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Abstract
Exposure to high levels of benzene, toluene, ethylbenzene, and xylenes (BTEX) poses health risks in high-traffic 
urban areas. BTEX exposure at two microenvironments, the roadside and along the traveling routes, within urban 
and suburban areas of the Bangkok Metropolitan Region was examined to assess cancer and noncancer risks. The 
lifetime cancer risk (LCR) for benzene and noncancer hazard index (HI) for all BTEX compounds were evaluated for 
adult male and female groups (drivers, passengers, and street vendors) in two scenarios: average case and worst 
case. With the assumption of negligible exposure outside the two considered microenvironments, the pickup 
drivers had the highest LCR and HI. Higher exposure risks were found in urban areas than in the suburbs and 
among men than females. Higher toluene levels were found at all monitoring sites in two microenvironments, but 
benzene was the most important in causing noncancer risk. The HI for all target groups ranged from 8.5E-03 to 
4.0E-01, indicating a low noncancer risk from BTEX exposure (HI < 1). The LCR caused by benzene exposure 
ranged from 1.7E-06 to 7.2E-05, which is higher than the United States EPA most health-protective limit (1E-06). 
Further research should include other microenvironments by assessing the 24-hour exposure of all considered 
groups.
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INTRODUCTION
Globally, air pollution causes approximately 7 million deaths yearly[1]. Many toxic air pollutants are present 
in indoor and outdoor air, such as particulate matter (PM), including the most concerned fine particles 
(particles with a diameter ≤ 2.5 µm or PM2.5), gaseous pollutants, and semi-volatile organic compounds (S-
VOCs). Volatile organic compounds (VOCs) consist of toxic air pollutants and are present at considerably 
high levels in indoor and outdoor air[2-4]. VOCs also serve as precursors to form secondary toxic air 
pollutants, including secondary PM, mostly of PM2.5 size, and ground-level ozone. Benzene, toluene, 
ethylbenzene, and xylenes, collectively known as the BTEX group, are VOCs with carcinogenic and non-
carcinogenic effects. Long-term exposure to BTEX can negatively impact the development of immune 
function, reproduction and respiratory system, as well as worsen hematological and cardiovascular 
diseases[4-8]. The International Agency for Research on Cancer has classified benzene as a group 1 
carcinogen, which causes acute myeloid leukemia in adults[5].

Benzene is primarily released from anthropogenic sources, including combustion and non-combustion 
processes. The latter include the evaporative emissions from the gasoline distribution system as benzene is 
found naturally in petroleum products such as crude oil and gasoline[5]. Previous studies have reported high 
benzene exposures, resulting in a higher lifetime cancer risk (LCR) than the recommended range by United 
States EPA[9,10]. These include, for example, workers at petroleum refueling stations in South Africa[11], 
workers in a printing and copying center in Ardabil, Iran[12], workers at petroleum product distributors in 
Northern Iran[13], and residents of an urban hot spot in Shiraz, Iran[14] and Tehran, Iran[15].

As leaded gasoline had been phased out, to boost the octane number, benzene (in a benzene-toluene-xylene 
mixture) is added to unleaded gasoline[5]. As a result, BTEX emissions in major cities were primarily caused 
by mobile sources[4,16], and high BTEX concentrations have been reported at roadside and city center 
locations[16-19]. Residents living in areas with high traffic volumes are exposed more to BTEX[20]. A few 
previous studies in Thailand assessed the levels of BTEX and associated health risks for occupational 
exposure. Accordingly, workers at five gasoline stations in Khon Kaen province had an unacceptable risk to 
BTEX with HI > 1[21]. Workers at gasoline stations in Chonburi had lower HI ranging from 5.3E-05 to 6.3E-
04[22], while in Bangkok, HI was 1.8E-04[23].

The monitoring results in Thailand between 2013 and 2019 revealed that benzene levels likely decreased. 
This decrease reflected the success of countermeasures to control VOC emissions from the transportation 
sector, such as the development of clean vehicle technology and fuel quality improvement[24]. In Thailand, 
for example, the limit of benzene content in gasoline is 1% by volume[25]. Nevertheless, the benzene levels in 
the ambient air still exceeded the annual national ambient air quality standard (NAQQS) of 1.7 µg/m3 in 
several areas, especially near busy roads and industrial estates. The annual average benzene concentrations 
in three Bangkok high-traffic areas ranged from 2.3 to 3.6 µg/m3[24]. A study in Bangkok found high BTEX 
levels in closed vehicles, implying that health risks should be considered when traveling in urban areas[26]. 
However, there was not any comprehensive assessment study reporting the risk of BTEX exposure for street 
vendors and on-road commuters in Thailand. This study aims to partly fill in the data gap by assessing 
cancer and noncancer risk of BTEX exposure in these target populations using the BTEX measurement data 
reported in our previous study[26].
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MATERIAL AND METHOD
Study area
The study was conducted in the Bangkok Metropolitan Region (BMR) of Thailand[27]. BMR consists of 
Bangkok and five surrounding provinces: Nakhon Pathom, Nonthaburi, Pathum Thani, Samut Prakan, and 
Samut Sakhon [Figure 1]. BMR has a registered population of 10,864,169 people (as of November 2022), 
accounting for 16% of the population (66,099,975) of Thailand[28]. Air pollution is a significant issue in 
Bangkok and the surrounding areas[29]. Data from 10-year air monitoring (2012-2021) revealed that PM2.5 

