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Abstract: Concentrations of ambient particulate-bound polycyclic aromatic hydrocarbons (pPAHs)
were measured in PM10 samples collected at roadside, industrial and urban background sites in
Bangkok between May 2013 and May 2014. The annual average PM10 concentrations were not signif-
icantly different between the roadside (56.4 ± 27.3 µg m−3) and industrial (51.0 ± 31.1 µg m−3) sites.
The lowest annual mean PM10 was observed at the urban background site (39.8 ± 22.2 µg m−3). Sea-
sonal variations of pPAHs were observed at the three sampling sites. The total pPAHs ranged between
1.09 and 13.10 ng m−3 (mean 4.85 ± 2.51 ng m−3), 1.49 and 9.39 ng m−3 (mean 3.84 ± 2.01 ng m−3)
and 0.77 and 5.20 ng m−3 (mean 2.28 ± 1.16 ng m−3) at the roadside, industrial and urban back-
ground sites, respectively. The observed annual average benzo[a]pyrene concentrations were
0.47 ± 0.39 ng m−3, 0.35 ± 0.27 ng m−3 and 0.24 ± 0.19 ng m−3 at the roadside, industrial and
urban background sites. Long-term carcinogenic health risk of inhalation exposure expressed as the
toxicity equivalent to benzo[a]pyrene concentrations were calculated as 0.83, 0.72 and 0.39 ng m−3 at
the industrial, roadside and urban background sites, respectively. The composition of pPAHs plays
an important role in the carcinogenicity of a PAHs mixture.
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1. Introduction

Bangkok, the capital city of Thailand with 10.7 million people [1], has been facing
prolonged air quality challenges, including challenges resulting from annual average
particulate matter (PM10) concentrations that exceed the WHO recommended guideline of
20 µg m−3. In 2011, the daily mean concentrations of PM10 in Bangkok ranged between 10.0
and 189.0 µg m−3 at roadside sites and 7.4 and 131.5 µg m−3 in background areas, with 2.7%
and 0.2% of daily mean PM10 concentrations at these sites exceeding the Thailand National
Ambient Air Quality Standard (NAAQS) of 120 µg m−3 [2]. This may represent a significant
public health risk in relation to the WHO recommended guideline for a 24-h mean PM10
of 50 µg m−3 [3]. High ambient concentrations of PM10 increase the potential for adverse
health effects caused by toxic contaminants, particularly carcinogenic and mutagenic
polycyclic aromatic hydrocarbons (PAHs). PAHs emitted from both natural (e.g., forest
fires) and anthropogenic (e.g., fossil fuel combustion) sources are mostly bound to airborne
particles (pPAHs) [4]. Carcinogenic pPAHs are mostly high-molecular-weight low-volatility
compounds dominantly adsorbed onto particles [5]. pPAHs of health concern owing to
their carcinogenic and teratogenic properties include: fluorene [FLU], phenanthrene [PHE],
anthracene [ANT], fluoranthene [FLT], pyrene [PRY], benzopyrene [BP], benzo[a]pyrene
[BaP], dibenz[a,h]anthracene [DBA], benz[a]anthracene [BaA], benzo[b]fluoranthene [BbF],
benzo[k]fluoranthene [BkF], chrysene [CHR], and indeno [1,2,3-cd]pyrene [IP] [6].
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Studies on adverse health effects of pPAHs have been conducted in many coun-
tries [4,7–11]. The carcinogenic effect of exposure to atmospheric pPAHs resulted in the
development of tumors in the pharynx and larynx of exposed hamsters [12]. DNA damage
in Chinese hamster lung fibroblasts was associated with high-molecular-weight PAHs [13].
pPAHs pose a human health risk concern as they are distributed in the respirable particle
size range; thus, exposure by inhalation is unavoidable [14,15]. The European Commission
(EC) currently uses benzo[a]pyrene as a marker for carcinogenic PAHs in ambient air and
set a target value of 1 ng m−3 [16], whereas the UK adopted a more stringent standard for
an annual average concentration of benzo[a]pyrene of 0.25 ng m−3 [17].

