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Abstract

Particle number concentration, particle size distribution, and size-dependent chemical compositions
were measured at a bus stop, alongside a high way, and at an industrial site in a tropical city. It was
found that the industry case had 4.93x10" - 7.23x10" and 3.44x10* - 3.69x10* #/m® higher
concentration of particles than the bus stop and highway cases in the range of 0.25-0.65 um and 2.5-
32 um, respectively, while the highway case had 6.01x10° and 1.86x10° #/m* higher concentration
of particles than the bus stop case in the range of 0.5-1.0 um and 5.0-32 um, respectively. Al, Fe, Na,
and Zn were the most abundant particulate inorganic elements for the traffic-related cases, while Zn,
Mn, Fe, and Pb were abundant for the industry case. Existing respiratory deposition models were
employed to analyze particle and element deposition distributions in the human respiratory system
with respect to some potential exposure scenarios related to bus stop, highway, and industry,
respectively. It was shown that particles of 0-0.25 um and 2.5-10.0 um accounted for around 74%,
74%, and 70% of the particles penetrating into the lung region, respectively. The respiratory
deposition rates of Cr and Ni were 170 and 220 ng/day, and 55 and 140 ng/day for the highway and
industry scenarios, respectively. Health risk assessment was conducted following the US EPA
supplemented guidance to estimate the risk of inhalation exposure to the selected elements (i.e. Cr,
Mn, Ni, Pb, Se, and Zn) for the three scenarios. It was suggested that Cr poses a potential
carcinogenic risk with the excess lifetime cancer risk (ELCR) of 2.1-98x107 for the scenarios. Mn
poses a potential non-carcinogenic risk in the industry scenario with the hazard quotient (HQ) of 0.98.
Both Ni and Mn may pose potential non-carcinogenic risk for people who are involved with all the

three exposure scenarios.

Keywords

Air quality; Chemical composition; Particle number concentration; Particle size distribution; Traffic

and industry.
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1 Introduction

Airborne particulate matter (PM) poses a potential threat to the health of human beings via inhalation
exposure. It has been widely recognized that PM exposure is associated with the increased
occurrence of various diseases such as cardiovascular diseases (Donaldson et al., 2001; Liao et al.,
1999), respiratory diseases (Atkinson et al., 2001; You et al., 2016), asthma (Norris et al., 1999;
Tecer et al., 2008), and lung cancer (Turner et al., 2011). Although the fundamental mechanisms
governing the harmful effects on human health are still not fully understood, it is generally
recognized that particle number or mass concentration, particle sizes, and size-dependent chemical
composition are critical factors affecting human inhalation exposure (Nel, 2005). The size of
airborne particles not only affects the amount of particles inhaled but also the distribution of inhaled
particles in the human respiratory system. Generally, compared to microparticles, nanoparticles have
a greater ability to penetrate deeply into the alveolar region and coat airway surfaces more uniformly
(Kleinstreuer and Zhang, 2010). The particle deposition distribution in the human respiratory system
could influence their detrimental effect on human health. For example, it was found that the local
accumulation of particles within bronchial airway bifurcations, especially at carinal ridges, may play
a crucial role in lung cancer induction (Balashazy et al., 2003). On the other hand, the health impact
of PM exposure is closely associated with its chemical compositions (Bell et al., 2007). For example,
the study by Franklin et al. (2008) showed that certain chemical species such as Al, sulfate, and Ni,
could significantly modify the association between PM,s (PM with an aerodynamic diameter <2.5
pm) and mortality, and the mass of PM, 5 alone may not be a sufficient metric for the risk assessment

of PM exposure.

Generally, the sources of aerosol may vary from site to site and are closely associated with the size

distributions and chemical compositions of resulting airborne PM (Hwang et al., 2008; Lin et al.,
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2005). Outdoor airborne PM measurements have been conducted previously in both Singapore and
some other Southeast Asian countries. For example, Betha et al. (2014) conducted an annual
sampling of PM;5 aerosols on a building rooftop in Singapore and found the PM; s concentrations
increase during the June 2013 haze episode, mainly due to advection of biomass burning from
Sumatra, Indonesia. The temporal evolution of smoke episode in Singapore was investigated by
Salinas et al. (2013) to analyze the physical and optical properties of smoke particles in October
2010 and the smoke particle growth due to aging, coagulation and condensation mechanisms was
detected over several days. During a peat fire episode in Sumatra, Indonesia, See et al. (2007)
conducted a series of ambient air sampling at a rural site, a semirural site, and an urban site to
investigate the physical and chemical characteristics of particulate emissions from peat fires. Their
source apportionment analysis showed that peat smoke can travel long distances and significantly
affect the air quality at locations downwind. The study by Fujii et al. (2015) also characterized PM, 5
during the peatland fire seasons in Sumatra, Indonesia based on ground-based and source-dominated
sampling. They specifically looked at the key organic compounds of peatland fire aerosols and found
levoglucosan was the most abundant compound among in the PM, s mass. The study by Mustaffa et
al. (2014) determined the source apportionment of surfactants in marine aerosols at two selected
stations along the Malacca Straits based on the principal component analysis combined with multiple
linear regression. The study showed that the surfactants in tropical coastal environments were mainly
contributed by sea spray and the anthropogenic sources such as motor vehicles and biomass burning.
Khan et al. (2016) conducted the apportionment analysis of PM, s collected at a semi-urban site in
Malaysia and identified five potential sources, i.e. motor vehicle emissions coupled with biomass
burning, marine/sulfate aerosol, coal burning, nitrate aerosol, and mineral/road dust. Oanh et al.
(2013) compared the PM,5 concentrations among the cases of fixed roadsides, traveling routes in
congested urban, and less congested suburban areas of Bangkok. They found that 65-75% of the