and benzene levels exceeded the NAAQS, particularly at the roadside in Bangkok. Ozone levels in some 
areas of the surrounding provinces also exceeded the NAAQS. Transportation and biomass open burning 
(rice straw field burning) are the major sources of air pollutants in BMR[30]. Due to intensive emissions and 
meteorological conditions, BMR’s dry season (mid-October to mid-May) is characterized by significantly 
higher air pollution levels, especially PM10 and PM2.5, than in the wet season[31]. Our previous research 
monitored air pollutant levels (PM2.5, BTEX, NO2, SO2) at the roadside and along traveling routes in the 
urban and suburban areas of BMR. High levels of BTEX were found, especially in congested urban areas, 
which suggests a high risk of exposure. Hence, a more in-depth study on the risk of BTEX exposure for 
people in BMR is needed[26].

Monitoring design
Sampling and analysis
The roadside and on-route BTEX monitoring was conducted in both the urban area in Bangkok and the 
suburban area of Pathum Thani. The BTEX sampling was done using Method 1501 of the National Institute 
for Occupational Safety and Health (NIOSH)[32]. Tubes containing the adsorbent of SKC-coconut shell 
charcoal (diameter: 6 mm; length: 70 mm; 100 mg/50 mg) were used for sampling. The air was pumped 
through each tube with a calibrated constant flow rate of 0.18 L/min. The BTEX samples were extracted 
using a carbon disulfide (CS2) solvent and analyzed by Gas Chromatography-flame ionization detector (GC-
FID) following the procedure detailed in our previous publication[26].

Table 1 summarizes the monitoring plan, whereas a more detailed monitoring design has been described in 
our previous publication[26]. Briefly, the roadside monitoring was conducted at the Dindaeng Road, a busy 
road with a high traffic density, to represent the Bangkok city center, and a segment of the Phaholyothin 
Road running through the peri-urban area in Pathum Thani province to represent the suburban area. Note 
that the Phaholyothin Road is National Highway No. 1, the primary road connecting Bangkok to the 
northern and northeastern regions of Thailand. At the selected roads, BTEX sampling was conducted 
simultaneously on both sides to account for the pollutant dispersion within the road so that the average 
value would be representative for both leeward and windward sides of each road. The on-route 
measurements were also conducted in both urban and suburban areas. The urban route was selected to be 
representative of the Bangkok city center, covering 41.5 km, which was divided into three sub-routes 
[Figure 1]. The suburban route was selected along the Phaholyothin Road, passing Pathum Thani with a 
total length of 55 km. On-road monitoring was done when traveling in a van, a pickup truck, and a 
motorcycle, respectively. The monitoring was done during both dry and wet seasons in the more polluted 
urban area, while for the suburban area, the monitoring was done only during the dry season.

The roadside BTEX samples were collected with the air intake height at approximately 3 m above the 
ground and more than 3 m from the travel lanes to avoid the mixing zone effects[33]. Each roadside sample 
was collected with the sampling pump operated for 1 hour, hence producing the hourly average BTEX 
results.
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Table 1. Summary of sampling design and BTEX monitoring periods in different microenvironments

On-route
Area Season Roadside

Period Route length Vehicles (speed, km/h)

Wet 28 Jun-4 Jul 2010 7-11 Jul 2010 41.5 km Van (30 ± 14)Urban

Dry 4-11 Dec 2010 12-15 Dec 2010 41.5 km Van (30 ± 6.9) 
Pickup (26 ± 10)

Suburban Dry 18-21 Dec 2010 24 Dec 2010-1 Jan 2011 55 km Pickup (53 ± 5.5) 
Motorcycle (51 ± 5.5)

The on-route BTEX samples were taken both inside and outside of every selected vehicle[26]. The inside van 
measurement of BTEX was done with the sampling equipment attached to a seat behind the driver, while 
the air conditioner (A/C) was off and the adjacent window was halfway open. These samples were used for 
the exposure assessment for the driver and for van passengers. For the pickup vehicle, the inside 
measurements were done in the closed cabin with the A/C on while the ventilation air intake was set at 
different ratios, and the BTEX analysis results were used for the exposure assessment of drivers. The outside 
pickup measurements were done in the open back wagon, which is more relevant for passenger exposure. 
The measurements for the motorcycle were made with the equipment placed in a backpack placed at the 
breathing level.