Published studies on pPAHs have evaluated the health risk according to toxicity with
reference to benzo[a]pyrene [18–20]. The lifetime lung cancer risk is estimated to reflect
the potential health effects resulting from exposure to atmospheric PAHs. The estimation
of lung cancer risk caused by PAHs can be evaluated from exposure concentrations of
individual PAHs and their carcinogenic potency. Carcinogenic risk assessment can be
undertaken using benzo[a]pyrene as a surrogate for carcinogenic PAHs or by combining the
toxicity of individual PAHs according to benzo[a]pyrene toxicity equivalent factors [18,21].

Long-term exposure to high PM10 and PM10-bound PAHs may pose a significant
health risk, particularly in urban areas of the Bangkok Metropolitan Administration (BMA).
Although ambient PM10 has been regulated in Thailand, systematic pPAH measurement
has not previously been undertaken. Published studies on the exposure of carcinogenic
PAHs focused on highly polluted areas, and groups of exposed people and occupations, em-
phasize the need to manage these pollutants because of their significant health risk [20,22].
PM10 in ambient air is regulated under the Thailand NAAQS that specifies ambient PM10
concentrations of 120 and 50 µg m−3 for 24-h and annual averages [2]. Research on pPAHs
from archived PM2.5 filters has shown that high-molecular-weight PAHs composed of five-
and six-ring molecules can be reliably quantified; however, the more volatile three- and
four-ring PAHs can be lost during storage at room temperature [23,24]. Therefore, archived
filter samples are a useful source of information on exposure to carcinogenic pPAHs in
the BMA.

In this study, 125 archived weekly samples collected for PM10 mass analysis from
three sites (roadside, background, and industrial) were preserved and analyzed for the US
EPA’s 16 priority PAHs. The objectives of our study were to:

• Compare the relative magnitudes of PM10, pPAHs and related toxic equivalent con-
centrations at the roadside, background and industrial locations.

• Examine seasonal effects of concentrations of the above metrics at the three sites.
• Estimate the lung cancer risk of inhalation exposure from specific pPAHs [25].

2. Materials and Methods
2.1. Sampling Sites

PM10 samples were collected at three sampling sites in the BMA (Table 1). Sam-
pling sites representing roadside, urban background and industrial environments were
located at the National Housing Authority Dindaeng (NHAD), the Public Relations De-
partment (PRD) and the Electricity-Generating Authority of Thailand-Nonthaburi (EGAT),
respectively (Figure 1). Sites were classified according to major emission sources existing
in the immediate vicinity. Air samples were collected at a flow rate between 1.1 and
1.7 m3 min−1 for 24 h. PM10 samples were collected onto a quartz fiber filter (What-
man QMA, 20.3 × 25.4 cm) using a high-volume air sampler equipped with a PM10 inlet
(Graseby GMW high-volume air sampler, Andersen Instruments, Inc., Smyrna, GA, USA).
A 24-h integrated PM10 sample was collected from each site every six days from May 2013
to May 2014. Samples were analyzed for particulate matter mass concentrations and then
wrapped in aluminum foil and stored at −20 ◦C until transportation to the University
of Strathclyde (Glasgow, UK), where filters were preserved at −80 ◦C until extraction
and analysis.
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Table 1. Sampling sites.

Site Category Coordinate Location
(District, Province) Sampling Duration Number of Samples

Roadside N 13◦45′45.36′′

E 100◦33′1.44′′ Dindaeng, Bangkok 2 May 2013–27 May 2014 43

Urban-Background N 13◦46′59.16′′

E 100◦32′25.78′′ Phaya Thai, Bangkok 2 May 2013–15 May 2014 46

Industrial N 13◦48′25.92′′

E 100◦30′22.68′′ Bang Kruai, Nonthaburi 2 May 2013–27 May 2014 37
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urban background (PRD) and industrial (EGAT) areas.