measurements of roadside PM,s during dry season exceeded 24 h Thailand ambient air quality
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standard of 50 g m3. However, most of these studies explored the PM levels at background sites
but not the ones at the hotspots in an typical urban environment such as traffic, power plant, and

industrial emissions, etc (Stone et al., 2010; Yang et al., 2011), but on ones.

The objectives of this study are to evaluate the specific PM exposure levels related to several major
PM emission sources (hotspots) in Singapore which is a tropical city-state and characterized by
persistent high temperature and relative humidity (RH) all year long. Bus stops are typical hotspots
of PM emission and exposure in Singapore (Velasco and Tan, 2016). The average daily passenger-
journeys are 4.4 million out of a population of 5.5 million (LTA, 2015). The areas alongside major
highways were also observed to be hotspots with respect to PM pollution (Charron et al., 2007;
Harrison et al., 2011). In Singapore, a significant proportion of highways needs to go through
residential areas and commercial districts due to limited land space and high population density.
Located in the western part of Singapore, the Tuas industrial zone is occupied by various power
plants, oil refineries, and waste incineration plants. In this work, we characterized the respective
particle number and mass concentrations, particle size distributions, and size-dependent chemical
compositions at a bus stop, alongside a high way, and at an industrial site. PMF was then applied to
determine the main factors contributing to the particle concentrations at the sites. Existing respiratory
deposition models were employed to analyze the deposition distributions of particles and selected
non-carcinogenic and carcinogenic elements in the human respiratory system. Health risk assessment
was conducted by estimating the hazard quotient (HQ) and excess lifetime cancer risk (ELCR) for

the elements.
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2 Materials and Methods

2.1 Measurement Sites and Instrumentation

A map view of the sampling sites is shown in Figure 1 in the Supporting Information. The bus stop
(lat.=1°18'4"N and long.=103°46'26"E) is along Kent Ridge Crescent Road and located outside of the
Lee Kong Chian Natural History Museum of the National University of Singapore (NUS). The
number of passing vehicles (trucks, cars, and buses) on both the closer and further lanes was counted
manually. The detailed data is summarized in Table S1 in the Supplementary Material. The bus stop
is shared by five university shuttle bus services and two public bus services. The traffic flow was
generally stable with 0.3 trucks per minute, 4.2 cars per minute, and 0.9 buses per minute. Almost all
the passing buses (>95%) on the closer lane experienced a stop-start process at the bus stop. Two
sampling stations were set up around 1 m away from the curb and 8 m apart at the two ends (front
and back) of the bus stop. Each station includes an aerosol spectrometer (GRIMM model 1.109)
which sampled particles at a height of 1.5 m indicative of the human breathing zone. A cascade
impactor (Sioutas, SKC Inc) was placed onto the front station to measure particle mass
concentrations. The spectrometers measured particle number concentrations in the size range of 0.25
— 32.0 um. The impactor pumps at has a flow rate of 9 L/min and has five stages, i.e., 0 — 0.25, 0.25
—05,05-1,1-25, and 2.5 — 10 um, respectively. The sampling pump of the impactor was
calibrated before the field measurements. The highway site (lat.=1°18'14"N and long.=103°46'23"E)
is alongside the AYE, a heavily trafficked highway in Singapore and located in the University Town
of NUS. The measurement stations are 10 m away to the northeast of the highway and around 200 m
apart. 10 m is representative of the distance between some residential buildings and highways in
Singapore. The measurement stations are about 2 km away from the west coast. The sampling was
conducted on September 15, September 16, September 20, September 23, and September 26 2016,

respectively. The industrial site (lat.=1°16'41"N and long.=103°38'10"E) is located in the Tuas



145  industrial zone. The sampling site is close to the sea in all the directions (east, south, west, and north)

146  with a shortest distance of around 350 m.

147
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149 Figure 1. A map view of the sampling sites. The red dots denote the sampling sites. A: bus stop; B:
150 highway; C: industry.

151

152 2.2 Sample Analysis

153  2.2.1 Sample preparation
154  Before the field measurements, the filters of the impactor were equilibrated in a constant temperature

155  (25°C) and humidity (30%) chamber for 48 h. All filters were then weighted using a 3-decimal
156  micrograms weighing balance (Mettler Toledo, Model: XP26). After the sampling, the filters loaded
157  with PM were equilibrated for another 48 h in the chamber followed by the gravimetric analysis.
158  Before the subsequent chemical characterization, the filters were stored at -20 °C. Blank filters were
159  prepared using the same method and used as a control group.

