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Tunnel displays a typical semi-closed environment, and multitudes of the pollutants tend
to accumulate. The samples of gaseous pollutants and particulate matter (PM) were
collected from the Xiangyin tunnel at Shanghai to investigate the characteristics of the
pollutant emissions. The results indicated that both gaseous pollutants and PM exhibited
much higher concentrations during the rush hours in the morning and at night due to
vehicle emission. Two peaks of the PM concentration were observed in the scope of 0.7-1.1
and 3.3-4.7 pm, accounting for 14.6% and 20.3% of the total concentrations, respectively.
Organic matter (OM), EC, and many water-soluble ions were markedly higher at the rush
hours in the morning than those at night, implicating comprehensive effects of vehicle
types and traffic volume. The particle number concentrations exhibited two peaks at Aitken
mode (25 nm and 100 nm) and accumulation mode (600 nm), while the particle volume
concentration displayed high values at the accumulation mode (100-500 nm) and coarse
mode (2.5-4.0 pm). The peak around 100 nm was detected in the morning rush hours, but it
diminished with the decrease of the traffic volume. Individual-particle analysis revealed
that main particles in the tunnel were Fe-rich particles, K-rich particles, mineral particles,
Ca-S rich particles and Al-Si particles. The particles collected at the rush hours displayed
marked different morphologies, element concentrations and particle sizes compared to the
ones collected at the non-rush period. The data presented herein could shed a light on the
feature of vehicle emissions.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

Aerosol particles play significant roles on climate by changing
the energy transfer through the radiative forcing, and
potentially cause adverse health effects as carriers of toxic
chemicals (Li et al., 2008; Lin et al., 2005; Jacobson, 2001). Some

aerosol particles probably absorb or scatter the solar radiation,
thereby influencing the global climate (Anenberg et al., 2012;
Liu et al, 2014). Health studies have proved that fine
particulate (PM,s) showed close relationship to respiratory
and cardiovascular disease, and even increased risk for cancer
or death (Adar et al., 2007; Liu et al., 2015). Exposure to organic
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particles was associated with allergies and adverse respira-
tory effects, frequently expressed as asthma or chronic
obstructive pulmonary disease (Lerner et al., 2012).

Vehicle emissions have been considered as a main source of
atmospheric pollutants (Chiang and Huang, 2009). About 23% of
NOy, 17% of CO, and more than 50% of volatile organic
compounds (VOCs) were released from vehicle emissions in
East China (Fu et al,, 2013; Chiang et al., 2007; Lee et al., 2002).
Moreover, about 6.7 million tons and 8.3 million tons of PM,
and PM;o were emitted by vehicles in Pearl River Delta in 2006,
respectively (Cui et al., 2016). The occurrence of hazy days has
been increasing since 2005, particularly in some megacities of
China (Tong et al., 2007). Some gaseous pollutants (e.g., NOy and
VOCs) were the key precursors of second species, such as ozone,
in ambient air, which probably induced a severe fog-haze episode
(Zhou et al, 2014). S. Guo et al. (2014), L. Guo et al. (2014)
concluded that photochemical oxidation of NO, and SO, emitted
from traffic emissions was primarily responsible for urban haze
in China. Hu et al. (2015) also reported that Zn(NOs), and ZnSO,
displayed higher concentrations in the haze-fog episodes com-
pared with the clear episodes. The number fractions of organic
carbon principally derived from vehicle emissions reached to
30% in Shanghai (Hu et al., 2016). In recent years, the numbers of
automobiles increased from 187 to 296 million between 2011 and
2015 in China, seriously deteriorating air quality (Cai et al., 2010).
Thus, to address the feature of vehicle exhausts has become a
crucial issue to understand the influence of vehicle emissions on
air quality in China.

It is an arduous challenge to investigate the characteristics
of vehicle emissions accurately to ambient air because these
pollutants emitted from vehicles are inclined to mix with PM
rapidly in the atmosphere. To date, many methods have been
used to address vehicle emission features, including the
engine dynamometer test (Na et al., 2015), remote sensing
(Andrew, et al., 2003), and tunnel research (Liu et al., 2012).
Dynamometer test is costly and its procedure is complex.
Furthermore, the test condition of the dynamometer cannot
absolutely simulate the realistic driving state. Remote sensing
just measures emissions of individual vehicle as they drive by
a roadside sensor, but not obtain fleet-average emission
results. Moreover, the dynamometer test and remote sensing
cannot distinguish the vehicle emissions from other sources
effectively. In contrast, tunnel research not only reflects the
real driving environment with less environmental interfer-
ence, but also makes use of the fact that emissions from
vehicles inside tunnels could be isolated from other sources
easily. Additionally, there is an increased emissions in
concentration and prolonged exposure to the pollutants
emitted by the vehicles due to the confined space and
inadequate ventilation (El-Fadel and Hashisho, 2001; Brito et
al.,, 2013; Ho et al., 2004). Thus, the research on the tunnel has
become a popular mean to study the characteristics of vehicle
emissions.