2.2. PAH Extraction

Samples were extracted using an accelerated solvent extraction ASE350 system (Dionex,
Ltd., Camberley, UK). A total of 30 µL of surrogate PAHs solution containing 500 µg mL−1

of naphthalene-d8, fluorene-d10 and pyrene-d10 was spiked onto filter prior to the extrac-
tion to determine the extraction efficiency. All ASE packing agents were baked at 450 ◦C
for 8 h before use. Silica gel was deactivated with 10% w/w deionized water. A filter sample
was cut into small pieces and packed into the extraction cell with approximately 3 g of silica
gel and 3 g of anhydrous sodium sulphate as in-cell cleanup agents while the remaining
cell volume was filled with pelletized diatomaceous earth. Samples were extracted in three
cycles with a solvent mixture of toluene-hexane, volume ratio 4:1. The ASE extraction
temperature was at 110 ◦C with 6 min static time and 1500 psi pressure. Extracts were dried
with anhydrous sodium sulphate and then evaporated without further purification under
vacuum using a Büchi Syncore® Analyst (Buchi, Ltd., Newmarket, UK). The final volume
of each sample was adjusted to 1.5 mL with toluene and spiked with 30 µL of 1000 µg mL−1

internal standard solution (acenaphthene-d10, phenanthrene-d10, chrysene-d12) prior to
the GC-MS analysis. The 16 US EPA priority PAHs were quantified by a quadrupole gas
chromatograph-mass spectrometer (Thermo Scientific, Inc.).

2.3. PAH Analysis

A Thermo Scientific Trace Ultra GC equipped with a TriPlus auto sampler and a
Zebron ZB-Semi Volatile capillary column (30 m, 0.25 mm i.d., 0.25 µm film thickness)
was used for PAH analysis. A total of 1 µL of sample was injected in a split mode (split
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ratio 10:1) at an inlet temperature of 280 ◦C. The initial temperature program was at 50 ◦C
and held for 2 min and then ramped at 35 ◦C min−1 to 240 ◦C, ramped at 6 ◦C min−1 to
295 ◦C, ramped at 25 ◦C min−1 to 325 ◦C and then held for 0.50 min. The helium carrier
gas flow rate was held constant at 1.4 mL min−1 throughout the run time. The solvent
delay was set to 3.5 min. The transfer line and ion source temperatures were set at 325 ◦C
and 230 ◦C, respectively. The quadrupole mass spectrometer (DSQ II) was set to quantify
target compounds in selected ion monitoring (SIM) mode. Samples were analyzed in
triplicates and regent blanks were analyzed (one for each batch of 10 samples) to determine
analytical bias.

2.4. Statistical Analysis

Statistical analysis was performed using Microsoft ExcelTM 2010 Version 14.0 (Mi-
crosoft Corporation, Washington, DC, USA) and MinitabTM 16 Version 16.2.4 (Minitab Inc.,
Coventry, UK). Descriptive statistics, e.g., the mean, standard deviation, t-test, etc., were
calculated using data analysis features of Microsoft ExcelTM software.

2.5. Determination of Exposure Concentration (EC)

Annual mean concentrations of individual PAHs were measured at the three sampling
sites representing the roadside, urban background and industrial environment in the BMA.
Integrated 24-h PAHs in PM10 filters were quantified in 43 samples from the roadside
site, 46 samples from the urban background site and 37 samples from the industrial site.
Annual mean concentrations of FLU, PHE, ANT, FLT, PYR, BaA, CHR, BbF, BkF, BaP, DBA,
IP and BP were multiplied by corresponding TEFs to estimate the concentration equivalent
to BaP (BaP-TEQ). BaP-TEFs were considered as per Larsen and Larsen (1998). The total
sum BaP-TEQ of 13 PAHs represents the contaminant concentration in air (CA) at each
site, which is then converted to the exposure concentration of the population. CA and EC
were calculated from the following equations. Carcinogenic risks were calculated using
age-specific factors given in Table 2.