The suburban on-route monitoring was done with one BTEX sample taken over the entire route, which was 
about 1 h. The urban on-route was divided into three sub-routes representing different areas that the road 
was crossing, and a sample was taken while traveling on each sub-route [Figure 1]. Note that a round trip 
on the urban route took about 1.5 to 3 hours. The sampling time on each sub-route depended on the vehicle 
travelling speed which in turn depended on the congestion conditions on the sub-route. To represent the 
exposure levels on the entire urban route, a distance-weighted average was calculated from the 
measurements over three sub-routes[26]. On each monitoring day, three round trips were made, on either 
urban or suburban route, to capture the morning rush hours (started at 6:00-6:30 am), less congestion 
during noon (started at around 11:30 am) and evening rush hours (started at 16:00). The average of BTEX 
levels measured on these three round trips per route was used to represent the exposure levels on a 
monitoring day.

During the monitoring period, 380 hourly BTEX roadside samples were collected from the Din Daeng and 
110 samples from the Phaholyothin Road. On-route urban (wet and dry season) and suburban monitoring 
(only dry season) yielded 186 and 30 round-trip samples, respectively. The BTEX results (with PM2.5, NOx, 
SOx) were analyzed to assess the seasonal variation, the diurnal variations and the association with the 
hourly traffic flow, and the differences in pollution levels between two monitoring areas and between inside 
and outside vehicles[26]. The previous study suggested a high exposure to traffic-induced pollutants and 
recommended a comprehensive risk assessment.

QA/QC
QA/QC for BTEX sampling and analysis have been detailed in our previous publication[26]. Briefly, the 
sampling pump was calibrated with a soap film flowmeter for the designated flow rate (0.18 L/min). 
Benzene contamination in the carbon disulfide (CS2) solvent was removed before it was used for sample 
extraction using concentrated sulfuric acid and nitric acid. The quality control (QC) samples included both 
field blanks and laboratory blanks, which were prepared and analyzed as detailed in our previous study[26], 
and the results indicated non-detected levels of toluene, ethylbenzene and xylenes. However, a low level of 
benzene was detected in several blank samples, suggesting some amount of the benzene contaminant (in the 
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Figure 1. Map of sampling routes and roadside in the Bangkok Metropolitan Region.
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solvent) still remained even after the clean-up process. The analytical results of the samples were 
accordingly corrected for the average level of benzene in the blank samples. To check for the potential 
breakthrough of BTEX during the sampling, 69 sampled tubes collected during rush hours, when the BTEX 
levels were likely the highest, were analyzed for the front and backup parts of the adsorbent. The results of 
the separate analyses for the front and backup adsorbent parts of each selected sampled tube confirmed that 
no breakthrough had occurred in the samples, based on the criteria provided by NIOSH[32] as detailed in our 
previous study[26]. The mixed standard of BTEX (Fluka manufacturer) was used to prepare calibration 
curves with 5 data points, and the determination coefficients (R2) of the linear regression relationship was 
above 0.99 for every species. The minimum detectable quantity of the method was 0.2-0.3 ng, and the 
precision, i.e., the ratio between the standard deviation and the average value based on repeated injections 
of each sample, was 8%-13% for these compounds.

Health risk assessment
Three target groups were included for health risk assessment: drivers, passengers, and street vendors. The 
first group included van, pickup, and motorcycle drivers, with two microenvironments considered, i.e., 
driving (working) time on the routes and resting (waiting for the next service) at the roadside. The second 
group included passengers who traveled inside the van, sat in the open cargo bed of the pickup truck, or 
rode on the motorcycle. Two microenvironments were also considered for their exposure time, i.e., waiting 
time at the roadside at the pickup points or stations and traveling time in the vehicles. Finally, for the street 
vendors, the estimated time working at the roadside was used, i.e., only one microenvironment was 
considered. Supplementary Table 1 explains the inhalation exposure pathways of the studied groups. Note 
that with a focus on the traffic-induced BTEX, this study only considered these two related 
microenvironments for drivers and passengers, and one for street vendors. Thus, the exposure outside these 
microenvironments, e.g., at home, at work for passengers, may be significant but was excluded from the 
exposure assessment.

The BTEX exposure was calculated using the representative pollutant levels measured at the roadside and 
on-road traveling routes in urban and suburban areas. Equation 1 was used to calculate the daily doses 
(DD, mg/kg-day) of inhalation exposure for a target group[34].

Where, Cj is the pollutant concentration (mg/m3) in the microenvironment j, IR is the inhalation rate 
(m3/h), ELj is the exposure length (h/day) in the microenvironment j, and BW is the body weight (kg) of the 
target population group.

We included two scenarios for the health risk assessment, i.e., the average case and the worst case for both 
cancer and noncancer risks. Based on the BTEX measurement data from our previous study[26], we used the 
median or 50th percentile (P50) values of the BTEX concentrations for the average case, while the 95th 
percentile values (P95) were used for the worst case. Furthermore, the worst case was also considered with 
higher risk levels than the average case for other parameters. For example, the average case used an average 
inhalation rate of 20 m3/day (0.83 m3/hour), while the P95 case used an upper bound value of 30 m3/day 
(1.25 m3/hour)[35]. The exposure length was estimated based on Thai labor law[36] for drivers and street 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202302/5467-SupplementaryMaterials.pdf
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vendors. It was 8 hours (P50) and a maximum of 10 hours (P95). Thai labor law requires at least one hour 
of rest for the driver during the workday. The travel time on the road was applied to the passengers, which 
was 64-203 minutes for a one-way trip and 13 minutes for waiting for vehicles at the roadside[37]. Thai male 
and female body weights were 68.9 and 57.4 kg, respectively[38]. Using Equation 2, the lifetime average daily 
dose (LADD, mg/kg-day) was calculated[34].

