit.
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tunnel in Korea and Zhujiang tunnel in China. For the urban areas in
Taiwan, previous study showed that concentrations of OC and EC in
PM2.5 were 17.0 and 10.4 mg m�3 (Tsai and Chen, 2006) and 11.6 and
4.0 mgm�3 (Lin and Tai, 2001), respectively. The comparison showed
that PM2.5 OC and EC concentrations in Xueshan tunnel were higher
than other urban environments in Taiwan.

The concentrations of char-EC and soot-EC in PM2.5 were 18.1
and 0.8 mg m�3, and those for PM0.1 were 0.9 and 6.1 mg m�3,
respectively. Higher concentrations were found for char-EC in PM2.5

and soot-EC in PM0.1, which accounted for 96% and 87% of the total
EC from PM2.5 and PM0.1, respectively. The results were consistent
with the results of Han et al. (2007)who foundmore abundant char-
EC for fine samples and soot-EC for ultrafine samples. Previous
study reported the average char-EC and soot-EC concentrations
of PM2.5 for fourteen cities in China were 8.7 and 1.26 mg m�3 in
winter; 2.4 and 1.21 mg m�3 in summer, respectively (Han et al.,
2009). The variation in char-EC and soot-EC was mainly attributed
to the different fuel consumptions between winter and summer
(Han et al., 2009). In comparison, the present study showed that
part of soot-EC from PM0.1 was evolved as the char-EC in PM2.5
owing to the catalytic activity of abundant metals in tunnel. Details
will be discussed in the following section.

3.2. The 8 carbon fraction contributions to total
carbon for PM2.5 and PM0.1

There were distinct differences among PM2.5 and PM0.1 samples
for carbon fraction contributions (Fig. 2). The contributions of four
organic carbon fractions (OC1, OC2, OC3 and OC4) toTC in PM2.5 and
PM0.1 were comparable, which ranged from 4.6% to 15.2% in PM2.5
and 2.9% to 14.0% in PM0.1, respectively. EC1 accounted for 49% of TC
in PM2.5 samples, which is higher than that in PM0.1 samples
(13.3%). EC2 contributed 1.7% for TC in PM2.5 samples, while
much higher contribution (48.5%) was found in PM0.1. The variation
of contributions for EC1 and EC2 in PM2.5 and PM0.1 was distinct,
which was partly owing to the catalytic activity of some metals. In
the tunnel microenvironment, the emission and the re-suspension
from road trafficwas found to be the sources ofmetallic elements in
the particles (Sternbeck et al., 2002) which promote combustion
OC1 OC2 OC3 OC4 OP EC1 EC2 EC3
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Fig. 1. The concentrations of eight car
activity of particles. For example, CueCeeAl mixed oxides have
been shown to be active for soot oxidation (Wu et al., 2009). CueK/
ZrO2 catalyst is able to lower the soot oxidation temperature
significantly by almost 200� (Courcot et al., 2009). Alkali-doped
FeV/Al2O3 systems and MnOxeCeO2 mixed oxides were shown to
be excellent catalysts for low-temperature soot oxidation (Neri
et al., 2003; Tikhomirov et al., 2006). Jiménez et al. (2008)
showed the addition of alkali metals (Li, Na, K) over a CaOeMgO
mixture generated a significant increase in the catalytic activity for
soot combustion. In present study, the mean concentrations of the
major metal elements (Na, Mg, Al, K, Ca, Fe and Si) in PM2.5 and
PM0.1 were 5.1 and 2.5 mg m�3, respectively. The concentrations of
sub-major metal elements (S, Zn, Ni, Cu, Mn, Sr, Ag, Ba, Pb, V, Cr
and Ti) were 1.5 and 0.8 mg m-3 for PM2.5 and PM0.1, respectively.
Concentrations of metals were found to be much higher in PM2.5.
The abundance of metals in samples can lower the soot oxidation
temperature and make high-temperature soot evolved as low-
temperature soot in the carbon fraction determination. Therefore, it
was reasonable that part of EC2 from PM0.1 was converted to EC1 in
PM2.5 when the catalytic activity was promoted by metals.
The investigations of EC reference materials oxidation also showed
that activation energy is lower for char samples (more abundant in
coarse samples) than that for diesel soot samples (more abundant
in ultrafine samples), which resulted in the peaks of EC1 and EC2
for char and diesel soot samples, respectively (Han et al., 2007). The
results were consistent with the present study which showed char-
EC dominated EC in PM2.5 while soot-EC dominated EC in PM0.1.