160
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2.2.2 Metals
The metal (Al, Ba, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Se, Sr, and Zn) concentrations in PM was

determined following the extraction procedure used by Betha et al. (2014). Each particle-laden filter
was firstly cut into two equal parts with one part being used. The metal contents were microwave
extracted using HNOg3, H,O,, and HF sequentially, and analyzed using an Inductive Coupled Plasma
Mass Spectrometer (ICPMS) (ELAN 6100 PerkinElmer, Inc., MA, U.S.A.)). The metal
concentrations on blank filters were also extracted and served as controls which were subtracted

from the concentrations obtained from the experimental samples to minimize systematic bias.

2.2.3 Inorganic anions

The inorganic anions (Br, SO,*, CI, and NO%) were firstly extracted in ultrapure water using
supersonic beams under 60°C. The anion concentrations were then measured by a Dionex 1CS-3000
ion chromatography (IC) system. The concentrations of the anions on blank filters were also
extracted and serve as controls which were subtracted from the concentrations obtained from the
experimental samples to minimize systematic bias. Detailed information of quality analysis, control

and handling of filter extracts were provided in the Supplementary Material.

2.3 Air Mass Trajectory

Transboundary winds could transport particles emitted by regional hotspots (e.g., biomass fire in
Indonesia and sea salts from South China Sea) to Singapore (Khan et al., 2016). Especially, the PM
emissions from uncontrolled forest and peat land fires in Indonesia have been a major cause for
annual haze episodes in Singapore (Betha et al., 2014). 240 h backward air mass trajectory clusters at
a height of 500 m were computed using the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) Model (Stein et al., 2015). The trajectory starting time corresponds to the ending time of

the last sampling session of each case and one new trajectory was started every 24 h.
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2.4 Respiratory Deposition Modeling

Deposition models of nanoparticles and microparticles are generally different because their
deposition mechanisms (i.e. inertial impaction, gravitational sedimentation, and Brownian diffusion)
differ (Cheng, 2003; Zamankhan et al., 2006). In line with the existing particle deposition models
(Chan et al., 1980; Cheng, 2003; Cohen and Asgharian, 1990; Kim and Fisher, 1999; Kim and
Iglesias, 1989; Zamankhan et al., 2006; Zhang et al., 2008), the respiratory system is considered in
terms of five stages (Figure 2) (zones): oral (stage 1) and nasal (stage 1) airways, trachea (stage 2),
bronchial airways from B1 to B6 (stage 3) and from B7 to B15 (stage 4), and the rest of airways
(stage 5) for nanoparticles, while four stages: oral (stage 1) and nasal (stage 1) airways, trachea
(stage 2), the bronchial airways from Bl to B19 (stage 3), and the rest of airways (stage 4) for
microparticles. The amount of particle deposited in the rest of airways is equal to the difference
between the total amount of particles inhaled and the amount of particles depositing on the previous
airways. The compiled models and parameters for nanoparticle and microparticle deposition in the

human respiratory system are summarized in Table S3 — S5 (Please see the Supplementary Material).

) NanoMicro
Nasal airways 1 1
Oral airways 1 1

Trachea

5 4

Alveolar Stages

Figure 2. A schematic of the human respiratory system and the arrangements of respiratory stages

for nanoparticle and microparticle deposition modeling.
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The respiratory deposition modeling was conducted with respect to the potential exposure scenarios
related to bus stop, highway, and industry. The maximum waiting time for any bus route is around 30
min in Singapore, and the interval between the arrival of two consecutive buses is generally within
10 min (Velasco and Tan, 2016). Hence, 20-min exposure time was considered for the bus stop
scenario. For the highway scenario, we considered residents with houses being alongside highways.
In Singapore, the houses are commonly naturally ventilated except during sleeping time and thus
have a high particle penetration rate (Balasubramanian and Lee, 2007). The air-conditioners are
assumed to be able to filter the outdoor particles during the sleeping time (Batterman et al., 2012). In
this scenario, residents coming back from work were assumed to stay indoors for 3 hours before
sleep and are subject to the influence of the outdoor aerosol concentration designated by the highway
case. For the industry scenario, a case that workers work outdoors for 8 hours per day was
considered. The particle mass deposition patterns were computed using the average particle mass
concentrations and the average size of each size bin corresponding to the impactor data. The
deposition patterns of selected elements (i.e. Cr, Mn, Ni, Pb, and Se) in the respiratory system were
also explored. The heavy metals pose a remarkable threat to human health because they could bio-
accumulate in the human body (J&rup, 2003). Meanwhile, according to International Agency for
Research on Cancer (IARC) (IARC, 2017), Cr, Ni and Pb are classified as being carcinogenic to

humans, possibly carcinogenic to humans, and probably carcinogenic to humans, respectively.

2.5 Health Risk Assessment (HRA)

The US EPA supplemented guidance (EPA USA, 2009) was applied to estimate the risk of inhalation
exposure to the selected elements (i.e. Cr, Mn, Ni, Pb, Se, and Zn) in the three scenarios. The
inhalation exposure concentration was estimated by

EC; =C x ET x EF x ED/ATn 1)

10
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where C (pg/m®) is the average heavy metal concentration in PM. ET (hours/day), EF (days/year),
and ED (years) are the exposure time, frequency, and duration, respectively. ATn is the average time
of exposure. For non-carcinogens, ATn = ED x 365 days x 24 hours/day, while for carcinogens,

ATn=70 years x 365 days x 24 hours/day.

