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ABSTRACT

Background: The present research addressed the spatiotemporal variations in such pollutants as
benzene, toluene, ethylbenzene, and xylene (BTEX) in the atmosphere of Arak, a city in central
Iran. Also, the health risk evaluation and ozone formation potential (OFP) were assessed.

Methods: The air samples were collected and evaluated through gas chromatography-mass
spectrometry (GC-MS) over a one-year period.

Results: The overall BTEX levels ranged between 2.7-256 pgr/m3. The seasonal levels showed
considerable variations among benzene, toluene, ethylbenzene, and xylene, and the levels of total
BTEX. Comparison of the air samples between morning and evening for the concentrations of
BTEX components revealed that the values were higher in the evening; however, there were no
significant differences observed among them. The spatial map indicated that the maximal
concentration of BTEX components occurred in high-traffic zones of the city. The maximal and
minimal OFP levels were recorded in the summer (254.8 pgr/m®) and autumn (64.9 pgr/m?),
respectively. The average toluene/benzene (T/B) ratio found to be 4.3, indicating the fuel
combustion was the major source of atmospheric BTEX from vehicles.

Conclusion: The measured cancer risk value for benzene (6.68x10-5) was higher than those
recommended by the WHO and U.S. Environmental Protection Agency. Therefore, exposure to
atmospheric benzene had a carcinogenic risk for Arak inhabitants. This needs further investigation
in future studies. The acceptable hazard quotients (<1) for all BTEX species posed minimal risks
of non-cancer diseases for the population.

Keywords: Air pollution; Atmospheric Air; BTEX; Cancer Risk; Spatio-Temporal Variations

Introduction

August 2023, Volume 17, Number 3

Air pollution in large cities, especially in the
developing  countries, has posed serious
environmental challenges. The development of
urban communities, the rise in the number of
vehicles, energy consumption and industrialization
are the among the main causes of rising atmospheric
pollution (1). Volatile organic compounds (VOCs)
are among the most significant atmospheric
pollutants in urban environments. These pollutants,
in addition to threatening human health, are the
precursors to the formation of secondary organic
aerosols and the subsidiary pollutants, including
peroxyacetyl nitrate and ozone (2, 3). The urban
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atmospheric VOCs are emitted from both natural
and anthropogenic sources (2, 4, 5). These include
vehicles’ exhaust fumes, industrial activities, and
compressed natural gas (CNG), emissions, and the
use of solvents (6-10). The benzene, toluene,
ethylbenzene, and xylene (BTEX) compounds are
aromatic elements and have been found as the
organic pollutants originated from traffic and
industrial activities in urban areas (10). In urban
areas, the BTEX compounds encompass over 60%
of non-methane VOCs (10, 11). These pollutants are
formed by the incomplete combustion of organic
materials and are released into the environment
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through motor vehicle exhaust fumes. The
significant adverse effects of these compounds on
air quality and human health have identified them as
the major atmospheric pollutants by the United
States Environmental Protection Agency (U.S.
EPA).

Over the past two decades, many studies have
focused on the toxicological and health-related
effects of BTEX compounds (6, 12-14). The
International Agency for Research on Cancer
(IARC) has classified benzene as being carcinogenic
to humans in group 1 while toluene and xylene were
not classified as carcinogenic to humans health
among similar materials in group 3 (6, 15). Based on
the available evidence, BTEX compounds affect
different human organs, such as respiratory tract,
liver, kidneys, central nervous and the reproductive
systems (12, 16). The increased risk of non-
lymphocytic and myeloid leukemia, aplastic anemia,
immunological disorders, and myocardial infarction
have been associated with exposure to compounds
consisting of benzene molecules (17-19). Toluene
affects the CNS, and ethylbenzene can lead to eye
irritations and brain disorders. Also, xylene can
induce inflammatory reactions in the respiratory
system and skin. Numerous studies have been
conducted globally, evaluating the levels of BTEX
elements, and the associated health hazards in the
atmosphere of urban areas (2, 4, 20-23). They have
pointed out to important factors, such as temporal-
spatial variations in the compounds, the ratios of
xylene to ethylbenzene (X/E) and toluene to benzene
(T/B). The X/E ratio is used for the quantification of
the degree of atmospheric photochemical reactivity
while T/B ratio is the indicator of emission sources
of atmospheric BTEX (6, 24).