3.3. Relationships between OC and EC, char-EC
and soot-EC for PM2.5 and PM0.1 in tunnel

Correlations between OC, EC, char-EC and soot-EC of PM2.5 and
PM0.1 are shown in Table 3. The char-EC and soot-EC concentrations
were not strongly correlated for PM2.5 (r¼ 0.57) and PM0.1 (r¼ 0.19).
However, strong correlation between OC and EC was observed for
PM2.5 (r ¼ 0.96) and PM0.1 (r ¼ 0.90), which attributed to the
common sources of OC and EC. There was a significant correlation
between char-EC and EC for PM2.5 (r¼ 0.99). Similar correlationwas
obtained between soot-EC and EC for PM0.1 (r ¼ 0.93). Considering
OC1 OC2 OC3 OC4 OP EC1 EC2 EC3
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Table 2
OC and EC concentrations for tunnels at different locations and urban sites in Taiwan and in the world.

Location Observation Period Analysis Particle size OC, mg m-3 EC, mg m-3 Reference

Xueshan Tunnel Taiwan Oct.2008eJul.2009 TOR PM2.5 23.9 18.9 this study
Xueshan Tunnel Taiwan Oct.2008eJul.2009 TOR PM0.1 4.7 7.0 this study
Buk-Ak tunnel Korea Oct.2000 TOR PM0.1 21.9 103.0 Ma et al., 2004
Caldecott Tunnel California Aug.2004eSep.2005 TOT PM10 9.9e17.6 20.5e33.4 Geller et al., 2005
Zhujiang tunnel China Sep.2004 TOT PM2.5 53.0 94.0 Huang et al., 2006
Chung-Liao tunnel Taiwan MayeJul.2005 Elemental analyzer PM2.5 10.0 � 6.3 20.0 � 7.6 Chiang and Huang, 2009
Van Nuys, Tunnel Los Angeles 1993 TOM PM1.6 15.5 � 1.4 11.1 � 1.01 Fraser et al., 1998
Mixed urban, Kaohsiung Dec.2002eJan.2003 Elemental analyzer PM2.5 17.0 10.4 Tsai and Chen, 2006
Urban, Kaohsiung Nov.1998-Apr.1999 Elemental analyzer PM2.5 11.6 4.0 Lin and Tai, 2001
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that char-EC dominates EC in PM2.5 and soot-EC dominates EC in
PM0.1, it can be inferred that EC concentration is mainly dominated
by char-EC concentration in fine particles while EC is mainly
dominated by soot-EC concentration in nanoparticles.

In this study, the ratios of the OC/EC were 1.26 and 0.67 for PM2.5
and PM0.1, respectively. The previous study reported that OC/EC ratio
was 0.56 for fine particles in the tunnel samples (Huang et al., 2006),
whichwas lower than the present study. But the ratios in PM0.1 were
also compared to those reported for diesel vehicles (0.28e0.92)
(Allen et al., 2001). The results indicated the carbon components in
nanoparticles mainly came from diesel vehicle emission. Tunnel
samples represented fresh emissions from vehicles with lower
average OC/EC ratio, while the ambient samples indicated secondary
or extra emissionswith higher average OC/EC ratio except for vehicle
exhausts. In this study, we subtracted the VOC from the backup
quartz filter to reduce the overestimation of particle OC and the
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Fig. 2. Percentage of total carbon contributed by eight carbon fractions for PM2.5 and
PM0.1.
ratios of OC to EC (Chen et al., 2010b). For comparison, the individual
OC to EC ratio was more than 2.0 in Xi’an and Hong Kong for PM2.5,
while it was 2.7 and 9.0 for coal combustion and biomass burning,
respectively. (Cao et al., 2005; Ho et al., 2002; Watson et al., 2001;
Cachier et al., 1989b). The high OC to EC ratios were owing to the
richer OC sources and the formation of the SOA in the atmosphere,
which can affect the OC/EC ratio significantly.