For the bus stop scenario, ETy,, EF,, and EDy are 1/3 hour/day, 300 days/year, and 30 years,
respectively. For the highway scenario, HRA is also conducted with respect to residents with houses
besides the highway with two sub-scenarios of exposure. In the first sub-scenario, residents coming
back from work (EF;,;=300 days/year) stay indoors for 3 hours (ET;,;=3 hours/day) before sleep. In
the second sub-scenario, residents spend another (EF;,,=30 days/year) 30 days being at home for the
whole day corresponding to ETy,, =15 hours/day. The overall risk is the summation of the separate
risks of the two sub-scenarios. For the industry scenario, ET;, EF;, and ED; are 8 hours/day, 300

days/year, and 30 years, respectively.

The non-carcinogenic risk is considered by the hazard quotient (HQ) as
HQ = ECy/(RfC x 1000 pg m™) )
where RfC (mg:-m™) is the inhalation reference concentration. The cut-off point of significant health
risks is HQ=1. The carcinogenic risk is considered by the excess lifetime cancer risk (ELCR) as
ELCR = IUR x EC; 3)
where TUR ((ug m™)™?) is the inhalation unit risk. ELCR denotes the probability of developing cancer
due to exposure to a specific pollutants for 70 years and its tolerance level is 1 x 10°°. Both RfC and

IUR are obtained from EPA (EPA USA, 2016).
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3 Results and Discussion
3.1 Particle Concentrations.

The particle number and volume concentrations of the three cases are given in Table 1. The
measured total number concentrations are 179+69, 156+51, and 228+157 #/cm? for the cases of bus
stop, highway, and industry, respectively. The average number concentration of particles between
0.3 - 10 pum at four different sites (urban, industrial, residential and rural) of Chiang Mai, Thailand
was reported to be around 6.8 #/cm® (Tippayawong et al., 2006). The smaller number concentration
found by Tippayawong et al. (2006) compared to that in this work should be related to the fact that (1)
they measured the particles of a narrower size range and (2) their measurements were not directly at
the emission hotspots. Khan et al. (2015) observed an average number concentration of particles
between 0.25 and 2.5 pm to be 223 #/cm?® from the measurements on a building rooftop in Selangor,
Malaysia. Around 99.9% of the total particle number concentrations are accounted for by particles in
the range between 0.25 and 2.5 um. Khan et al. (2015) found that particles between 0.25 - 0.5 um
contributed to over 99% of the particles between 0.25 - 32 um via their rooftop measurements in
Malaysia. The study by Tippayawong et al. (2006) found that over 90% of the number
concentrations of particles between 0.3 - 10 um at the urban and industrial sites in Chiang Mai,
Thailand were accounted for by particles between 0.3 - 1 um. It is worth noting that the number
concentration of PMys could reach as high as 1.7x 10° cm™ in Indonesia during a peat fire episode
(See et al., 2007). The volume concentrations (spherical particles) are estimated to be 10.8+4.0,
11.1+4.8, and 18.0+8.6 um3/cm®, among which particles in the range between 0.25 and 2.5 um
account for 39.2%, 33.8%, and 26.2%, for the cases of bus stop, highway, and industry, respectively.
The industry case has 4.93x10’ - 7.23x10 and 3.44x10” - 3.69x10* #/m®higher number of particles
than the bus stop and highway cases in the range between 0.25 - 0.65 pum and 2.5 - 32 um,
respectively, while the highway case has 6.01x10° and 1.86x10° #/m* higher number of particles

than the bus stop case in the range between 0.5 - 1.0 um and 5.0 - 32 um, respectively.

12



276

277
2178

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

Table 1. Particle (0.25 - 32 um) number and volume concentrations.

Site Bus stop Highway Industry
Number concentration (#/cm°) 179 (69)* 156 (51) 228 (157)
Volume concentration (um?*/cm?) 10.8 (4.0) 11.1 (4.8) 18.0 (8.6)

*: Values in the brackets are standard deviations.

Figure 3 shows the normalized particle number and volume size distributions. The particle number
distributions generally have a single mode, while the particle volume distributions exhibit bimodal
features. For the particle diameter larger than 0.4 um, there are limited differences in the normalized
number concentration distributions among the three cases. Tippayawong et al. (2006) also found that
the particle number concentrations and size distributions in the range of 0.3-10.0 um did not exhibit
any apparent different between the different sites (urban, industrial, residential and rural) in Chiang

Mai, Thailand.

Similar to the study by Khan et al. (2015), the distributions are fitted by the lognormal equation,
y = ae~(nDp=n/NZO® [\where y s the normalized particle number or volume concentrations. D,,
is the particle diameter and corresponds to the averages of the size bin edges. a, b, and c are the
fitting parameters with b referring to as the count median diameter (CMD) or volume median
diameter (VMD), and c as the geometric standard deviation (GSD). For the normalized number
concentration distributions, the particle diameter is only shown up to 10 um (actually, the number
concentration of particles larger than 10 um is negligible) to make the comparison among the three
cases more differentiable. The fitting results are listed in Table 2. It is shown that both the CMD and
GSD for the number concentration distributions are similar to each other for the three cases. The
CMD of this work is larger than while the GSD is smaller than those (around 230 nm for CDM and
1.3 for GSD) found in the study by Khan et al. (2015) which took measurement on a building rooftop.