CA = 0.0005 * FLU + 0.0005 * PHE + 0.0005 * ANT + 0.05 * FLT
+ 0.001 * PYR + 0.005 * BaA + 0.03 * CHR + 0.1 * BbF + 0.05 * BkF

+ 1 * BaP + 1.1 * DBA + 0.1 * IP + 0.02 * BP
(1)

EC = (CA × ET × EF × ED)/AT (2)

where:

CA = contaminant concentration in air as BaP-TEQ concentration (ng m−3)
EC = exposure concentration (ng m−3)

Table 2. Age-specific exposure factors for the assessment of lung cancer risk from long-term PM10-
bound PAHs exposure related to body weight (BW) and total lifetime hours of exposure (AT).

Receptor BW
(kg)

IR
(m3 d−1)

ET
(h d−1)

EF
(d y−1)

ED
(y)

AT
(h)

Resident (child)

1 to < 2 years 11.4 a 5.4 a 24 350 2 17,520

2 to < 3 years 13.8 a 8.9 a 24 350 3 26,280

3 to < 6 years 18.6 a 10.1 a 24 350 6 52,560

6 to < 11 years 31.8 a 12.0 a 24 350 11 96,360

11 to < 16 years 56.8 a 15.2 a 24 350 16 140,160
Adult (16 to 70 years) 70 b 16.0 a 24 350 54 473,040

Worker (16 to 70 years) 70 b 16.0 a 8 250 54 473,040
a US EPA, 2011; b US EPA, 2014.
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2.6. Estimation of Incremental Lifetime Cancer Risk (ILCR)

Exposure concentration to PAHs via inhalation of PM10 for each receptor can be
estimated as a time-weighted average concentration from the annual mean pPAHs con-
centrations represented by BaP-TEQ concentration. The carcinogenicity of PAHs is char-
acterized by the inhalation unit risk (IUR) or cancer slope factor (CSF) of BaP. Idealized
residents and workers were selected for the long-term exposure assessment. The resident
group was subdivided by age to reflect the difference in receptor exposure parameters, i.e.,
body weight (BW), inhalation rate (IR), exposure duration (ED), exposure time (ET), and
exposure frequency (EF). EC is used to calculate the lifetime average daily dose (LADD) for
receptors at the roadside, urban background and industrial sites over a lifespan of 70 years
(AT). The incremental lifetime cancer risk (ILCR) to PM10-bound exposure is the product
of LADD [26] and the cancer slope factor of BaP. The daily dose was not considered when
calculating the risk characterized by IUR.

BaP is determined to cause cancer by a mutagenic mode of action and likely to rep-
resent a higher risk during early-life exposure. Thus, age-dependent adjustment factors
(ADAF) are applied to both CSF and IUR [26,27]. The age specific adjustment is recom-
mended for three time periods, as follows:

- ADAF = 10 during 0 to 2 years of life;
- ADAF = 3 during 2 to 16 years of life; and
- ADAF = 1 from 16 to 70 years.

Using the lifetime exposure of 70 years, ADAFs were applied on the BaP inhalation
slope factor value of 3.9 (mg kg−1 day−1)−1 and IUR value of 0.0011 (µg m−3)−1 [28].
Carcinogenic risks can be estimate according to the following equations:

ILCR = LADD × CSFAdj–70 (3)

Risk = EC × IUR Adj-70 (4)

3. Results and Discussion
3.1. PM10-Bound PAH Profiles

The results for the annual mean PM10 in this study found no statistical difference
between the roadside and industrial sites. The lowest annual mean PM10 was found at
the urban background site. The mean PM10 concentrations were 56.44 ± 27.3 µg m−3 at
the roadside site, 50.69 ± 31.1 µg m−3 at the industrial site and 39.80 ± 22.2 µg m−3 at
the urban background site. The total pPAHs ranged from 1.09 to 13.10 ng m−3, 1.49 to
9.39 ng m−3 and 0.77 to 5.20 ng m−3 at the roadside, industrial and urban background sites,
respectively. The annual and seasonal concentrations of individual PAHs are provided in
the Supplementary Information (Table S1).