A growing body of tunnel studies has been conducted in
megacities on the world. Many tunnel studies focused on the
characteristics of emissions including concentrations, compo-
nents and emission factors of the pollutants. Ma et al. (2011)
reported that the concentrations of CO, SO,, and NOy, reached
to 12-39 ppm, 2048 ppb, and 1.2-3.1 ppm, respectively, in the
Hsueh-shan tunnel. Ho et al. (2009) reported that the VOC

concentrations in Shing Mun tunnel were about 5-10 times
higher than those in the ambient air of Hong Kong. It were
generally considered that benzene, toluene, xylene and iso-
prene were the major species of VOCs, all of which generally
exhibit higher concentrations in the tunnel due to high
intensity emission of vehicle exhausts (Chiang et al., 2007).
Carbonaceous compounds and water-soluble ions were pri-
mary components of PM collected from the tunnel (Pio et al,,
2013). However, the components and concentrations of the
pollutants varied significantly in the different tunnels probably
due to the impacts of engine type, fuel consumption, vehicle
characteristics and other uncertain factors (Alves et al., 2015). It
was well documented that the number, speed, age, and type of
vehicle showed remarkable effects on the concentrations and
species of gaseous pollutants and atmospheric PM inside the
tunnel (Schmid et al., 1997). Vehicle number generally showed a
significantly positive relevance with the pollutant concentra-
tion inside the tunnel (Zhou et al, 2014). Especially, the
emission factors in the Wuzushan tunnel were higher than
those in the Kuixinglou tunnel as the result of high proportion
of diesel vehicle in the former (Cui et al, 2016). The NOy
emission increased with vehicle speed for uphill driving and
possessed higher values for uphill driving than those for
downhill driving (Andrew et al., 2003). However, few studies
concerned about the morphology and mixing state of PM within
the tunnel, which were also sensitive to the vehicle emissions.
Knowledge of the morphology and mixing state of individual
particles in the tunnel was crucial to understand the vehicle
emission features (Li et al., 2016).

In the present study, the PM samples were collected and
gaseous pollutants were on-line analyzed over a 24-hr period
in the Xiangyin tunnel of Shanghai. The main objectives of
this study are: (1) to investigate the diurnal variation of
gaseous pollutants and PM inside the tunnel, (2) to determine
the concentration and composition of PM, and (3) to decipher
the number and volume concentrations, size distribution and
morphology of PM at a single-particle level.

1. Experimental section

The samples were collected in the Xiangyin tunnel, which was
located at the middle ring of Shanghai. This tunnel is a length of
2.6 km with the maximum speed limit of 80 km/hr. Diesel and
gasoline vehicles were main vehicle types across the Xiangyin
tunnel. The proportion of diesel vehicles through Xiangyin tunnel
was high in the daytime, while they were relatively low at night
because diesel vehicles were prohibited entering downtown area
since the evening rush hours. The samples including aerosol
particles and gaseous pollutants inside the tunnel were collected
at the midpoint of the tunnel, and the ambient samples outside
the tunnel were collected in the site about 50 m far from the exit
of the tunnel. Ambient air samples in the tunnel were collected
once each hour from 14:30 on April 24th to 14:30 on April 25th,
2013. The sampling period was a weekday, which could represent
the pollution status in the tunnel in the weekdays. Ambient air
was collected at a flow rate of 1L/min. The samples were
analyzed within one day after the sampling.

Particles inside the tunnel were collected in the eight size
fractions: 0.4-0.7,0,7-1.1, 1.1-2.1, 2.1-3.3, 3.3-4.7, 4.7-5.8, 5.8-9,
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and >9 pm, respectively. The sampling pump flow rate was
set at 28.3 L/min. Before the sampling, the quartz filters were
pre-heated at 550°C for 6 hr and were then equilibrated at
22°C and 40% + 5% relative humidity (RH) for 24 hr, and then
weighed. After the sampling, the filters were reconditioned
and stored in a freezer at —4°C until analysis. The Teflon filters
were balanced at RH (40% + 5%) and 20°C for 24 hr.

A wide-range particle spectrometer (WPSTM, MSP, USA)
was applied to determine the size distribution of aerosol
particles in the range of 10-1000 nm. The sampling pump flow
rate was set at 1.0 L/min. WPS was a high-resolution aerosol
spectrometer, which combined the principles of the differen-
tial mobility analysis (DMA), the laser light scattering (LPS),
and condensation particle counting (CPC). Particles with the
diameter over 500 nm and those with the diameter of 10-
500 nm were analyzed by LPS channel and DMA + CPC
channel, respectively. The number, surface concentrations,
volume concentrations, and size distributions of the particles
could be achieved by WPS after a parameter correction.

For transmission electron microscopy (TEM) analysis,
individual particles were sampled directly on the 300-mesh
copper grids coupled with carbon films using an individual-
stage cascade impactor. The sampling periods depended on
the particle concentration, ranging from 30 sec to 300 sec. The
samples were preserved in the plastic carriers in order to
reduce the exposure to the air. More information about
sampling process were previously described by S. Guo et al.
(2014), L. Guo et al. (2014).