Similar to the OC to EC ratio, the ratios of char-EC to soot-EC also
differed among different sources. In the present investigation, the
ratios of char-EC to soot-EC were 0.15 for PM0.1 and about 20.0 for
PM2.5. That is, distinctly different ratios between fine and nano-
particleswere found. In comparison, the ratioswere found to be 22.6
for biomass burning, 1.31 for coal combustion, and 0.60 for motor
vehicle exhaust (Chow et al., 2004b). Previous research showed the
mean char-EC to soot-EC ratios in Xi’an were 11.6 for biomass
burning and 1.9 for coal combustion (Cao et al., 2005). Char-EC/soot-
EC ratios showed lower values for summer and higher values for
winter over China, which was owing to the differences in source
contributions between the two seasons (Han et al., 2009). For the
present study, the ratios of char-EC to soot-EC were largely influ-
enced by the redistributions of EC1 and EC2 in PM2.5 and PM0.1 as
discussed above.

3.4. Source identification of carbonaceous fractions in tunnel

PMF is a factor analytic technique that uses non-negativity
constraints and allows non-orthogonal factors (Paatero, 1997).
PMF1.1 was used for the current analysis (USEPA, 2005). The frac-
tional carbon profiles of PM2.5 and PM0.1 extracted by the PMF
method are shown in Fig. 3. The PMF factor profiles for PM2.5 indi-
cated that diesel and gasoline factors had abundant OC1eOC4 and
EC1 fractions. The EC2 fraction in the diesel factor was significantly
higher than that in gasoline. In comparison, the OC4 and OP fractions
in the gasoline factor were more abundant than those in diesel
(Fig. 3a). The emissions of the gasoline vehicles had larger amounts of
EC2, OC2 and diesel emissions contained higher concentrations of
EC2, OC3 and EC3 for PM0.1 (Fig. 3b). The results showed there were
large amount of lower temperature carbon fractions (OC1eOC4)
in PM2.5 and higher temperature carbon fractions (EC2) in PM0.1.
Table 3
Correlations of OC, EC, char-EC and soot-EC in PM2.5 and PM0.1.

OC EC char-EC soot-EC

PM2.5(n ¼ 9)
OC 1.00
EC 0.96 1.00
char-EC 0.96 0.99 1.00
soot-EC 0.56 0.60 0.57 1.00

PM0.1(n ¼ 9)
OC 1.00
EC 0.90 1.00
char-EC 0.57 0.52 1.00
soot-EC 0.78 0.93 0.19 1.00
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The profiles of OC2 and EC2 fractions in PM2.5 for both diesel and
gasoline were also in good agreement with the emission profiles
obtained by Liu et al. (2006). While the EC2 abundances for PM0.1 in
both diesel and gasoline profiles were very different from the results
of the previous study for fine particles. There was little EC3 in either
the diesel or gasoline factor for PM2.5 and PM0.1.
4. Conclusion

PM2.5 and PM0.1 were collected and analyzed to determine the
eight carbon fractions. The average OC and EC concentrations
were 23.9 and 18.9 mg m�3 for PM2.5, 4.7 and 7.0 mg m�3 for PM0.1,
respectively. The contributions of four organic carbon fractions to
TC ranged from 4.6% to 15.2% in PM2.5 and 2.9%e14.0% in PM0.1,
respectively. The concentration of EC1 was higher than any other
elemental carbon fractions in PM2.5, while EC2 was the dominant
fraction in PM0.1. The concentrations for char-EC and soot-EC in
PM2.5 were 18.1 and 0.83 mg m�3, respectively, which those of PM0.1

were 0.9 and 6.1 mg m�3, respectively. The char-EC accounted for
96% of the total EC in PM2.5 while it was 87% for soot-EC in PM0.1.
There was a significant correlation between char-EC and EC for
PM2.5 (r ¼ 0.99). Similar correlation was obtained between soot-EC
and EC for PM0.1 (r ¼ 0.93). The results indicated the abundance of
soot-EC in PM0.1 and char-EC in PM2.5 in the tunnel environment.
The PMF factor profiles for PM2.5 and PM0.1 showed both diesel and
gasoline factors had abundant EC1 fractions for PM2.5 and EC2 for
PM0.1. In the present study, distinct differences for carbon fraction
contributions were found between PM2.5 and PM0.1. Considering
the important catalytic effect of metals on soot oxidation, the
influence of catalysis on EC fractions for samples with abundant
metals is worth investigating in the future.
Acknowledgement