The results suggest that emissions studied in this work have relatively large particle size while the

13
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deviations of particle number concentration across different particle size ranges are relatively small
compared with those in the study by Khan et al. (2015). The reason may be these two studies were
conducted at different sampling location with different sources of emission. The volume distributions
have two VMDs in the accumulation (0.1 - 2 pum) and coarse (>2 pum) mode, respectively. The
highway case has the lowest accumulation-mode VMD, suggesting the effect of significant vehicle-
related emissions generating relatively small particles. The industry case has a larger coarse-mode
VMD than the traffic-related cases. The accumulation- and coarse-mode VMDs of this work are
generally larger than the mass median diameter (MMD) (ca. 190 and 2200 nm) reported in the study
by Khan et al. (2015). This may be related to the fact that our measurements are closer to the
hotspots under an assumption that there are no significant particle density variations across different

particle sizes.

Table 2. Results of lognormal fittings against the normalized particle number and volume
concentration distributions.

Fitting )
Bus stop Highway Industry
parameters
CMD (nm) 282.6 279.5 282.3
Normalized number GSD 1.10 1.10 1.09
R? 0.97 0.98 0.98
VMD, (nm) 273.1 179.8 267.2
GSD, 1.34 1.63 1.33
R, 0.82 0.80 0.80
Normalized volume
VMD, (nm) 6039.0 5530.3 8135.6
GSD, 2.92 2.34 2.45
R,’ 0.70 0.90 0.96

# The subscript 1 and 2 denote the fittings with respect to the submicron and micron particles, respectively.
* The values in the bracket denote 95% confidence bounds.

14
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Figure 3. Particle number (a) and volume (b) size distributions with normalized concentrations and
corresponding lognormal fittings. Particle sizes correspond to the averages of the size bin edges. The

error bars denote one third of the standard deviations.

The particle mass concentration distributions are shown in Table 3. The traffic-related cases
generally have smaller mass concentrations than the industry case in the size range between 0 and
0.5 pm, and 1.0 and 10 pm, which is consistent with the data of particle number concentrations

(Figure 3). The particle mass concentrations of the bus stop case are generally smaller than that of
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the highway case except for particles in the range between 0.25 and 0.5 um, which is consistent with
the data of particle number concentrations as well (Figure 3). This should be related to the fact that
the traffic volume on the highway is significantly higher and consisted of by a significant proportion
of heavy-duty diesel-powered vehicles (HDDPV), leading to enhanced vehicle-related emissions
(Maykut et al., 2003; Morawska et al., 2008). It is worth noting that the mass concentration of
particles smaller than 0.25 pm is significantly higher than that of particles between 0.25 and 0.5 pm.
This may suggest that there would be significantly high number of particles smaller than 0.25 pm.
All the three cases have relatively high mass concentrations in the largest (i.e. 2.5 — 10.0 um) and
smallest (i.e. 0 — 0.25 pum) size bins. The PM,5 and PMjo mass concentrations for the industry case
are around 30% and 40% higher than the cases of bus stop and highway, respectively. The PM,s to
PMjyo mass ratio (0.671) for the highway case is larger than that for the bus stop case (0.663),
corresponding to the greater fine particle emissions from vehicular sources because of the higher
traffic volume of the case of highway. The PM;5s to PM;o mass ratio for the industry case is similar

to that for the highway case.

Table 3. Particle mass concentration distributions.

Mass concentration” (ug/m®)

Site
0-0.25 um 0.25-0.5 um 0.5-1.0 um 1.0-2.5 um 2.5-10.0 um
Bus stop 11.68 (0.16)* 3.79 (0.19) 0.97 (0.18) 2.87 (0.14) 10.27 (0.30)
Highway 14.44 (0.16) 2.04 (0.16) 2.44 (0.25) 4.02 (0.16) 10.93 (0.18)
Industrial site 16.13 (0.16) 5.81 (0.16) 1.65 (0.23) 5.10 (0.18) 13.77 (0.07)

# On average, three repeated gravimetric measurements were taken. The precision of the microscale for weighing filters
is 0.001mg.

*: Values in the brackets are standard deviations.
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3.2 Size-dependent Chemical Compositions

The size-dependent chemical compositions are listed in Table 4. For the case of bus stop, Al, Fe, Na,
and Zn are the most abundant inorganic elements in PM. Zn and Fe may be contributed by the non-
exhaust sources of vehicular emissions i.e., road-tire interaction and brake wear, respectively. Zn is
abundant in tires while Fe is an important brake wear metal (Amato et al., 2011; Councell et al.,
2004). As one of major crustal elements (Marcazzan et al., 2003), Fe may have also come from the
traffic-induced resuspension of soil dust. The same source may also contribute to Al which has a
similar size-dependent concentration distribution to Fe. Both sea-salts and road-salts may have

contributed to the Na content in the traffic-related cases (Furusjo et al., 2007).