1.1. Chemical analysis

1.1.1. Gaseous pollutants analysis

The measurements of SO,, and NO/NO, were performed using
SO, analyzer (Model 42i, Thermo scientific) and NOy analyzer
(Model 42i, Thermo scientific), respectively. The detection
limit of SO, and NO/NO, were 1.0 and 0.4 ppb, respectively.
The CO concentration was determined through nondispersive
infrared analyzer (Model 300; Teledyne Advanced Pollution
Instrumentation, USA), which showed a detection limit of
30 ppb. The concentrations of VOC were determined using an
Entech 7100A pre-concentrator (Entech Inc., USA) followed by
a GC-MS system (Finnigan Trace GC/Trace DSQ). The method
detection limit (MDL) for analyzed VOCs were 0.50 ng/m®. The
relative standard deviations on average for all of the com-
pounds were less than 10% and the recovery of the reference
materials was 90%-110%. The VOC measurements were
described previously in detail by Mao et al. (2009).

1.1.2. Ion analysis

Each sample was extracted ultrasonically for 20 min using
S5 mL of ultra-pure water. Filtrates were stored in a clean tube
at 4°C for analysis after passing through the microporous
membranes. The concentrations of inorganic ions (S03~, NO3,
NHj, CI-, K¥, Ca®*, Na*, and Mg?*) were determined using ion
chromatography (IC, Dionex ICS 2000, USA). Weak base
(76.2 mM NaOH + H,0) and weak acid (20 mM MSA) were
utilized as anion detection and cation detection, respectively.
The relative standard deviations of the ions were lower than
5%, and the recovery of the reference materials (GBW08606)
was 90%-110%.

1.1.3. OC/EC analysis

The concentration of OC and EC were analyzed using a thermal
and optical carbon analyzer (DRI Model 2001A). The analyzer was
calibrated through the standard sucrose solutions for quality
control. Duplicate punches of each sample were applied to
remove the effects of the non-uniformity depositions on the
filter. About 10% of total samples were selected to conduct the
replicate analyses, and the differences implicated by replicate
analyses were within 10% for OC and EC.

1.1.4. Elemental analysis

Half of each sample (blank filter) was digested at 170°C for 4 hr
in a Teflon tube with 3 mL of HNOs, 1 mL of HF, and 1 mL of
HCI. The solutions were dried after cooling, and then diluted to
10 mL using distilled deionized water. A total of 20 trace
elements were measured using inductively coupled plasma-
mass spectrograph (ICP-MS) and inductively coupled plasma-
atomic emission spectrometer (ICP-AES). Based on the mea-
surement of the reference materials (S4400-1000241) and the
repeated samples, the relative standard deviation was below
3%. The recovery of the reference materials ranged from 95% to
105%.

1.1.5. Scanning electron microscope/TEM analysis
The aerosol particles collected on the TEM grids were
observed using a JEOL-2010F field emission high-resolution
TEM (FE-HRTEM) combined with an Oxford energy-dispersive
X-ray spectrometer (EDS) to obtain the morphology and
composition of particles at a single-particle level. EDS spectra
were recorded in a TEM image mode and quantified using ES
Vision software. EDS were sampled for only 30 sec so that it
could weaken radiation exposure. Four areas were selected
from the center to the periphery on each grid in order to
ensure that the analyzed particles could represent the entire
size range. High resolution TEM (HRTEM) was also performed
to determine the crystalline structure of particles (S. Guo et al.,
2014; L. Guo et al., 2014; H.B. Fu et al., 2014; X.X. Fu et al., 2014).
The morphology and chemistry components of the indi-
vidual particles were also analyzed using a JEOL JSM 6300 SEM,
coupled with an Oxford EDS. SEM runs at the accelerating
voltage of 20 kV with a beam current 50-100 nA.

1.2. Statistical analysis

One-way ANOVA (Fisher Test, p < 0.05) was used to identify
the significant difference of gaseous pollutants, VOCs, and
PM concentrations during the different periods. Pearson
correlation analysis was used to identify the relationship
between meteorological factor and particle volume concen-
tration. All of statistical analysis and figures in this study
were performed by the software package SPSS 16.0 and Origin
8.0 for Windows.

2. Results and discussion
2.1. Diurnal variation of CO, SO, and NO;, inside the tunnel

Traffic volume as a function of time during the monitoring period
is shown in Fig. 2. As can be seen that the traffic volume in the
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daytime (07:30-20:30 hr) was significantly higher than that at
night (20:30-7:30) (p < 0.05). In the daytime (07:30-20:30), the
mean traffic volume was 2204 vehicles every hour, and the
maximum value reached 2656 vehicles between 15:30 and
16:30 hr. The traffic volume declined at night with the lowest
value of 426 vehicles during the period of 3:304:30 (Fig. 1).