The financial support of the Taiwan EPA (EPA-98-U1U1-02-103,
U1U1-02-106) is gratefully acknowledged.
Appendix. Supplementary material

Supplementary material associated with this paper can be
found, in the online version, at doi:10.1016/j.atmosenv.2010.04.042.
References

Allen, J.O., Mayo, P.R., Hughes, L.S., Salmon, L.G., Cass, G.R., 2001. Emissions of
size-segregated aerosols from on-road vehicles in the Caldecott tunnel. Envi-
ronmental Science and Technology 35, 4189e4197.

Birch, M.E., Cary, R.A., 1996. Elemental carbon-based method for monitoring
occupational exposures to particulate diesel exhaust. Aerosol Science and
Technology 25, 221e241.

Cachier, H., Bremond, M.P., Buat-Ménard, P., 1989a. Determination of atmospheric
soot carbon with a simple thermal method. Tellus 41B, 379e390.

Cachier, H., Bremond, M.P., Buat-Ménard, P., 1989b. Carbonaceous aerosols from
different tropical biomass burning sources. Nature 340, 371e373.

Cao, J.J., Lee, S.C., Ho, K.F., Fung, K.K., Chow, J.C., Watson, J.G., 2006. Characterization
of roadside fine particulate carbon and its eight fractions in Hong Kong. Aerosol
and Air Quality Research 6, 106e122.

Cao, J.J., Lee, S.C., Ho, K.F., Zhang, X.Y., Zou, S.C., Fung, K.K., Chow, J.C., Watson, J.G.,
2003. Characteristics of carbonaceous aerosol in Pear River Delta Region, China
during 2001 winter period. Atmospheric Environment 37, 1451e1460.

Cao, J.J., Lee, S.C., Ho, K.F., Zou, S.C., Fung, K., Li, Y., Watson, J.G., Chow, J.C., 2004.
Spatial and seasonal variations of atmospheric organic carbon and elemental
carbon in Pearl River Delta Region, China. Atmospheric Environment 38,
4447e4456.

Cao, J.J., Wu, F., Chow, J.C., Lee, S.C., Li, Y., Chen, S.W., An, Z.S., Fung, K.K., Watson, J.G.,
Zhu, C.S., Liu, S.X., 2005. Characterization and source apportionment of atmo-
spheric organic and elemental carbon during fall and winter of 2003 in Xi’an,
China. Atmospheric Chemistry and Physics 5, 3127e3137.

Chen, S.C., Tsai, C.J., Chou, C.K., Roam, G.D., Cheng, S.S., Wang, Y.N., 2010a. Ultrafine
particles at three different sampling locations in Taiwan. Atmospheric Envi-
ronment 44, 533e540.

Chen, S.C., Tsai, C.J., Huang, C.Y., Cheng, H.D., Cheng, S.J., Lin, C.C., Chou, C.C.K.,
Lung, S.C., Roam, G.D., Wu, W.Y., Smolik, J., Dzumbova, L., 2010b. Chemical mass
closure and chemical characteristics of ambient ultrafine particles and other PM
fractions. Aerosol Science and Technology (accepted).

Chiang, H.L., Huang, Y.S., 2009. Particulate matter emissions from on-road vehicles
in a freeway tunnel study. Atmospheric Environment 43, 4014e4022.

Chow, J.C., Watson, J.G., Pritchett, L.C., Pierson, W.R., Frazier, C.A., Purcell, R.G., 1993.
The DRI Thermal/Optical Reflectance carbon analysis system: description,
evaluation and applications in U.S. air quality studies. Atmospheric Environ-
ment 27, 1185e1201.

Chow, J.C., Watson, J.G., Crow, D., Lowenthal, D.H., Merrifield, T.M., 2001. Comparison
of IMPROVE and NIOSH carbon measurements. Aerosol Science and Technology
34, 23e34.