Where AF indicates the absorption factor (100%)[34], ED represents the exposure duration (days), YF is the 
yearly factor, and TL defines the typical lifetime (days). The lifetime exposure duration of passengers and 
vendors was determined based on the Thai worker age with the working age from 15 to 59 years old; hence, 
the total working time is 45 years[39]. For drivers, the working age range is from 18 to 59 years old; hence, the 
total working time is 38 years[36]. According to the labor protection law, typically, there are 5 workdays per 
week, with an additional 6 days per week. Therefore, these workdays were applied for P50 (5 days) and P95 
cases (6 days), respectively. Further, we assumed a working period of 50 weeks per year. The exposure levels 
of the van drivers and passengers were assessed separately for dry and wet seasons; therefore, the duration 
of the season was considered for adjusting the LADD of these groups, i.e., the wet season (5 months, i.e., 
YF = 5/12) and dry season (7 months, i.e., YF = 7/12). Whereas YF = 1 was used to calculate LADD for the 
other groups, which was determined using the annual average of BTEX levels. Thai males and females have 
71.8 and 79.3 years of life expectancy, respectively[40]. The variables used to estimate exposure are 
summarized in Table 2.

Further, LADD results were used to assess the risk. The carcinogenic effect, i.e., leukemia, was assessed for 
the benzene exposure, while the noncancer risks, e.g., haematotoxicity and genotoxicity, were assessed for 
the exposure to all BTEX compounds. Using Equation 3, the integrated lifetime cancer risk LCR was 
calculated by multiplying the LADD by the slope factor (SF). The SF of benzene was calculated using the 
unit risk value of 7.8 × 10-6 per µg/m3[41], as well as the inhalation rate and body weight[34,42]. For example, in 
the case of P50, the SF is 0.0269 (mg/kg/day)-1 at a standard inhalation rate of 20 m3/day and a male body 
weight of 68.9 kg. For general guidance, the United States EPA Clean Air Act requires that the LCR 
associated with pollutants in ambient air should not exceed certain levels, i.e., 1 × 10-6 as the most health-
protective, 1 × 10-5 as the mid-point, and 1 × 10-4 as the least health-protective[9,10].

The noncancer risk for each BTEX compound was expressed as a hazard quotient (HQ) and calculated 
using Equation 4 for each considered population group. The hazard index (HI) was computed by summing 
up the HQ of all BTEX pollutants. The chronic inhalation reference concentrations (RfC) were obtained 
from the Integrated Risk Information System (IRIS) online database to assess the noncancer risk[43]. For 
benzene, toluene, ethylbenzene, and xylenes, the RfC values are 0.03 mg/m3, 5 mg/m3, 1 mg/m3, and 0.1 
mg/m3, respectively. Based on the RfC, inhalation rate and body weight, the inhalation reference dose (RfD, 
mg/kg-day) was calculated[16,34,44-46]. For example, the RfD for benzene at a standard inhalation rate of 
20 m3/day and a male body weight of 68.9 kg is 0.0087 mg/kg-day. The noncancer HQ assumes a level of 
exposure below which sensitive populations are unlikely to experience adverse health effects. If the exposure 
level exceeds this threshold (i.e., LADD/RfD > 1), potential noncancer effects may be of concern.
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RESULTS AND DISCUSSION
BTEX exposure levels in the study areas
A summary of the BTEX levels is given in Table 3[26]. As detailed in our previous publication[26], the roadside 
BTEX levels in the urban area were significantly higher than those measured in the suburban area. Higher 
levels were, in fact, recorded in the wet season, which was largely due to more traffic congestion during 
rainy weather on this road. The levels measured at the urban roadside have been found to strongly associate 
with hourly traffic flows, suggesting that traffic was the main source of the pollutants. On the suburban 
road, the BTEX also showed the association with hourly flows of the bus and the motorcycle. The on-route 
BTEX levels were significantly higher on the more congested urban route than on the suburban route 
suggesting more exposure. Higher general background pollution in the study area during the dry season 
explained the higher levels observed inside vehicles, i.e., the van, than in the wet season.

Toluene was the most prevalent BTEX pollutant at the roadside and the on-road routes [Table 3]. The 
average hourly concentration of toluene in the urban area during the wet season (30 µg/m3) was higher than 
that in the dry season in both urban (17 µg/m3) and suburban areas (14 µg/m3). Compared to the free-flow 
highway in the suburbs, the congested urban road caused higher BTEX levels at the roadside. In addition, 
heavy traffic jams during the wet season contributed to the higher BTEX level compared to the dry season 
mentioned above[26].