The mean concentrations of CO, SO, and NOy inside and
outside the tunnel are illustrated in Fig. 2. The mean concentra-
tions of CO and SO, inside the tunnel were 5.59 ppm and
0.04 ppm, both of which were higher by about 8 and 1.5 times
than those outside the tunnel, respectively. It was supposed that
traffic volume inside and outside the tunnel played an important
role on the emissions of the gaseous pollutants (Zhou et al., 2014).
Furthermore, the open environment outside the tunnel was
more beneficial to the diffusion of the gaseous pollutants than
the semi-closed microenvironment of the tunnel. The mean
concentration of NO inside the tunnel was 0.67 ppm, which was
9.6 times higher than that outside the tunnel. Aside from the
mentioned reason above, NO could also react quickly with O; to
form NO, (Zhou et al., 2014). The O5; concentration was much
lower inside the tunnel in the general situation, suggesting that a
small portion of NO was oxidized to NO,, thus leading to the NO
accumulation inside the tunnel. In contrast, the amount of NO
oxidized to NO, was higher by far outside the tunnel because O3
was inclined to form under the irradiation. Therefore, a marked
difference in the concentration of NO emerged inside and outside
the tunnel. Photochemical process of NO contributed to the
higher NO, concentrations outside the tunnel, which reduced the
difference of NO, inside and outside the tunnel. Hence, the
relative deviation of NO, was significantly lower than that of NO
inside and outside the tunnel.

Hourly variations of these pollutants inside and outside the
tunnel are also shown in Fig. 2. No significantly diurnal variations
of the gaseous pollutants except SO, in the concentration outside
the tunnel were observed. In contrast, the concentration of the
gaseous pollutants inside the tunnel displayed the marked

3 e
N
RN

Y

Xiangyin tunnel \\

o

0510 20 30 40
O Miles

diurnal variation. Higher CO concentrations inside the tunnel
both appeared in the morning rush hours (6:30-10:30) and
evening rush hours (17:30-19:30), whereas they declined to the
lowest value at night. As the products of incomplete combustion
of gasoline and/or diesel emitted from vehicle engine, CO was
widely used as an indicator to assess the performance of the
ventilation system. Kristensson et al. (2004) also observed higher
concentrations of CO occurring in the morning rush hours and
evening rush hours, and thus concluded that its emission was
associated with traffic volume. In the present study, traffic
volume was positively linked to the CO concentration (p < 0.05),
suggesting that higher CO concentrations in the morning rush
hours and evening rush hours derived from vehicle emissions.
Ma et al. (2011) demonstrated that the piston effect significantly
affected the CO concentration dispersion especially in a long
tunnel, which occurred more frequently at the rush hours.
Diurnal variation of SO, was similar to that of CO. It was widely
acknowledged that SO, concentrations were elevated at the rush
hours due to vehicle across with the higher number (Ma et al,,
2011). Besides, there were a multitude of heavy-duty vehicles
feeding diesel travelling through the tunnel at the morning rush
hours, which generally released SO, because of high sulfur
content of diesel fuel (Andrew et al., 2003). Both NO and NO,
concentrations inside the tunnel displayed similar variation with
one of SO, and CO, which ranged from 0.20 to 0.88 ppm and 0.83
to 1.46 ppm, respectively. The peaks of NO and NO, reached 0.88
and 1.46 ppm at the morning rush hours, and 0.79 and 1.40 ppm
at the evening rush hours, respectively, which was probably
associated with the traffic volume. One can see the NO,
concentration varied slightly less than that of NO. It was well
known that NO, was not the main pollutant emitted directly by
vehicles (Alves et al., 2015). NOx emission in the engine exhaust
consisted of 85%-95% of NO and 5%-15% of NO, (Ma et al., 2011).
In addition, the O3 concentration was relatively low inside the
tunnel so that the amount of NO, generated from the reaction of
05 and NO was less.

Fig. 1 - The geographical location of Xiangyin tunnel in Shanghai, China.
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Fig. 2 - Diurnal variation of vehicle number and gaseous pollutant concentrations inside and outside the tunnel.

2.2. Diurnal variation of VOCs inside the tunnel

Fig. 3 shows the main components of VOCs and their diurnal
variation inside the tunnel. The a-d periods corresponded to
the evening rush hours (17:30-19:30) on 24th, the night (22:30-
06:30) on 24th, the morning rush hours (06:30-10:30 hr) on
25th, and noon (11:30-14:30 hr) on 25th, respectively. Diurnal
variation of VOCs displayed two peaks at traffic peak hours
(morning rush hours: 1698.1 pg/m>, evening rush hours:
1477.9 ng/m°). However, the lowest value (648.5 ng/m? ap-
peared at night. This diurnal variation was identical to that of
CO, SO, and NOy, which could be associated with the traffic
volume crossing the tunnel.

Benzene, aliphatic hydrocarbons, methylbenzene, xylene,
ethylbenzene, undecane, phenylethylene and butylacetate
were major components of VOCs in the tunnel, which was in
good agreement with the previous studies (Zhang et al., 2017;
Chiang et al., 2007; Ho et al., 2009). The concentrations were in
the order of Dbenzene > aliphatic  hydrocarbons >
methylbenzene > xylene > ethylbenzene > undecane >
phenylethylene > butylacetate except high undecane at the
evening rush hours. Benzene occupied the biggest loadings of
VOCs, accounting for 61.9, 57.9, 75.9 and 61.7% during four
different periods, respectively. The proportion of benzene to
VOCs in the Xiangyin tunnel was significantly higher than