Chow, J.C., Watson, J.G., Chen, L.W.A., Arnott, W.P., Moosmuller, H., Fung, K.K.,
2004a. Equivalence of elemental carbon by thermal/optical reflectance and
transmittance with different temperature protocols. Environmental Science and
Technology 38, 4414e4422.

Chow, J.C., Watson, J.G., Kuhns, H.D., Etyemezian, V., Lowenthal, D.H., Crow, D.J.,
Kohl, S.D., Engelbrecht, J.P., Green, M.C., 2004b. Source profiles for industrial,
mobile, and area sources in the Big Bend Regional Aerosol Visibility and
Observational (BRAVO) study. Chemosphere 54, 185e208.

Courcot, D., Laversin, H., Ledoux, F., Cazier, F., Matta, J., Cousin, R., Aboukais, A., 2009.
Composition and textural properties of soot and study of their oxidative
elimination by catalytic process. International Journal of Environment and
Pollution 39, 253e263.

Fraser, M.P., Cass, G.R., Bernd, R.T.S., 1998. Gas-phase and particle phase organic
compounds emitted frommotor vehicle traffic in a Los Angeles roadway tunnel.
Environmental Science and Technology 32, 2051e2060.

Fruin, S., Westerdahl, D., Sax, T., Sioutas, C., Fine, P.M., 2008. Measurements and
predictors of on-road ultrafine particle concentrations and associated pollut-
ants in Los Angeles. Atmospheric Environment 42, 207e219.

Fung, K.K., Chow, J.C., Watson, J.G., 2002. Evaluation of OC/EC speciation by thermal
manganese dioxide oxidation and the IMPROVE method. Journal of the Air and
Waste Management Association 52, 1333e1341.

Geller, M.D., Sardar, S.B., Phuleria, H., Fine, P.M., Sioutas, C., 2005. Measurements of
particle number and mass concentrations and size distributions in a tunnel
environment. Environmental Science and Technology 39, 8653e8663.

http://dx.doi.org/10.1016/j.atmosenv.2010.04.042


C.-S. Zhu et al. / Atmospheric Environment 44 (2010) 2668e2673 2673
Han, Y.M., Cao, J.J., Chow, J.C., Watson, J.G., Fung, K.K., Jin, Z.D., Liu, S.X., An, Z.S.,
2007. Evaluation of the thermal/optical reflectance method for discrimination
between soot- and char-EC. Chemosphere 69, 569e574.

Han, Y.M., Lee, S.C., Cao, J.J., Ho, K.F., An, Z.S., 2009. Spatial distribution and seasonal
variation of char-EC and soot-EC in the atmosphere over China. Atmospheric
Environment 43, 6066e6073.

Han, Z.W., Zhang, R.J., Wang, Q.G., Wang, W., Cao, J.J., Xu, J., 2008. Regional modeling
of organic aerosols over China in summertime. Journal of Geophysical Research
113, D11202. doi:10.1029/2007JD009436.

Heikkilä, J., Virtanen, A., Rönkkö, T., Keskinen, J., Aakko-Saksa, P., Murtonen, T.,
2009. Nanoparticle emissions from a heavy-duty engine running on alternative
diesel fuels. Environmental Science and Technology 43, 9501e9506.

Hitzenberger, R., Dusek, U., Berner, A., 1996. Black carbon measurements using an
integrating sphere. Journal of Geophysical Research 101, 19601e19606.

Ho, K.F., Lee, S.C., Chow, J.C., Waston, J.G., 2003. Characterization of PM10 and PM2.5
source profiles for fugitive dust in Hong Kong. Atmospheric Environment 37,
1023e1032.

Ho, K.F., Lee, S.C., Yu, C.J., Zou, S.C., Fung, K., 2002. Carbonaceous characteristics of
atmospheric particulate matter in Hong Kong. Science of the Total Environment
300, 59e67.

Huang, X.F., Yu, J.Z., He, L.Y., Hu,M., 2006. Size distribution characteristics of elemental
carbon emitted from Chinese vehicles: results of a tunnel study and atmospheric
implications. Environmental Science and Technology 40, 5355e5360.

Intergovernmental Panel on Climate Change (IPCC), 2001. In: Houghton, J.T., Ding, Y.
(Eds.), Climate Change 2001: The Scientific Basis, 5. Aerosols, their Direct and
Indirect Effects. Cambridge Univ. Press, New York.