In the urban area, the toluene concentrations in the van were higher during the dry season (84 µg/m3) than 
in the wet season (47 µg/m3). During the dry season in the urban area, the toluene concentration inside the 
pickup cabin (71 µg/m3) was higher than in the open space of the pickup wagon (33 µg/m3). A similar trend 
was also observed in the suburban area [Table 3]. A comparison between the vehicle types shows that 
during the dry season in the urban area, toluene levels inside the van (84 µg/m3) were higher than inside the 
pickup (71 µg/m3) and in the pickup wagon (33 µg/m3). Furthermore, toluene levels on the suburban 
traveling route by motorcycle (39 µg/m3) were higher than that inside the pickup cabin (33 µg/m3) and 
pickup wagon (9.1 µg/m3). A similar pattern to that observed for toluene was seen for benzene, 
ethylbenzene, and xylenes. Traffic congestions that slowed down the vehicle speeds, and ineffective A/C 
filtration for the closed vehicle's cabin explained the higher BTEX levels measured in the 
microenvironments[26]. The calculated P50 and P95 of the BTEX concentrations obtained from the 
measurements at each site/route are used for exposure assessment [Table 4].

Cancer risk
Benzene is classified as a human carcinogen (IARC group 1) based on sufficient evidence that it causes 
leukemia. The lifetime cancer risk of inhalation of benzene exposure is summarized in Table 5. The 
calculation results show that the average cancer risk (LCR50) of male passengers ranged from 1.8E-06 to 
1.0E-05, with in-van passengers having the highest risk. In the worst-case scenario (LCR95) for in-van 
passengers, the cancer risk was 4.8E-05, which is interpreted that, on average, there are five cancer cases in 
100,000 people exposed to this pollution level. For the drivers, the LCR50 ranged from 1.0E-05 to 1.9E-05, 
with pickup drivers in urban areas posing the most significant risk, with LCR95 of 7.2E-05. The maximum 
risk for street vendors was observed in the urban area, with a value of 2.4E-05.

Males were found to have a higher cancer risk than females across all population groups. Men have a 
shorter lifespan (71.8 years) than women (79.3 years), hence resulting in lower typical lifetime days (TL), 
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Table 2. Summary of the values used to calculate exposure and risk

Variable Population groups P50 P95 Unit

Inhalation rate All 20 30 m3/day

Waiting time Passengers, waiting at roadside 13 13 minutes

Passengers, on-route, urban, wet season 100 140 minutes

Passengers, on-route, urban, dry season 98 203 minutes

One-way travel time

Passengers, on-route, suburban, dry season 64 72 minutes

Drivers, driving on-route 7 9 hours/day

Drivers, resting time at roadside 1 1 hours/day

Working time

Street side trader, working at roadside 8 10 hours/day

Exposure Frequency All 250 300 days/year

Passengers, street side vendors 45 45 yearsExposure Duration 

Drivers 38 38 years

Van drivers and van passengers in dry season 7/12 7/12 unitlessYearly factors

Van drivers and van passengers in wet season 5/12 5/12 unitless

Workdays in a week All 5 6 days

Working week in a year All 50 50 weeks

Body weight, man All 68.9 68.9 kg

Body weight, woman All 57.4 57.4 kg

Lifetime, man All 71.8 71.8 years

Lifetime, woman All 79.3 79.3 years

P50 and P95 denote the variables used in the average and worst-case scenarios, respectively.

Table 3. Summary of the BTEX levels, average and 1 standard deviation (µg/m3), exposed by different population groups

Site/route Season Benzene Toluene Ethylbenzene Xylenes

Roadside measurements (average for both sides of each road during the monitoring period)

Urban (Din Daeng) Wet 9.7 ± 4.5 30 ± 13 4.4 ± 2.3 11 ± 4.7

Urban (Din Daeng) Dry 6.9 ± 2.9 17 ± 8.8 2.3 ± 1.2 5.9 ± 3.1

Suburban (Phaholyothin) Dry 5.3 ± 3.1 14 ± 14 2.3 ± 1.7 3.7 ± 2.7

On-route measurements (average for whole route during monitoring period)

Urban in van (driver) Wet 14 ± 4.4 47 ± 16 6.9 ± 2.6 25 ± 11

Urban in van (driver) Dry 26 ± 11 84 ± 41 9.4 ± 4.8 31 ± 16

Urban in pickup cabin (driver) Dry 24 ± 9.0 71 ± 28 6.9 ± 2.5 22 ± 8.8

Urban pickup wagon (passengers) Dry 13 ± 3.0 33 ± 11 3.4 ± 1.4 12 ± 4.6

Suburban in pickup cabin Dry 14 ± 5.5 33 ± 13 3.5 ± 1.0 8.9 ± 2.9

Suburban pickup wagon Dry 4.9 ± 1.6 9.1± 3.1 ND-1.7 2.8 ± 0.9

Suburban motorcycle Dry 15 ± 4.0 39 ± 12 4.5 ± 1.4 14 ± 5.0

Source: Adapted from Kim Oanh et al. for the exposure assessment[26].