that in some industrial areas, the urban areas and the tunnels
observed previously (Chiang et al., 2007; Cai et al., 2010). This
was probably associated with higher traffic volume in the
Xiangyin tunnel because of higher emission factor of benzene
relative to other aromatics in the vehicle exhausts (Duffy and
Nelson, 1996). Aliphatic hydrocarbons (15.5%-30.5%) were the
second highest group followed by methylbenzene (2.99%-
7.73%) and xylene (2.29%-6.59%). The emissions of aliphatic
hydrocarbons were mainly originated from evaporative emis-
sions and fuel combustion (Na et al., 2005). Dense passing of
heavy-duty and light-duty vehicles seem to have a substantial
impact on the elevation of aliphatic hydrocarbons in the
tunnel. It was well documented that the use of unleaded fuels
decreased the concentrations of lead in the atmosphere
sharply, but it increased the emission of methylbenzene
because it was generally added to unleaded fuels (Ho et al,,
2004). Gasoline evaporation might be additionally attributed
to high methylbenzene emission (Na et al., 2003). Apart from a
solvent used in coatings, paints, and cleaning agents, xylene
was confirmed to be an important component of vehicle
exhaust, which was enriched in the effluent of fossil fuels
(Chan et al., 2011).

The BTEX species (benzene, methylbenzene, ethylbenzene
and xylene) exhibited marked diurnal variation inside the
tunnel. The peaks of BTEX at the morning rush hours may
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Fig. 3 - Concentrations and compositions of volatile organic compounds (VOCs) during four periods inside the tunnel. (a) night
rush hours (17:30-19:30) on April 24th, (b)night (22:30-06:30) in April 24th; (c)morning rush hours (06:30-10:30) in April 25th; (d)

noon (11:30-14:30) in April 25th) (Unit: pg/m3).

result from the high traffic volume. After this period, the
concentrations of BTEX started to decrease due to the
decrease of traffic volume. During the evening rush hours,
BTEX showed higher values in the concentration due to the
increase of gasoline vehicles and evaporative emissions (Na et
al., 2003). At midnight, BTEX declined to the lowest values due
to the decrease of traffic volume. T/B ratio (methylbenzene:
benzene) was an indicator to identify the source of VOCs.
Higher T/B ratios suggested the increase of gasoline vehicles,
but the decrease of diesel vehicles (Ho et al., 2004). Due to the
lack of xylene, the X/E ratio was generally lower in the case of
diesel vehicle (Ho et al.,, 2004). The T/B ratios in the four
periods ranged from 0.0446 to 0.1336, all of which were rather
low in comparison to the other tunnels in Hong Kong, Manila,
Bangkok and Korea (Gee and Sollars, 1998; Ho et al., 2004; Na
and Kim, 2001). The T/B ratio determined herein may be
regarded a characteristic value for the on-road tunnel
emissions, suggesting that diesel vehicles were major vehicles
passing through the Xiangyin tunnel. The T/B ratio displayed
a remarkable diurnal variation. The highest value occurred at
night, while it showed a lowest one during the morning rush
hours, which was attributed to the different vehicle types. In
the case of the Xiangyin tunnel, the X/E ratio displayed two
peaks at night (3.81) and at noon (3.12), respectively; whereas
it showed the lowest value of 1.39 during the morning rush
hours, demonstrating that the proportion of gasoline vehicles
passing the tunnel was much higher at night as compared to
the other periods.

2.3. Size distribution of PM and their components

2.3.1. Size distribution and diurnal variation of the PM
concentration

The mass concentrations of the particles in the different sizes
are shown in Fig. 4. The mean concentration of PM;, in the
tunnel was 224 pg/m®. Two peaks of PM in the concentration
appeared in both PMy ;-1 1 and PM3 34 7 fractions, respectively.

The proportion of PM:L]_/PM]_(), PM2‘1/PM10 and PM-L]./PMZ]_
inside the tunnel was about 22.9%, 34.7% and 66.0%,
respectively.