Jiménez, R., García, X., López, T., Gordon, A.L., 2008. Catalytic combustion of soot.
Effects of added alkali metals on CaOeMgO physical mixtures. Fuel Processing
Technology 89, 1160e1168.

Kim, E., Hopke, P.K., Edgerton, E.S., 2003. Source identification of Atlanta aerosol by
positive matrix factorization. Journal of the Air and Waste Management Asso-
ciation 53, 731e739.

Kim, E., Hopke, P.K., Edgerton, E.S., 2004. Improving source identification of Atlanta
aerosol using temperature resolved carbon fractions in positive matrix factor-
ization. Atmospheric Environment 38, 3349e3362.

Kittelson, D.B., Watts, W.F., Johnson, J.P., 2004. Nanoparticle emissions on Minne-
sota highways. Atmospheric Environment 38, 9e19.

Knibbs, L.D., de Dear, R.J., Morawska, L., Mengersen, K.L., 2009. On-road ultrafine
particle concentration in the M5 East road tunnel, Sydney, Australia. Atmo-
spheric Environment 43, 3510e3519.

Kumar, P., Garmory, A., Ketzel, M., Berkowicz, R., Britter, R., 2009. Comparative study
of measured and modelled number concentrations of nanoparticles in an urban
street canyon. Atmospheric Environment 43, 949e958.

Lavanchy, V.M.H., Gäggeler, H.W., Nyeki, S., Baltensperger, U., 1999. Elemental
carbon (EC) and black carbon (BC) measurements with a thermal method and
an aethalometer at the high-alpine research station Jungfraujoch. Atmospheric
Environment 33, 2759e2769.

Lin, J., Tai, H.S., 2001. Concentrations and distributions of carbonaceous species in
ambient particles in Kaohsiung City, Taiwan. Atmospheric Environment 35,
2627e2636.

Liu, W., Wang, Y., Russell, A., Edgerton, E.S., 2006. Enhanced source identification of
southeast aerosols using temperature-resolved carbon fractions and gas phase
components. Atmospheric Environment 40, S445eS466.

Ma, C.J., Tohno, S., Kasahara, M., 2004. A case study of the single and size-resolved
particles in roadway tunnel in Seoul, Korea. Atmospheric Environment 38,
6673e6677.

Marple, V.A., Rubow, K.L., Behm, S.M., 1991. A microorifice uniform deposit impactor
(MOUDI): description, calibration, and use. Aerosol Science and Technology 14,
434e446.

Neri, G., Rizzo, G., Galvagno, S., Donato, A., Musolino, M.G., Pietropaolo, R., 2003. K-
and Cs-FeV/Al2O3 soot combustion catalysts for diesel exhaust treatment.
Applied Catalysis B 42, 381e391.
Novakov, T., 1981. Microchemical characterization of aerosols. In: Malissa, H.,
Grasserbauer, M., Belcher, R. (Eds.), Proceedings of the International Micro-
chemical Symposium. Springer, Vienna, Austria, pp. 141e165.

Novakov, T., Corrigan, C.E., 1995. Thermal characterization of biomass smoke
particles. Mikrochimica Acta 119, 157e166.

Paatero, P., 1997. Least squares formulation of robust nonnegative factor analysis.
Chemometrics and Intelligent Laboratory Systems 37, 15e35.

Seinfeld, J.H., Pandis, S.N., 1998. Atmospheric Chemistry and Physics: From Air
Pollution to Climate Change. John Wiley & Sons, Inc., New York. 700.

Shen, Z.X., Cao, J.J., Tong, Z., Liu, S.X., Lingala Siva Sankara Reddy, Han, Y.M.,
Zhang, T., Zhou, J., 2009. Chemical characteristics of submicron particles in
winter in Xi’an. Aerosol and Air Quality Research 9 (1), 80e93.

Shen, Z.X., Cao, J.J., Arimoto, R., Zhang, R.J., Jie, D.M., Liu, S.X., Zhu, C.S., 2007.
Chemical composition and source characterization of spring aerosol over
Horqin sand land in northeastern China. Journal of Geophysical Research 112,
D14315. doi:10.1029/2006JD007991.