Similar to the case of bus stop, Al, Fe, Na, and Zn are also the most abundant inorganic elements in
PM for the case of highway, in line with the considerable role of vehicular emissions in both of the
cases. However, the overall concentrations of these elements in PMy and PM. 5 for the highway case
are generally higher than that for the bus stop case, which is consistent with the overall higher traffic
volume and speed on the highway. For example, although sea-salts may affect the bus stop and
highway sites similarly, there should be significantly more road-salts for the highway site in view of
the higher traffic volume and speed on the highway, resulting in high Na concentrations in large
particles (Beevers and Carslaw, 2005; Thorpe et al., 2007). Moreover, the significant more HDDPV
under high-speed cruise phase on the highway may have led to more Na emission in particles smaller
than 0.5 um (Robert et al., 2007). As a result, the Na concentration in PMyy and PM;s of the
highway case is about double of that of the bus case. The driving modes of vehicles could affect the
size-dependent chemical compositions (Beevers and Carslaw, 2005; Thorpe et al., 2007). For
example, the Fe concentration in particles smaller than 0.25 um for the case of bus stop is
significantly higher than that for the case of highway. This should be related to the fact that frequent

deceleration and braking events occur at the bus stop giving rise to a significant number of brake
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wear particles of the number mode smaller than 0.25 um and thus increasing the Fe concentration
(Vu et al., 2015). The K concentration in PM;o and PM 5 for the highway case is about 3 — 4 times of
that for the bus stop case, which could potentially be attributed to two aspects. First, the larger
number of HDDPV on the highway than the bus stop contributes to more K in particles smaller than
0.5 pum (Dallmann et al., 2014). Second, as an inorganic tracer for biomass burning (Cheng et al.,
2013), some of K should have come from the long-distance transport of particles emitted from forest
and peat land fires in Sumatra, Indonesia. During the sampling periods at the bus stop and industry
sites, the air masses (Figure 4 (a) and (c)) mainly came from java and South China Sea and brought
particles emitted from ships and sea spray. On the other hand, during the sampling periods at the
highway site, the air masses (Figure 4 (b)) originated from Sumatra (to the southeast of Singapore)

brought the particles emitted by the forest and peat land fires (Betha et al., 2014).

Table 4. Size-dependent chemical compositions.

Bus stop Highway Industry
#
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Ba (02 (00 ©5 - (02 g (02 03 (©4 (03 (03 (04 - (00 (05
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173. 737 86.2 513, 191 ,. 851 625
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*: The detection limits for these chemicals are listed in Table S2 of the Supplementary Material.

*: Values in the brackets are standard deviations.

**: denotes not detectable values.
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Figure 4. Backward air mass trajectories during the sampling periods of (a) bus stop, (b) highway,

and (c) industry computed using the HYSPLIT model.

The Al and Na concentrations in PM;o and PM s for the industry case are generally smaller than the
traffic-related cases, re-emphasizing the close associations between these elements and vehicular
sources. However, the Fe concentration for the industry case is similar to the highway case and 50%
- 100% higher than the bus stop case. Some steel-related plants in the industrial zone may have
contributed to the relatively high Fe concentration. The Zn and Mn concentrations in the particles
smaller than 0.5 um for the industry case are much higher than the traffic-related cases. This
suggests the significant emissions of Zn and Mn from some industrial activities such as burning of
oil, metallurgical processes, and iron and steel manufacture (Finkelstein and Jerrett, 2007,
Marcazzan et al., 2003) in the industrial zone. The Pb concentration in particles smaller than 0.5 pum
for the industry case is also higher than that for the traffic-related cases. Several waste incineration
plants in the industry zone are potential Pb sources, especially during the treatment of plastic wastes
containing lead oxides (Balasubramanian and Qian, 2004). Generally, the metal concentrations
obtained in this work are higher than that in the study by Balasubramanian and Qian (2004) which
sampled aerosol on a building rooftop in Singapore and thus should better represents the background
concentration levels. This re-emphasizes the importance of quantifying the exposure levels near to

emission hotspots accessible to people.
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The cases of bus stop and highway have significantly higher concentrations of SO,* than the case of
industry in particles smaller than 0.25 um, suggesting more significant influence of secondary
aerosols towards the traffic-related cases. The concentration of SO4* in PM,s for the case of
highway is higher than that for the case of bus stop. According to the backward air mass trajectories,
as mentioned earlier, the highway case is influenced by the particles emitted from the forest and peat
fires in Sumatra (Figure 4) which served as one of the important sources of sulfate for Singapore,
especially during haze periods (Balasubramanian et al., 2003). This further confirms the effect of
biomass burning in Sumatra on the case of highway. The NO," concentrations in PMy, vary from
around 70 ng/m® (bus stop) to 120 ng/m® (highway), which are consistent with the range of
particulate NO;" levels in urban areas found earlier (NeilaCape, 1996). The particulate NO;, s
related to the heterogeneous formation of atmospheric HONO onto particle surfaces under high
relative humidity conditions (Bigi et al., 2017)., The CI" concentrations in both PM;o and PM;5 are
significantly higher than the Na concentrations for the case of industry, indicating the existence of
extra sources in addition to the common ones such as sea-salts and road salts. The waste incineration
plants are potential sources because the combustion of solid wastes, especially, plastic materials,
could produce significant amount of CI" (Vainikka et al., 2011). The concentration of Br in PM,5s is
the highest for the case of highway followed by the cases of bus stop and industry, respectively.
Br is an important indicator of vehicular emissions (Chueinta et al., 2000) and thus, compared to the
bus stop, the higher traffic volume on the highway emits more Br’. In the industry zone, the
combustion of plastic materials in the waste incineration plants could also serve as a source of
Br and Br  has been found in aerosol samples collected from the furnace and electrostatic

precipitator ash (Vainikka et al., 2011; Vainikka et al., 2013).