Among 15 PAHs measured, PHE was the most abundant low-molecular-weight three-
ring PAHs found at all sampling sites while ACE was the least abundant of all pPAHs.
Concentrations of three-ring PAHs were likely to be underestimated due to their volatility
and likely to partition into the gas phase. The analysis of 16 PAHs in PM10 samples
in Malaysia showed that PHE and ANT were the only three-ring PAHs detected in the
particulate phase [29]. PM10-bound PAHs were mostly in the range from four- to six-ring
PAHs with higher molecular weights. The most abundant pPAHs were BP, IP and BbF,
while BaP ranked fourth in all sampling sites (Supplementary Information). A previous
study in Bangkok observed higher PAHs annual mean; however, their rankings were
similar, implying that compositions of roadside PAHs have not significantly changed in
the past 10 years in [30].

Annual mean concentrations of all PAHs except IP and DBA were highest at the
roadside site as a result of vehicular emissions. IP and DBA mean concentrations were
highest at the industrial site, indicating source-specific emissions (Figure 2). The lowest
pPAH concentrations were found at the urban background site where there were no
prominent sources. Traffic emissions were the main contributors of pPAHs and the most-
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abundant PAHs were IP, BP, BbF and BaP, which is consistent with studies previously
conducted in the BMA [30,31]. Results from previous studies have also shown high
concentrations of benzo[e]pyrene and coronene at roadside sites. BP, coronene and PHE
were markers for motor vehicle emissions [32]. In this study, BP and PHE concentrations
were significantly higher at the roadside than other sites affirming traffic emissions. Annual
mean concentrations of 15 PAHs (standard deviation) measured at the roadside, urban
background and industrial sites are illustrated in Figure 2.
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from May 2013 to May 2014.

Annual mean BaP concentrations at the roadside, industrial and urban background
sites were 0.47± 0.39 ng m−3, 0.35 ± 0.27 ng m−3 and 0.24 ± 0.19 ng m−3, respectively.
Although PM10 concentrations found at the roadside and industrial areas were significantly
higher than the WHO-recommended guideline annual mean of 20 µg m−3, annual mean
concentrations of BaP were found below the EC limit value of 1 ng m−3. Daily concentra-
tions of BaP were generally within EC and UK limits, with a few daily excursions above
guideline values (Supplementary Information). PM10 and BaP concentrations measured
in different cities (Supplementary Information) were compared with BaP concentrations
in this study, and it was found that the results were lower than the previous study in
Bangkok [20,30] and that levels of PM10 in this study were comparable to those measured
in Malaysia with slightly higher BaP concentrations in the BMA [29].

The mean concentrations of 15 pPAHs are shown in Figure 3 under different weather
conditions. Most PAH concentrations at roadside and industrial sites were highest in the
winter and lowest in the summer, similar to the study in Delhi [33]. PM10 concentrations
were highest in the winter at all sites, suggesting higher emissions in the winter than in
other seasons. While PM10 concentrations were not significantly different in the summer
and rainy season, the mean concentrations of most PAHs were noticeably lower in the
summer, except for IP at the urban background site and DBA at the roadside and industrial
sites. Most pPAH concentrations in the winter and rainy season at the roadside and
industrial sites were higher than summer concentrations. At the background site, some
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pPAHs including BaA, BaP and BP were found at higher concentrations in the rainy season
than in the winter.
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BP, IP, BbF and BaP were the most abundant pPAHs at all sampling sites. The previous
study found that IP and BP were the highest pPAHs in Bangkok ambient PM10 from
November 1999 to November 2000 [30]. BaP concentrations were the fourth highest among
15 PAHs concentrations measured but appeared to be significantly lower than the top
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three PAHs. In this study, BP, IP, BbF and BaP appeared in the same order; however, they
were at significantly lower concentration ranges, despite similar annual average PM10
concentrations. The annual mean BaP concentrations in 2000 were found at 4 to 5 ng m−3

at roadside sites. The results of roadside PAH concentrations pointed to a significant
reduction of traffic-related pPAHs over the past decade.