Arak is among the large cities in central western
Iran. It has the climatic characteristics of the nation’s
central plateau, i.e., cold and wet in the winter and
hot and dry in the summer. The temperature may rise
up to 35°C in the summer and fall below -15°C in the
winter. Arak has been identified as one of the largest
industrial cities in Iran, and ranked the first for the

diversity of its industrial products, while it is the
second largest city in terms of the presence of major
industries (25). Therefore, people in Arak are
exposed to different pollutants both with respect to
the quantities and pollutants’ varieties. Despite the
fact that many studies have focused on BTEX levels,
emission sources, and health hazard assessment in
major Iranian cities, there is no well-designed
investigation on the levels of atmospheric BTEX
compound in Arak to date.

Aim of the Study: In view of the above facts, the
present study aimed to investigate the following
subjects: 1) determine the atmospheric BTEX levels
in Arak and investigate the pattern of temporo-
spatial changes for each of the four compounds; 2)
evaluate the health risks associated with the BTEX
compounds; and 3) assess the ozone formation
potential and the sources.

Methods

Geographic Area: Arak, the capital city of Markazi
Province, has an area of 107 km? with a population
of approximately 550,000 people in central Iran. The
peak temperature may rise up to 35°C in the summer
and fall below 15°C in the winter, with the mean
annual temperature approaching 14°C. The annual
mean rainfall is approximately 350 mm, and the
average humidity is around 46%.

Various factors cause Arak to be ranked the eighth
most polluted cities in Iran. The major factors
include population growth, number of vehicles,
rapid industrial growth, and activities of many
technological companies in the area (26). Figure 1
illustrates the map, wind speed, and sampling sites
in Arak we used for the purpose of the current study.
However, due to budgetary constraint, only six
sampling sites were considered as the locations to be
studied. Specifically, two sampling sites with high-
traffic density (Al and A2), one sampling area with
moderate traffic density (A3), two residential areas
with low-traffic density (A4 and A5) and one remote
area but near the industrial sites were considered
(A0).

»mo em

Figure 1. Shows the map of Arak, wind direction and sampling sites.

Sample Collection and Analyses: The BTEX
samples were collected from all locations during a
one-year period (Dec. 2020 to Dec. 2021) during the
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four seasons. Sampling was conducted for three
days in each season, twice a day, once in the morning
(09:00-12:00 h) and once in the afternoon (17:00-

Health Risks and Photochemical Pollutions. Iran J Toxicol. 2023; 17(3):43-52



@ Iranian Journal of Toxicology
ARAK UNIVERSITY OF MEDICAL SCIENCES

August 2023, Volume 17, Number 3

20:00h). A total of 144 samples (24 samples per site)
were collected according to the NIOSH-1501
method, using a SKC personal sampling pump
operating at a flow rate of 0.2 mL/min for 3hr at 1.5
m at human breathing levels in each location. The
atmospheric air traveled through a coconut shell
charcoal adsorbent tubes (SKC Inc; 226-01). The
glass sample test tubes were 70mm in length and
4mm in diameter. These test tubes were filled with
activated carbon at two spots (100mg in front and
50mg back) and were segregated by polyurethane
foam at a thickness of 2mm. Sampling was not
performed on days with strong rain storm and/or
winds. The meteorological data were also obtained
from the Department of Meteorology, Markazi
Province.