21



432
433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

3.3 Respiratory Deposition

The particle mass distributions in the human respiratory system are shown in Table 5. Most of the
particle mass penetrates deeply into the last stage of the respiratory system, i.e., the 5th and 4th
stages for nanoparticles and microparticles, respectively. Particles of 0 - 0.25 pum and 2.5 - 10.0 um
account for around 74%, 74%, and 70% of the particles deposited onto the last stage for the three
scenarios, respectively. Significant more nanoparticles deposit onto the first stage for a nasal
breathing mode than an oral breathing mode, which indirectly causes 12% more nanoparticles to
penetrate deeply to the last stage. Considering that the greatest health concern is related to the
deposition of particles into the deep lung system (Cassee et al., 2002; Ferin et al., 1990), the nasal
breathing mode serves to mitigate human exposure to aerosols. The breathing mode has insignificant
influence on the deposition of microparticles. The daily particle deposition mass to the same
respiratory stage is the highest for the industry scenario and is about 4 and 40 times of the scenarios
of highway and bus stop, respectively while the particle deposition mass per unit time (i.e.,

deposition rate) simply corresponds to the airborne particle concentrations as listed in Table 3.

Table 5. A comparison of daily particle mass deposition onto different stages of respiratory system

attributed to the exposure related to bus stop, highway, and industry, respectively.

Particle size Stages®
(um) 1 2 3 4 5
0-0.25 254.3/0* 0.6/0.7 9.1/10.4 4.0/4.6 1835.2/2807.5
Bus stop 0.25-0.5 82.1/0f 0.08/0.09 0.8/0.9 0.4/0.4 599.2/681.1
(ng) 0.5-1.0 21.0/0 0/0 0.1/0.1 0.05/0.05 153.5/174.4
1.0-2.5 0/0 0.4/0.4 0.1/0.1 515.3/515.3 -
2.5-10.0 0/0 35.5/35.5 55.4/55.4 1758.3/1758.3 -
0-0.25 2828.4/0.1 6.5/7.4 101.3/115.2 45.0/51.2 20413.3/23220.5
Highway 0.25-0.5 397.2/0 0.4/0.4 4.0/4.6 1.8/2.0 2899.4/3295.7
(ng) 0.5-1.0 473.9/0 0.3/0.3 2.5/2.8 1.1/1.2 3467.2/3940.6
1.0-2.5 0.2/0 5.4/5.4 1.3/1.3 6506.8/6507.0 -
2.5-10.0 0.2/0 340.1/340.1 530.1/530.1 16836.0/16836.2 -
0-0.25 8422.0/0.3 19.5/22.2 301.6/343.1 134.0/152.4 60783.9/69143.0
Industry 0.25-0.5 3016.8/0 2.8/3.2 30.5/34.7 13.6/15.5 22021.0/25031.4
(ng) 0.5-1.0 855.2/0 0.5/0.5 4.4/5.0 2.0/2.2 6256.5/7110.8
1.0-2.5 0.6/0 18.4/18.4 45/4.5 22010.4/22010.9 -
2.5-10.0 0.8/0 1142.8/1142.8 1780.9/1781.0 56567.1/56567.8 -

*: The values before and after the slash denote the nasal and oral inhalation cases, respectively.
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+: The values are rounded to the first decimal place and the small difference of the total deposition mass between the
nasal and oral inhalation cases is due to rounding error.

&: Please note the difference in defining the respiratory stages between nanoparticles and microparticles based on the
availability of the mathematical models (Figure 3). The stages 3 and 4 for nanoparticles are approximate to the stage 3

for microparticles.

Table 6 lists the daily mass deposition of selected elements onto different stages of the respiratory
system attributed to the exposure related to bus stop, highway, and industry, respectively.
Corresponding to the mass deposition patterns, most of the mass of the elements also penetrate
deeply into the human respiratory system. The highway and industry scenarios correspond to a
significant amount of Cr and Ni deposition deep in the lung system per day. It is worth noting that
the accumulation of Cr and Ni in lung tumors may contribute to the development of lung cancer
(Kuo et al., 2006). The deposition rate of Cr is the highest for the case of highway, which is about
double of both the bus stop and industry cases, while the deposition rate of Ni for the case of bus
stop is about double of that of highway and industry. The daily deposition rates of Cr and Ni in the
lung region were 170 and 220 ng/day, and 55 and 140 ng/day for the highway and industry exposure
scenarios, respectively. The industry scenario also corresponds to a significant amount of Mn
deposition, with a deposition rate around one order of magnitude higher than that for the cases of bus
stop and highway. The industry scenario corresponds to the highest amount of Pb deposition
followed by the scenarios of highway and bus stop, respectively, whereas the deposition rate is the

highest for the highway case followed by the cases of bus stop and industry, respectively.

Table 6. A comparison of the daily mass deposition of selected elements onto different stages of

respiratory system attributed to the exposure related to bus stop, highway, and industry, respectively.