and with the assumption of the same working age span for both men and women, a higher lifetime average 
daily dose (LADD) for man was obtained. The range of LCR50 for all considered population groups was 
from 1.7E-06 to 1.9E-05, while that for LCR95 was from 3.3E-06 to 7.2E-05. Compared to the EPA Clean Air 
Act risk range (1.0E-06 - 1.0E-04), most of the exposed population groups had LCR50 above the lower value 
of the recommended range, i.e., 1.0E-06 but below the upper value of the range (1.0E-04). Note that the 
lower value of the EPA recommended range is the more health-protective level, whereas the upper value is 
the less health-protective level. The LCR50 of most of the exposed population groups was less than the 
midpoint of the EPA risk range (1.0E-05). The maximum cancer risk in the worst case LCR95 (7.2E-05) 
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Table 4. Air pollutant concentrations at the roadside and on-road measurements (µg/m3) used for the average (P50) and worse 

case (P95) scenarios for risk assessment

Benzene Toluene Ethylbenzene Xylene
Area Season Mode

P50 P95 P50 P95 P50 P95 P50 P95

roadside 9.4 16.7 29.7 51.3 3.9 8.5 10.3 18.0Wet

van-inside 15.2 26.6 47.0 96.8 7.4 15.9 24.6 61.2

roadside 7.1 12.2 15.1 32.7 1.9 4.2 5.5 11.7

van-inside 24.9 57.3 82.3 178.1 8.8 20.9 28.7 74.6

Pickup-inside 22.0 55.5 66.3 151.7 6.7 15.3 19.6 52.1

Urban

Dry

Pickup-outside 13.7 28.2 35.4 78.9 4.0 8.3 11.5 31.7

roadside 4.7 12.7 9.5 44.6 1.7 5.2 2.7 9.9

Pickup-inside 12.0 24.4 29.5 55.5 3.1 5.2 8.6 13.0

Pickup-outside 5.2 6.9 8.9 13.8 1.7 1.7 3.1 3.8

Suburban Dry

Motorcycle 15.7 20.0 41.0 49.3 4.9 5.7 14.5 18.8

obtained for the most exposed group of pickup drivers was also below the upper value of the EPA 
recommended range. Compared to the target population groups, the average cancer risk was found to be 
higher in the driver group (1.5E-05) than in the vendor (6.8E-06) and passenger (5.6E-06) groups.

It is important to note that this study considered the cancer risk posed by benzene exposure while spending 
time in only certain microenvironments, i.e., on the roadside and on travel routes in the study areas. There 
is also a risk of exposure to benzene while people spend time in other microenvironments in their daily life, 
i.e., at home and in the workplace, and hence the results of LCR may be underestimated. Further, it is worth 
mentioning that for the passenger group, this study only considered the exposure duration (ED) coinciding 
with their working age span, i.e., with the work-related trips; hence, the risk of exposure associated with 
traveling outside the working age was not included. Thus, future studies should investigate the exposure for 
24 hours per day and for the lifetime of all target population groups to improve the results.

Figure 2A (right panel) compares the cancer risk due to occupational benzene exposure of three different 
target groups obtained by this study (driver, passenger and street vendor) and more than 30 exposed 
populations in different microenvironments reported in 26 other studies worldwide. More details of the 
studies used for the comparison are presented in Supplementary Table 2. All the studies reported risks 
above the lower value of the EPA recommended range (1.0E-06), except for one study in Iran, which 
reported a LCR of 3.9E-07 for the adult inhabitants in Tehran, Iran[47]. Compared to the upper value of the 
EPA recommended range (1.0E-04), about 2/3 of the reported groups had the LCR below that and the rest 
1/3 (11 groups) are above that. The highest LCR value of 1.6E-02 was reported for tanker loading workers in 
Iran[13].

The LCR values obtained for the three groups in this study, namely from the highest of 1.5E-05 for the 
drivers to 6.8E-06 for street vendors and the least of 5.6E-06 for passengers, thus were in the middle of the 
reported range. Our LCR values perhaps are more representative of the normal urban microenvironments 
in BMR, whereas the occupational exposure to benzene reported for the workers (tanker loading and tank-
gauging) etc.,[13] were much higher.