The time series variability of daily PM10 concentrations evaluated for BaP and carcino-
genic PAHs (seven PAHs: BaA, CHR, BbF, BkF, BaP, IP and DBA) showed no major insight
and are provided to the reader within the Supplementary Information (Figure S2a–c).
Though variable, there is a general increasing trend of PM10 concentrations that began
during the dry season in November 2013 and reached the highest concentration in January
2014 at all study sites. Total PAH concentrations were highest in the rainy season at the
roadside and urban background sites, and in the winter at the industrial site. The total PAH
and PM10 concentrations exhibited similar variation patterns throughout the measurement,
indicating consistent emission sources. In contrast, daily PM10 and PAH concentrations
were inconsistent at the roadside and urban background sites, which implied that they
originated from various emission sources.

Seasonal mean BaP concentrations were compared at three sampling sites during
summer (mid-February to mid-May), rainy season (mid-May to mid-October) and winter
(mid-October to mid-February), as shown in Figure 4. The dominant wind direction and the
relationship between PM10 and PAHs for each season can be found in the Supplementary
Information (Figures S2–S4). The mean BaP concentrations at the roadside site were sig-
nificantly higher in the winter (0.68 ± 0.28 ng m−3) and rainy season (0.55 ± 0.44 ng m−3)
than other sites. Seasonal variations of BaP showed the highest mean concentration at
the roadside site in winter at 0.68 ± 0.28 ng m−3 together with the highest mean PM10
concentration of 92.03 ± 35.27 µg m−3. Seasonal mean BaP concentrations were lowest in
the summer and no significant difference was found among summer mean concentrations
at all sites.
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At the roadside site, the mean BaP concentration was significantly lower in the hot
and humid conditions of summer (0.24 ± 0.25 ng m−3, p = 0.015) than in other seasons.
At the industrial site, the mean BaP concentration was significantly lower in the summer
(0.19 ± 0.09 ng m−3, p = 0.047) than in the rainy season (0.45 ± 0.36 ng m−3). At the
urban background site, the mean BaP concentration was significantly lower in summer
(0.15 ± 0.09 ng m−3, p = 0.005) than in the rainy season (0.34 ± 0.24 ng m−3). Higher
temperatures and available solar radiation could favor the loss of PAHs from photochemical
reactions, resulting in the lowest mean BaP concentrations in the summer. The mean BaP
concentrations in the rainy season and winter were not significantly different at all sampling
sites. The highest BaP concentrations were observed in the rainy season at all sites, while
the highest PM10 concentrations occurred in the winter. This implied that sources of BaP
were particles distributed in a smaller size range than 10 µm.

3.2. Carcinogenicity of PM10-Bound PAHs

Toxicity equivalency factors (TEF) of 13 PAHs proposed by Larsen and Larsen (1998) [21]
were selected for the calculation of BaP-TEQ concentrations of pPAHs. Annual mean
concentrations of 13 PAHs and total BaP-TEQ concentrations are summarized in the Sup-
plementary Information (Table S3). While the total PAH and BaP concentrations were
highest at the roadside site, the highest BaP-TEQ concentration was found at the industrial
site, emphasizing the importance of PAH compositions. DBA possessing a higher TEF
than BaP plays an important role in the total carcinogenicity of pPAHs at the industrial
site. Therefore, speciation of PAHs is essential in evaluating the carcinogenic risk posed by
exposure to particulate-bound PAHs.

The total BaP-TEQ concentrations were determined to be 0.83, 0.72 and 0.39 ng m−3

at the industrial, roadside and urban background sites, respectively. A previous study
estimating BaP-TEF using Nisbet and LaGoy (1992) [34] proposed that the TEF in both
gas and particulate phases of traffic PAHs in Thailand was at 3.73 ng m−3 [35]. Our
study showed that pPAH concentrations at the roadside site were lower than previously
reported from 1999 to 2000 [30,31]. Levels of BaP-TEQ in the BMA measured from 2013 to
2014 were comparable with BaP-TEQ in the metropolitan area of Curitiba, Brazil, which
ranged between 0.45 and 0.69 ng m−3 [36]. The Froehner et al. (2011) [36] study reported
estimated lung cancer risks between 8.16 × 10−9 to 1.38 × 10−8 using the CSF value of
3.14 kg mg−1 d−1.