Stages
1 2 3 4
Bus stop Cr 1.02/0 0.01/0.01 0.06/0.06 8.57/9.58

Element
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(ng) Mn 0.04/0 0/0 0.01/0.01 0.79/0.83

Ni 0.93/0 0.03/0.03 0.07/0.07 10.97/11.91
Pb 0.20/0 0.03/0.03 0.05/0.05 3.75/3.95
Se 0/0 0/0 0/0 0.05/0.05
Cr 14.24/0 0.52/0.53 1.24/1.31 163.05/177.22
_ Mn 1.99/0 0.63/0.63 1.03/1.04 50.00/51.98
H'%r:“’;’ay Ni 5.81/0 0.22/0.23 0.50/0.52 52.99/58.78
J Pb 2.27/0 0.46/0.46 0.79/0.80 43.78/46.04
Se 0/0 0.05/0.05 0.07/0.07 2.37/2.37
Cr 25.75/0 0.52/0.52 1.98/2.16 214.00/239.60
Mn 99.66/0 0.88/0.90 5.08/5.64 771.38/870.45
'”?#S;ry Ni 10.37/0 0.88/0.88 1.71/1.77 137.62/147.94
g Pb 8.32/0 0.28/0.28 0.73/0.78 79.20/87.48
Se 0.35/0 0.04/0.04 0.08/0.09 6.79/7.15

*: The values before and after the slash denote the nasal and oral inhalation cases, respectively.
+: The values are rounded to the second decimal place and the small difference of the total deposition mass between the

nasal and oral inhalation cases is due to rounding error.

3.4 HRA

The HRA results are listed in Table 7. The HRA results show that most of the elements have the non-
carcinogenic and carcinogenic risks being within the accepted limits (HQ=1 and ELCR=1x10").
Generally, the industry exposure scenario has the highest health risk followed by the highway and
bus stop scenarios, respectively. Cr poses a potential carcinogenic risk in all the scenarios with the
ELCR ranging from 2.1x107 to 9.8x10™. The major sources of Cr include industrial emissions (e.g.,
tanning processes), petroleum refining related fuel combustion, and vehicular sources (Sabin and
Schiff, 2008) which should be focused during the design and implementation of effective Cr control
measures. The non-carcinogenic risk of Mn in the industry scenario is approaching the acceptable
limit because the existence of various significant emission sources (burning of oil, metallurgical
factories, iron and steel manufacture, and traffic sources) (Abbott, 1987; Finkelstein and Jerrett, 2007)
in the industrial zone. Both Ni and Mn may pose a potential non-carcinogenic risk for people who
are involved with all the three exposure scenarios (i.e. people who commute by public transport and

work in the industrial zone with home alongside highways) in addition to the carcinogenic risk by Cr.
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And the risk is mainly accounted for by the highway and industry exposure. Measures such as
applying air purifiers at homes and reducing the penetration of outdoor particles by closing windows

may serve to mitigate the human inhalation exposure to the particles.

Table 7. Health risks for the inhalation exposure to the selected elements attributed to bus stop,

highway, and industry, respectively.

Bus stop Highway Industry
HQ* ELCR* HQ ELCR HQ ELCR
Cr 5.8x107 2.1x10° 1.5x10* 5.6x10* 1.4x107 9.8x10*
Mn 1.2x10° - 1.2x10" - 9.8x10™ -
Ni 5.7x107 8.3x10® 4.2x10* 6.0x10” 6.8x10*" 1.1x10°
Pb 1.4x10° 1.4x10° 2.4x107 2.5x10® 2.6x107 45x10®
Se 2.0x10” - 1.6x10° - 2.4x10° -

* The acceptable risk limits for HQ and ELCR are 1 and 1x107, respectively.

4 Conclusions

In this work, we evaluate the particulate exposure related to several emission hotspots, i.e., bus stop,
highway, and industry in a hot and humid tropical city, Singapore. The industry case had higher
number of particles than the bus stop and highway cases in the range between 0.25 and 0.65 um and
2.5 and 32 um, respectively, while the highway case had higher number of particles than the bus stop
case in the range between 0.5 and 1.0 um and 5.0 and 32 pm, respectively. The PM2 s and PM;o mass
concentrations for the industry case are around 30% and 40% higher than the cases of bus stop and
highway, respectively. Al, Fe, Na, and Zn are the most abundant inorganic elements in PM for the
traffic-related cases, while Zn, Mn, Fe, and Pb are abundant for the industry case. The respiratory
deposition modeling shows that particles of 0 - 0.25 um and 2.5 - 10.0 pum account for around 74%,
74%, and 70% of the particles deposited onto the last stages of the respiratory system. The deposition
rate of Cr is the highest for the case of highway, which is about double of the cases of bus stop and
industry, while the deposition rate of Ni for the case of bus stop is about double of that of highway
and industry. The industry scenario also corresponds to a significant amount of Mn deposition, with

a deposition rate around one order of magnitude higher than that for the cases of bus stop and
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highway. Health risk assessment shows that Cr poses a potential carcinogenic risk in all the scenarios.
Both Ni and Mn may pose a potential non-carcinogenic risk for people who are involved with all the

three exposure scenarios.
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