2.3.2. Size distribution of the components in the PM
The size distributions of water-soluble ions (e.g., S02°, NO;3,
CI7, NHi, etc.), OM and EC measured are summarized in Fig. 4.
The OM concentration was expressed as 1.2 x OC in our study
(Harrison et al., 2003). OM constituted major fraction of the PM
mass in the tunnel based on the previous study (Allen et al.,
2001). The highest value of OM primarily existed in fine
particles (0.7-1.1 pm) at the morning rush hours. Allen et al.
(2001) also reported that OM peaked in the fine particles and
attributed them to engine exhaust. OM also displayed a slight
peakin the coarse particles such as PMs g_g especially at night,
which was originated from mechanical abrasion since about
30% of brake pads were made of carbon (Pio et al. 2013). Alves
et al. (2015) reported that the ratio of EC/PM;, decreased with
the increasing particle size in the Liberdade tunnel, and
concluded that EC should be emitted through vehicle tail-
pipes. However, the EC concentration possessed higher values
in the coarse particles in the Xiangyin tunnel, which was
probably linked with the incomplete combustion at the
condition of the motor vehicles idling in the tunnel because
of traffic jam during the rush hours. (Laschober et al., 2004).
The concentrations of the water-soluble ions were gener-
ally higher in the fraction of PM, ;4 ;. As one of main water-
soluble ions, sulfate tended to concentrate in fine particles
and was generally correlated with the sulfur contents in fuel,
especially those in diesel fuel (Lowenthal et al., 1994). The NHZ
emission predominately stemmed from automobiles because
they were equipped with catalysts and rich operating fuel
(Allen et al., 2001). Besides, the emission of aerosol NHj also
probably stem via a second process from the reaction of gas-
phase NH; in the tunnel (Allen et al., 2001). NO3 was also an
important water-soluble ion, concentrated in the fine parti-
cles such as PM, ;. Vehicle exhaust was a major contribution
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of NO, emissions in China. NO3 could be transformed from
NO, nitrous acid (HONO), and organic nitrates (i.e., RONO,) (H.
B. Fu et al., 2014; X.X. Fu et al., 2014). Both NO and NO,
concentrations were higher inside the Xiangyin tunnel,
thereby elevating the concentrations of NO3. Ca®*, Na*, Mg**,
K* and CI” were also main ions hosted by the particles. The
proportion of Na* and Mg®* in 3.3-5.8 um was significantly
higher than that in the ultrafine particles. It was assumed that
both Na* and Mg®* especially in the coarse particles (4.7-
5.8 um) were predominately derived from bedrock weathering
and resuspension of dust (Pio et al., 2013). Besides, a small
quantity of Na* and Mg®* in PM could be also sourced from the
remains after the evaporation of sea-salt. Furthermore, Na*/
Mg?* ratio in the coarse particles were in the ranged of 2-3,
similar to that of ocean water (Pio et al., 2013). Calcium was
main crustal element, as well as sodium and magnesium,
primarily concentrated in the coarse particles. In the present
study, the highest Ca®* concentration accumulated in the size
range of 5.8-9.0 um in the Xiangyin tunnel, implicating
natural source possibly. Apart from the impacts of natural
contribution, Ca?* in the find mode could also originate from
vehicle exhaust (Ault et al., 2012). Furthermore, Ca*>* was also
thought to stem from the cement dusts of construction sites
(Hu et al., 2015). It is well known that calcite is frequently used
as filler in concrete, and portlandite is a normal reaction
product in concrete (Kaegi, 2004). Li et al. (2008) concluded that
Ca-rich particles in the fly ash of cement predominately
peaked in coarse particles. Although K" was generally
recognized as a fingerprint of biomass burning, no obvious
biomass burning was observed around the tunnel (Pio et al,,
2013). It was well known that K" and CI”~ were also likely
derived from the re-suspended dust (Hays et al., 2005).

2.3.3. Diurnal variation of the main components in the PM

The concentrations of OM, EC and some water-soluble ions
(e.g., SO3~, NO3, NHj, K*, Ca*, Na*, etc) in each stage were
elevated during the morning rush hours as compared to those
at night (Fig. 4). The percentages of diesel vehicles were
generally higher during the morning rush hours than that at
night, and thus increased the emissions of OM and EC (Cui et
al., 2016). The OC/EC value was not only used as an indicator
to estimate the contribution of vehicle emissions to carbona-
ceous aerosol in the atmosphere (Gelencsér et al., 2007), but
also was a good tracer to identify gasoline vehicle emission
from diesel vehicle one. The OC/EC ratio generally decreased
with the increasing of diesel vehicles especially in a semi-
close environment, such as tunnel (Liu et al., 2012). The OC/EC
ratio in PM,; and TSP were 2.96 and 1.68 in the morning, and
3.66 and 3.29 at night, respectively, which was caused by high
proportion of diesel vehicles passing through in the Xiangyin
tunnel in the morning (Gillies et al., 2001). The concentrations
of SO3~ and NOj3 displayed similar diurnal variation to OM and
EC because they correlated significantly with sulfur and
nitrogen contents in diesel fuel, respectively (Lowenthal et
al., 1994). The NO3/ SO32™ ratio could reflect the contribution of
stationary and mobile sources to sulfur and nitrogen in the
atmosphere, which elevated with the increasing of mobile
sources (H.B. Fu et al., 2014; X.X. Fu et al.,, 2014). In our study,
the NO3/S0O2™ ratio increased from night (PM, 4: 0.23, TSP: 0.25)
to the morning rush hours (PM, ;: 0.28, TSP: 0.49), implying the

contribution of traffic volume. NH} featured a similar diurnal
variation with SO~ and NOg, indicating possibly the presence
of (NH,),SO4 and NH4NO;3 (Gao et al., 2011). K* showed slightly
higher value during the morning rush hours than that at
night, suggesting more frequent dust resuspension when
large amounts of vehicles pass through the tunnel (Pio et al.,
2013). The diurnal variations of Na*, Mg®*, and Ca®* were
identical to K*, which was ascribed to that the number of
heavy-duty vehicles crossing the tunnels was higher in the
daytime, induced more mineral element resuspension (Cui et
al., 2016).