Noncancer risk
The hazard quotient and hazard index of inhalation exposure to BTEX are summarized in Table 5. Among 
the BTEX compounds, benzene posed the greatest risk to the exposed people at the roadside and along the 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202302/5467-SupplementaryMaterials.pdf
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Table 5. Summary of the carcinogenic risks and hazard quotients associated with BTEX inhalation exposure

Benzene Toluene Ethylbenzene Xylene HIBTEX
Population groups Working area LCR50 LCR95

HQ50 HQ95 HQ50 HQ95 HQ50 HQ95 HQ50 HQ95 HQ50 HQ95 

Van driver Urban 1.8E-05 5.9E-05 7.8E-02 2.5E-01 1.5E-03 4.9E-03 9.1E-04 3.2E-03 3.0E-02 1.2E-01 1.1E-01 3.7E-01

Urban 1.9E-05 7.2E-05 8.1E-02 3.1E-01 1.4E-03 5.1E-03 7.4E-04 2.6E-03 2.2E-02 8.7E-02 1.0E-01 4.0E-01Pickup driver

Suburban 1.0E-05 3.3E-05 4.5E-02 1.4E-01 6.5E-04 2.0E-03 3.5E-04 9.4E-04 9.5E-03 2.3E-02 5.5E-02 1.7E-01

Motorcycle driver Suburban 1.4E-05 2.7E-05 5.8E-02 1.2E-01 9.0E-04 1.8E-03 5.4E-04 1.0E-03 1.6E-02 3.2E-02 7.5E-02 1.5E-01

In-van passengers Urban 1.0E-05 4.8E-05 4.3E-02 2.0E-01 8.3E-04 3.9E-03 5.0E-04 2.5E-03 1.6E-02 9.0E-02 6.1E-02 3.0E-01

Urban 6.7E-06 3.3E-05 2.9E-02 1.4E-01 4.4E-04 2.4E-03 2.5E-04 1.2E-03 7.1E-03 4.7E-02 3.6E-02 1.9E-01Pick up passengers

Suburban 1.8E-06 3.7E-06 7.8E-03 1.6E-02 8.3E-05 2.3E-04 7.8E-05 1.4E-04 1.4E-03 2.9E-03 9.4E-03 1.9E-02

Motorcycle passengers Suburban 5.0E-06 9.0E-06 2.1E-02 3.8E-02 3.3E-04 5.9E-04 2.0E-04 3.4E-04 5.7E-03 1.1E-02 2.7E-02 5.0E-02

Urban 9.0E-06 2.4E-05 3.8E-02 1.0E-01 6.1E-04 1.7E-03 3.9E-04 1.3E-03 1.1E-02 3.1E-02 5.0E-02 1.3E-01

Male

Street side trader

Suburban 5.2E-06 2.1E-05 2.2E-02 9.1E-02 2.7E-04 1.9E-03 2.4E-04 1.1E-03 3.9E-03 2.1E-02 2.7E-02 1.1E-01

Van driver Urban 1.6E-05 5.3E-05 7.0E-02 2.3E-01 1.4E-03 4.4E-03 8.2E-04 2.9E-03 2.7E-02 1.0E-01 9.9E-02 3.4E-01

Urban 1.7E-05 6.5E-05 7.3E-02 2.8E-01 1.3E-03 4.6E-03 6.7E-04 2.3E-03 2.0E-02 7.9E-02 9.5E-02 3.7E-01Pickup driver

Suburban 9.5E-06 3.0E-05 4.0E-02 1.3E-01 5.9E-04 1.8E-03 3.2E-04 8.5E-04 8.6E-03 2.1E-02 5.0E-02 1.5E-01

Motorcycle driver Suburban 1.2E-05 2.5E-05 5.2E-02 1.1E-01 8.1E-04 1.6E-03 4.9E-04 9.3E-04 1.4E-02 2.9E-02 6.8E-02 1.4E-01

In-van passengers Urban 9.1E-06 4.3E-05 3.9E-02 1.8E-01 7.5E-04 3.5E-03 4.6E-04 2.3E-03 1.5E-02 8.2E-02 5.5E-02 2.7E-01

Urban 6.0E-06 3.0E-05 2.6E-02 1.3E-01 4.0E-04 2.1E-03 2.2E-04 1.1E-03 6.5E-03 4.3E-02 3.3E-02 1.7E-01Pick up passengers

Suburban 1.7E-06 3.3E-06 7.1E-03 1.4E-02 7.5E-05 2.0E-04 7.1E-05 1.2E-04 1.3E-03 2.6E-03 8.5E-03 1.7E-02

Motorcycle passengers Suburban 4.5E-06 8.1E-06 1.9E-02 3.5E-02 3.0E-04 5.3E-04 1.8E-04 3.1E-04 5.2E-03 9.6E-03 2.5E-02 4.5E-02

Urban 8.1E-06 2.1E-05 4.2E-02 1.1E-01 6.6E-04 1.9E-03 4.2E-04 1.4E-03 1.2E-02 3.3E-02 5.4E-02 1.5E-01

Female

Roadside vendors

Suburban 4.7E-06 1.9E-05 2.4E-02 9.9E-02 3.0E-04 2.1E-03 2.6E-04 1.2E-03 4.2E-03 2.3E-02 2.9E-02 1.2E-01

LCR: Lifetime cancer risk; HQ: Hazard Quotient; HI: Hazard Index; LCR, HQ and HI values are unitless; HIBTEX: Hazard index of benzene, toluene, ethylbenzene and xylene; HQ50: Hazard quotient for the average case; 
HQ95: Hazard quotient for the worst case.