Sternbeck, J., Sjodin, A., Andreasson, K., 2002. Metal emissions from road traffic and
the influence of resuspension-results from two tunnel studies. Atmospheric
Environment 36, 4735e4744.

Tikhomirov, K., Kröcher, O., Elsener, M., Wokaun, A., 2006. MnOx-CeO2 mixed
oxides for the low-temperature oxidation of diesel soot. Applied Catalysis B
64, 72e78.

Tsai, Y.I., Chen, C.L., 2006. Atmospheric aerosol composition and source appor-
tionments to aerosol in southern Taiwan. Atmospheric Environment 40,
4751e4763.

USEPA (U.S. Environmental Protection Agency), 2005. EPA PMF1.1 User’s
Guide. National Exposure Research Laboratory, Research Triangle Park,
NC.

Watson, J.G., Chow, J.C., Houck, J.E., 2001. PM2.5 chemical source profiles for vehicle
exhaust, vegetative burning, geological material, and coal burning in North-
western Colorado during 1995. Chemosphere 43, 1141e1151.

Watson, J.G., Chow, J.C., Lowenthal, D.H., 1994. Differences in the carbon composi-
tion of source profiles for diesel- and gasoline-powered vehicles. Atmospheric
Environment 28, 2493e2505.

Watson, J.G., Chow, J.C., Chen, L.W., 2005. Summary of organic and elemental
carbon/black carbon analysis methods and intercomparisons. Aerosol and Air
Quality Research 5, 65e102.

Westerdahl, D., Fruin, S., Sax, T., Fine, P.M., Sioutas, C., 2005. Mobile platform
measurements of ultrafine particles and associated pollutant concentrations on
freeways and residential streets in Los Angeles. Atmospheric Environment 39,
3597e3610.

Wu, X.D., Lin, F., Weng, D., Jia, L.W., Shen, M.Q., 2009. Effect of SO2 treatment at high
temperature on soot oxidation activity of CueCeeAl mixed oxides. Catalysis
Letters 10.1007/s10562-009-9916-z.

Ye, B.M., Ji, X.L., Yang, H.Z., Yao, X.H., Chan, C.K., Cadle, S.H., Chan, T., Mulaw, P.A.,
2003. Concentration and chemical composition of PM2.5 in Shanghai for
a 1-year period. Atmospheric Environment 37, 499e510.

Yu, J.Z., Xu, J.H., Yang, H., 2002. Charring characteristics of atmospheric organic
particulate matter in thermal analysis. Environmental Science and Technology
36, 754e761.

Zhang, M.G., Han, Z.W., Zhu, L.Y., 2007. Simulation of atmospheric aerosols in East
Asia using modeling system RAMS-CMAQ: model evaluation. China Particuol-
ogy 5, 321e327.

Zhang, R.J., Ho, K.F., Cao, J.J., Han, Z.W., Zhang, M.G., Cheng, Y., Lee, S.C., 2009.
Organic carbon and elemental carbon associated with PM10 in Beijing during
spring time. Journal of Hazardous Materials 172, 970e977.

Zhu, Y., Eiguren-Fernandez, A., Hinds, W.C., Miguel, A.H., 2007. In-cabin commuter
exposure to ultrafine particles on Los Angeles freeways. Environmental Science
and Technology 41, 2138e2145.

Zhu, Y., Hinds, W.C., Krudysz, M., Kuhn, T., Froines, J., Sioutas, C., 2005. Penetration
of freeway ultrafine particles into indoor environments. Journal of Aerosol
Science 36, 303e322.


	Characterization of carbon fractions for atmospheric fine particles and nanoparticles in a highway tunnel
	Introduction
	Materials and methods
	Sample collection
	Carbonaceous aerosol measurement

	Results and discussion
	Concentrations of eight carbon fractions, char-EC and soot-EC for PM2.5 and PM0.1
	The 8 carbon fraction contributions to total carbon for PM2.5 and PM0.1
	Relationships between OC and EC, char-EC and soot-EC for PM2.5 and PM0.1 in tunnel
	Source identification of carbonaceous fractions in tunnel

	Conclusion
	Acknowledgement
	Supplementary material
	References