2.4. Number concentrations and size distribution of the
particles

The diurnal variations of meteorological factors, and number
concentrations, surface concentrations, and volume concen-
trations of particles are depicted in Fig. 5. Air temperature
displayed homogeneous variation between 14:30 and 6:30,
whereas it increased significantly during the morning rush
hours. The variation of relative humidity was contrary to
those of air temperature (Fig. 5a). Markedly diurnal variation
of number concentrations, surface concentrations, and vol-
ume concentrations were observed. The peaks of particle
number concentrations reached around 2-3 x 10°/cm? during
the morning rush hours (Fig. 5b) due to the high traffic volume
during that period. After this period, the particle concentra-
tion started to decrease due to the decrease of traffic volume.
Particle number concentration declined to a lowest value of
about 5 x 10%cm? at 22:30. Particle surface concentration, and
volume concentration exhibited similar diurnal variation to
particle number concentrations.

The diurnal variation of particle number concentration in
different particle diameters is depicted in Fig. S1. Particle
number concentration exhibited three peaks in Aitken mode
(25 nm and 100 nm) and accumulation mode (600 nm),
respectively, which was in agreement with previous research
reported by Abu-Allaban et al. (2002). The particle number
concentration in Aitken mode was markedly higher during
the morning rush hours than that at night. There may be two
reasons accounting for such results. Firstly, particles in Aitken
mode were likely emitted through the exhaust pipes since the
peak of particle number concentration was similar to the peak
of vehicle exhausts (20-80 nm) (Pirjola et al., 2004), which was
usually associated with the variation of traffic volume.
Secondly, lower ambient temperature and higher RH during
the morning rush hours easily lead to the formation of Aitken
mode (Ristovski et al., 1998). It was widely acknowledged that
the particles in Aitken mode originated from vehicle exhaust,
which generally condensed quickly at low temperature or
formed through nucleation and growth (Harris and Maricq,
2001; Ristovski et al., 1998). Apart from the peak in Aitken
mode, there was a small peak in the accumulation mode
around 600 nm. These particles were probably formed
through the accumulation of ultrafine particles or coagulation
and then growth by adsorption of gaseous pollutants (Harris
and Maricg, 2001).

The diurnal variation of particle volume concentration is
summarized in Fig. S2. Particle volume concentration exhib-
ited the high values at accumulation mode (100-500 nm) and
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concentration inside the tunnel.

coarse mode (2.5-4.0 pm). Coarse mode particles may form via
three ways: direct particle emissions from vehicles, re-
suspension of dusts, or the evaporation of larger droplets
(Meng and Seinfeld, 1994). RH and the particles in the size
range of 2.5-4.0 pm displayed an insignificantly correlation
(r =0.28, p > 0.05), suggesting that larger droplets did not play
a significant role in the formation of coarse particles in the
tunnel. Particles directly emitted by vehicle exhaust generally
displayed high values at nucleation mode and Aitken mode
(Alves et al.,, 2015). Therefore, we finally supposed the
particles with the sizes of 2.5-4.0 um may originate from the
resuspension of dusts. In the present research, most of
particles were concentrated in the mass median diameter
(MMD) of 0.33 + 0.06 pm. In accordance with the number
concentration, the volume concentrations of particles for all
diameters showed the significantly positive relationship to
traffic volume, suggesting that vehicle emissions were the
main source of PM in the tunnel.

Particle size distributions during five periods are shown in
Fig. 6. Two peaks (25 nm and 100 nm) could be observed in the
morning and afternoon, whereas the peak at 100 nm dimin-
ished in the evening. It was documented that the diameter of
diesel engine combustion particles ranged from 60 to 120 nm,
but those from a gasoline engine exhaust tend to range from

40 to 80 nm (Woo et al, 2001). The proportion of diesel
vehicles was much higher in the daytime than that at night on
the basis of the previous analysis. Besides, the peak at 100 nm
was often formed through coagulation and growth of ultrafine
particles existed in the atmosphere (Wehner and
Wiedensohler, 2003).

2.5. Morphology and speciation of the particles collected from
the tunnel

Five categories of the particles collected from the tunnel have
been differentiated under the SEM: Fe-rich particles, mineral
particles, EC, Ca-S mixtures and Al-Si particles (shown in Fig.
S3) and Fig. 7. Fe-rich particles and mineral particles were
mainly characterized by irregular shape, EC showed a typical
chain-like shape, Ca-S mixtures displayed a bar-like shape,
and Al-Si particles presented a smooth spherical morphology.
The relative abundance of mineral particles was higher at
night than that during other periods owing to fewer vehicles
at night.

The typical Fe-rich particles, K-rich particles, mineral
particles, Ca-S particles and Al-Si particles are shown in
Fig. 8, accounting for 34%, 21%, 11%, 7% and 1%, respectively.
The fine Fe-rich particles were mainly composed of iron
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oxides, which was characterized by darker color due to the
condensation of OM (S. Guo et al., 2014; L. Guo et al., 2014). Fe-
rich particles were generally mixed with crustal elements,
such as Si, Ca, Al and Mg, as well as some trace metals, such
as Ba and Zn. Both Ba and Zn were regarded as the good
fingerprints of abrasive and tire dust. (Hjortenkrans et al,,
2007; Alves et al,, 2015). Kang et al. (2008) concluded that Fe-
rich particles probably stemmed from mechanical wear of
brake and tyres. EDS data showed that Al-Si particles with

spherical shape contained high concentrations of Fe and O
with low Ba content. The particle with sphere morphology
was common generated from a gas-to-particle transformation
followed by condensational growth under high-temperature
environment (Ault et al., 2012). Furthermore, Ba was widely
used as a tracer of the traffic origin. Thus, Al-Si particles were
probably emitted by vehicle exhaust. In the most case, the Fe—
containing particles were inclined to form nanosphere aggre-
gates, and internally mixed with EC. The high fraction of EC
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Fig. 7 - SEM images and elemental distribution maps of typical particles. (a—c) Fe-rich particles; (d) organic matter; (e) Ca-S

particles; (f) mineral dust. SEM: scanning electron microscope.

would be contributed when the vehicle ran under high load
(Alves et al, 2015).
particlesand EC, K-rich particles were often internally mixed
with EC under the TEM.