travel route. The benzene hazard quotient for males was from 7.8E-03 to 8.1E-02 for the average case (HQ50) and 1.6E-02 to 3.1E-01 for the worst case (HQ95). 
The hazard index values, i.e., the sum of HQ of all BTEX species, for males ranged from 9.4E-03 to 1.1E-01 for the average case (HI50) and from 1.9E-02 to 
4.0E-01 for the worst case (HI95). The van passengers had the highest risk (6.1E-02, average) among the passenger group, while the van drivers in the urban 
areas had the highest risk (1.1E-01) among the driver group. People in cities were more at risk than those in suburban areas due to the exposure to higher 
pollution levels. However, all the HI values were below 1.0; hence, none of the target populations were at risk of BTEX exposure above the recommended 
threshold (HI = 1.0).
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Figure 2. Comparison of cancer and noncancer risks of BTEX inhalation exposure.
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Figure 2B compares the HI values obtained in this study with other studies (more details are in 
Supplementary Table 2). Most of the studies reported HI < 1.0, except for four exposed groups in the studies 
for occupational exposure in Iran[12-13], South Africa[11] and the workers at refueling stations in Khon Kaen, 
Thailand[21]. As seen above, the HI values found for the three target groups in our study were the highest for 
drivers (8.2E-02), followed by street vendors (4.2E-02), and the lowest for passengers (3.2E-02), which are 
all in the middle of the range of the presented results. The minimum HI presented in Figure 2B of 6.7E-03 
was found for the adult workers (8 h/day) at a wastewater treatment plant in Turkey[46], while the maximum 
HI of 7.3 was reported for the workers at refueling gasoline stations in Khon Kaen, Thailand[21].

Uncertainty of the risk assessment results
Several assumptions used in the risk calculation process contribute to the uncertainty of exposure and risk 
results. First, the area monitoring of BTEX obtained at two certain roadsides was used to represent the 
urban and suburban exposure, respectively. Similarly, the on-route monitoring was only done for two 
selected routes and only for selected vehicles and consequently may not capture the overall pictures of the 
driver and passenger exposure levels. The monitoring, therefore, should also be done for taxi and bus 
passengers. More fixed roadsides and traveling routes should also be included in the monitoring program, 
which should cover both dry and wet seasons in the study area.

Uncertainty in parameter estimates can also result from the use of surrogate data. In the study, we used an 
indirect approach to estimate several parameters. A standard inhalation rate was assumed for the exposure 
assessment. The literature review provided body weight, roadside waiting time, and working hours; 
although relevant for Thai people, they were not directly obtained from the study population. These 
parameters may differ between individuals and activities and change over time hence should be obtained by 
conducting specific surveys for the study groups.

The most important factor causing the uncertainty of the results is related to the limited number of 
microenvironments considered in this study. Drivers, for example, may be exposed to BTEX at home and 
elsewhere outside their workplace. Passengers are also exposed to BTEX at home, at their workplace, etc.; 
hence, these microenvironments should be considered to provide a full picture of the risk due to BTEX 
exposure that people encounter during their lifetime. Our results, therefore, are relevant for the roadside 
and on-route exposure that are more related to traffic emissions. Finally, in the risk assessment, health 
outcomes were only considered from the exposure to BTEX but not to other pollutants, such as PM2.5, heavy 
metals etc., that co-exist in the air. For benzene cancer risk, co-exposure to styrene has been linked to an 
increased risk of leukemia[5].

CONCLUSIONS
Considering only two microenvironments closely related to traffic pollution in daily life, the lifetime cancer 
risk, both average and the worst-case scenarios, of the target population groups of drivers, passengers, and 
street vendors in BMR found in the study ranged from 2 to 19 per million. For all target groups, the cancer 
risk exceeded the more health-protective risk limit but was lower than the less-protective limit of the EPA 
recommended range. Males were found to have a higher cancer risk than females in their typical lifetime, 
and urban inhabitants had a higher cancer risk than suburban inhabitants because of the higher BTEX 
pollution in the urban areas. The drivers were more at risk of developing cancer than the street vendors and 
passengers.

Toluene was found in the highest concentrations at the roadside and on the traveling route, but benzene 
poses the greatest noncancer risk. Pickup drivers in the urban study area had the highest noncancer risk, 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202302/5467-SupplementaryMaterials.pdf
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with a maximum HI of 0.4, which is less than the recommended threshold of 1.0. Thus, all three target 
groups in this study had noncancer risk of HI < 1.0 resulting from the exposure to BTEX during the time 
spent at the roadside and along the travel route during their lifetime.

The results of this study only reflected the exposure in the considered two microenvironments of roadside 
and traveling route and hence do not cover the total risks associated with the BTEX, which also occur in 
other microenvironments of their daily life. Future studies should include exposure in other 
microenvironments to obtain complete daily exposure and improve the results. Uncertainty in the results of 
the risk assessment can be reduced by including more monitoring data and by including local surveys to 
collect the relevant parameters from the study population for risk calculation.
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