Time series plots of BaP, BaP-TEQ and PM10 at three sites are shown in Figure 5.
BaP and BaP-TEQ concentrations appeared to fluctuate in a similar manner at both the
roadside and urban background sites, with higher concentrations at the roadside site. The
highest BaP-TEQ concentrations were found in the rainy season at the roadside and urban
background sites. Although the highest BaP concentration was found in the rainy season at
the industrial site, the highest BaP-TEQ concentration was observed in the winter, with the
highest PM10 concentration. BaP-TEQ to BaP concentration ratios were 1.7, 1.8 and 2.6 at
the urban background, roadside and industrial sites, respectively. The highest proportion
of BaP-TEQ/BaP ratio was found to be 3.4 at the industrial site in winter.

Although BaP is the most studied PAHs in terms of carcinogenicity, previous studies
showed different toxicity values, implying some discrepancy in the risk assessment [33,37].
It is shown that BaP is responsible for approximately 60% of pPAH carcinogenicity at the
roadside and urban background sites in the BMA. The PAHs profile at the industrial site
resulted in a higher contribution from DBA (33% of pPAH carcinogenicity) and lower
contribution of BaP (42% of pPAH carcinogenicity). Therefore, the BaP toxic equivalent
should be considered when evaluating human health risk posed by exposure to the ambient
PAHs mixture.

Incremental lifetime cancer risks were calculated from exposure concentrations in three
study areas to illustrate the carcinogenic risk associated with long-term pPAH exposure.
Lifetime lung cancer risks estimated from IUR were slightly higher than those estimated
from CSF (Table 3). ILCR of ambient PM10-bound PAH exposure calculated in resident
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adults ranging between 1.6 × 10−7 to 1.4 × 10−6 were within the 1/1,000,000 threshold.
However, it is important to further investigate both the gas-phase and particulate-phase
PAHs to assure that the risk level is acceptable.
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Table 3. Estimated incremental lifetime cancer risks of PM10-bound PAH exposure characterized by CSF and IUR at the roadside, industrial and urban background sites.

Receptor
LADD Risk Characterised by CSF a Risk Characterised by IUR b

Roadside Industrial Urban BG Roadside Industrial Urban BG Roadside Industrial Urban BG

Resident (child)
1 to <2 years 9.4 × 10−9 1.1 × 10−8 5.0 × 10−9 1.0 × 10−8 1.2 × 10−8 5.6 × 10−9 2.2 × 10−7 2.5 × 10−7 1.2 × 10−7

2 to <3 years 1.9 × 10−8 2.2 × 10−8 1.0 × 10−8 2.5 × 10−8 2.8 × 10−8 1.3 × 10−8 2.5 × 10−7 2.9 × 10−7 1.3 × 10−7

3 to <6 years 3.2 × 10−8 3.7 × 10−8 1.7 × 10−8 5.8 × 10−8 6.6 × 10−8 3.1 × 10−8 3.5 × 10−7 4.0 × 10−7 1.9 × 10−7

6 to <11 years 4.1 × 10−8 4.7 × 10−8 2.2 × 10−8 1.1 × 10−7 1.2 × 10−7 5.8 × 10−8 5.1 × 10−7 5.9 × 10−7 2.7 × 10−7

11 to <16 years 4.2 × 10−8 4.8 × 10−8 2.3 × 10−8 1.5 × 10−7 1.7 × 10−7 7.9 × 10−8 6.8 × 10−7 7.7 × 10−7 3.6 × 10−7