The mineral dusts displayed a great deal of variability in
composition, generally classified into two kinds: silicate-rich

Aside from the mixture of Al-Si

PRy -
seve == LA =B 25
Percentage =
I Diameter 5o E
o}
L15 @
(=
8
F10 A
c
0.5 3
=
0.0
K-rich mineral Ca-§S Al-Si

Fig. 8 - Relative abundance and size distribution of main
components of single particles.

and calcium-rich minerals, which exhibited lighter colors in
contrast to Fe-rich particles under the TEM. Silicate and calcium
were main components of quartz, feldspar and mica, all of
which could release these crustal elements through physical,
chemical or biological weathering and consequent resuspen-
sion processes (Cwiertny et al., 2008). Pio et al. (2013) concluded
that Si and Ca usually reflected the origin of road dust
resuspension and mechanical disaggregation of road surface.

Ca-S particles were more prone to being contributed by
local sources, such as industrial activities (Kodavanti et al.,
1998). during the recent past years, desulfurization of SO, by
CaO was widely applied to improve air quality in many cities,
which was rewarding to the formation of Ca-S particles. Apart
from the impacts of industrial activities, the Xiangyin tunnel
was more or less affected by the construction source because
many business streets were being built during the sampling
period.

The element concentrations exhibited marked differentia-
tion between the rush hours and non-rush hours (Fig. 9). Al,
Fe, S, Si and Zn elements were higher during the rush hours
than those during the non-rush hours, which were in
agreement with the results in the other tunnels (Brito et al,,
2013). Al and Si were mainly originated from road dusts re-
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Fig. 9 - Elemental compositions of particles inside the tunnel
analyzed by TEM-EDS. TEM: transmission electron micros-
copy; EDS: energy-dispersive X-ray spectrometer.

suspension (Da Silva et al., 2010), whereas Fe and Zn were
emitted by mechanical processes (e.g., wear of brakes and
tyres). Sulfur was generally associated with other materials,
such as insoluble barite, a major constituent of brake pads
(Querol et al, 2008). Thus, Al, Fe, S, Si and Zn in the
atmospheric particles displayed similar variation with traffic
volume.

2.6. Uncertainty

Although some of the results in our study were in agree with
some previous studies, there were still some uncertainties
with regard to the tunnel studies. First, the particles outside
the tunnel could influence the accumulation of particles
inside the tunnel. For instance, Na* and CI~ could be
transported to Xiangyin tunnel through strong advection
because Xiangyin tunnel was close to the East China Sea. In
addition, only a working day was selected to perform the
study in the tunnel. Despite no significant difference in the
weekdays, the weekly variation of vehicle emissions cannot
be elucidated in our study.

3. Conclusions

Both gaseous pollutants and PM exhibited higher values
during the morning and evening rush hours due to vehicle
emissions. Two peaks of the PM concentrations were
observed in PMp7_11 and PM; 3 47 fractions. OM was mainly
concentrated in the fine particles, whereas the concentrations
of EC peaked in the coarse particles because some vehicles

idled in the tunnel. Most of water-soluble ions (except Na*,
Mg?* and Ca?*) displayed the highest values in PM, ;. The
accumulation of Na*, Mg®*, K*, and CI~ were originated from
dust suspension, while Ca®* may be sourced from consump-
tion of cement. The concentrations of OM, EC, and nearly all
water-soluble ions (including SO3~, NO3, NHj, Na*, Mg®*, K*,
Cl", and Ca®*) were markedly higher during the morning rush
hours than those at night, implying the effects of vehicle
types, traffic volume and/or meteorological factors. Particle
number concentrations achieved a peak value with 2-3 x 10°/
cm? in the morning rush hours, whereas they declined to the
lowest value of 5 x 10*%cm?® at night. The particle number
concentration exhibited two peaks at Aitken mode (25 nm
and 100 nm) and accumulation mode (600 nm), while the
particle volume concentration displayed high values at
accumulation mode (100-500 nm) and coarse mode (2.5-
4.0 pm), which was associated with the vehicle emissions, as
well as nucleation and growth of particles. The peak around
100 nm was detected in the morning rush hours, but it
diminished with the decrease of traffic volume. TEM analysis
revealed that main particles in the tunnel were Fe-rich
particles, K-rich particles, BC, mineral particles, Ca-S rich
particles and Al-Si particles. The morphology of the tunnel
particles exhibited difference in the element concentrations
and particle size between the rush and non-rush period. This
research will shed a light on the impacts of tunnel to the air
quality and public health.
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