Resident (adult) 4.5 × 10−8 5.2 × 10−8 2.4 × 10−8 2.9 × 10−7 3.3 × 10−7 1.6 × 10−7 1.3 × 10−6 1.4 × 10−6 6.8 × 10−7

Worker 1.3 × 10−8 1.5 × 10−8 7.2 × 10−9 8.7 × 10−8 1.0 × 10−7 4.7 × 10−8 3.0 × 10−7 3.4 × 10−7 1.6 × 10−7

a Cancer slope factor of BaP (3.9 per mg kg−1 day−1). b Inhalation slope factor of BaP (0.0011 per µg m−3).
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4. Conclusions

High PM10 concentrations were observed at the roadside (56.4 ± 27.3 µg m−3) and
industrial (51.0 ± 31.1 µg m−3) sites in the Bangkok Metropolitan Administration. PM10-
bound PAHs were quantified, and the associated carcinogenic health risks were estimated.
PM10 and pPAH measurements made over a one-year period indicated high concentra-
tions of PAHs during dry and cool winter conditions. In contrast, PM10 and most pPAH
concentrations were significantly lower in the hot and humid summer period than during
other seasons. Seasonal variations of pPAHs result in higher average total carcinogenic-
ity during the winter, possibly as a result of higher particulate concentrations and less
photochemical degradation.

Carcinogenic four- to six-ring PAHs were major components of overall pPAH composi-
tion. BaP accounted for approximately 60% and 40% of total carcinogenicity at the roadside
and urban background sites, respectively, and 40% of total carcinogenicity at the industrial
site. The profile of relative concentrations of PAHs was markedly different at the indus-
trial site, resulting in the highest average total carcinogenicity of 0.83 ng m−3 BaP-TEQ.
The average total carcinogenicity was lowest at the urban background site (0.39 ng m−3

BaP-TEQ). The average BaP concentrations were below the published EC limit (1 ng m−3).
The lifetime BaP-TEQ lung cancer risks estimated from concentrations at all sampling
sites were 0.16 to 1.4 cancer cases per million people, with higher estimated health risks
in roadside and industrial areas. Although concentrations of PM10-bound PAHs were
within the published EC limit, PM10 concentrations were almost three times higher than
the published WHO guideline. These observations provide quantitative exposure estimates
to help inform future Thai national air pollution standards and policy, including potential
for a reduction in carcinogenic health risks from exposure to pPAHs that could result from
a reduction in PM10 pollution, particularly during the winter.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11104501/s1, Table S1: Meteorological parameters, seasonal and annual concentrations of
PM10 (µg m−3) and PAHs (ng m−3). Table S2: Concentrations of PM10 (µg m−3) and BaP (ng m−3)
in different countries. Table S3: Annual mean pPAHs concentrations, BaP-TEQ concentrations and
percentage of BaP-TEQ concentrations. Figure S1: Daily mean concentrations of BaP (ng m−3) at
the roadside, industrial and urban background sites compared with the EC (1 ng m−3) and UK
(0.25 ng m−3) annual average guidelines. Figure S2: Dominant wind directions for each site in each
of the 3 seasons. No statistical relationship between the wind patterns and the PAHs measured
were found. Figure S3: Linear correlation plots between PM10 vs. total PAHs from whole year
data. Figure S4. Seasonal correlation plots between PM10 and total PAHs concentrations in the
wet season (R) and cool-dry season (W) at the three sampling sites. Figure S5a: Time series plot of
daily mean PM10 (µg m−3) and PAHs (ng m−3) concentrations at the roadside site. (Missing data
indicted sampling failures where PM10 filters were not collected.) Figure S5b: Time series plot of
daily mean PM10 (µg m−3) and PAHs (ng m−3) concentrations at the industrial site. (Missing data
indicted sampling failures where PM10 filters were not collected.) Figure S5c: Time series plot of daily
mean PM10 (µg m−3) and PAHs (ng m−3) concentrations at the urban background site. (Missing data
indicted sampling failures where PM10 filters were not collected). References [38–43] are cited in the
supplementary materials.
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