After transferring the samples to the laboratory
(under dark and frozen condition), the adsorbent
tube content was placed in separate vials, and 1mL
of HPLC-grade carbon disulfide (CS,) was added to
each vial as an extracting agent. To desorb the BTEX
compounds, the vials were stirred on a shaker for 30
minutes as described in a previous article [6]. The
extracted samples were evaluated by gas
chromatography (GC) (Agilent 7890A, GC/FID),
using a HP-5 MS capillary column (30 m, 0.25 mm,
0.25um film thickness), and flame ionization
detector (FID). Duplicate specimens (1ul volume)
were injected and the calibration curve was plotted
at seven different concentrations (0.1- 10 pgr/mL).
The chemicals used to prepare the BTEX standards
included extra pure grade for GC obtained from
Sigma Aldrich Co. (Darmstadt, Germany). The R?
values for all calibration curves were higher than
0.996. The detection limits for benzene, toluene,
ethylbenzene, and xylene were 0.054, 0.065, 0.067,
and 0.058pg/m’, respectively.

Sampling Analysis: We calculated the means,
standard deviations (SD), medians, the minimal and
maximal values for all variables, quantitatively. The
data normality was established by one-sample,
Kolmogorov-Smirnov method. All variables had
non-parametric distribution; thus, Kruskal-Wallis
test was used to compare among the BTEX
compounds. In addition, Spearman ranking method
was employed to determine the correlations among
the BTEX compounds. Statistical analyses were
performed using SPSS, version 16, with the P-
values lower than 0.05 considered as significant.

Spatial Distribution: We used ArcGIS software,
version 10.8 to determine the spatial distribution of
the atmospheric BTEX compounds. Inverse distance
weight (IDW) interpolation technique was used to
produce layers for the mean BTEX components and
to demonstrate the spread of these contaminants at
six sampling sites (0).

Health Risk Assessment: The assessment of health
risks is a useful method in environmental studies.
The method helps determine the extent of exposure
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and the risks associated with individual exposure to
environmental pollutants. The risk of non-
carcinogenic exposure to BTEX mixture, especially
due to inhalation of benzene, was evaluated using a
method established by the U.S. EPA [5] In this study,
we calculated the lifetime cancer risk (LTCR) via the
following equation (1): LCRT= CDI x CSF (1)

Where, CDI is the daily intake of pollutants
(mg/kg per day) and CSF represents cancer slope
factor ([mg/kg]/day)’. The CSF of benzene was
estimated to be 0.029 ([mg/kg]/day). The CDI Value
was calculated as: CDI= (Cex, xCFXIRXEDXEF) /
(BWXLT) (2)

Where, Cexp is exposed pollutant concentration
(ug/m®), CF represents conversion factor (mg/ug),
IR indicates inhalation rate (m’/d), ED stands for
exposure duration (year), EF is the exposure
frequency (d/y), BW is body weight (kg), and LT
indicates life expectancy (day). The CF, IR, ED, EF,
BW, and LT values were estimated at 0.001, 20
m?/day over 70 years, 350 (d/y), 70 (kg), and 25500
(day) (2, 10, 15, 27), respectively. To calculate the
non-carcinogenic risks, the hazard quotients (HQ)
were determined, using the following equation (3):

HQ=CDI/RfC (3)

Where, RfC is the non-carcinogenic reference
concentration for individual VOCs. The values of
RfC for benzene, toluene, ethylbenzene and xylene
were 0.03; 5; 1; and 0.1 (mg/m?), respectively.
Further, HQ>1 indicates that the potential risk is
important, while HQ< 1 represents an adequate level
since the dose is less than that of RfC (27, 28).

Ozone Formation Potential (OFP): Each of the
components in the atmospheric air functions
differently toward ozone formation. The OFP was
determined according to the VOCs levels and the
maximal incremental reactivity (MIR) coefficients
(29) was determined based on equation (4):
OFP=MIR (g 03/g VOCs) x Cprex (ugr/m?) (4)

In this study, the updated MIR coefficients were
obtained based on the findings of an earlier study
(29) conducted in California, USA.

Results

Atmospheric Concentrations of BTEX: In total,
144 samples were obtained to determine the
concentration of BTEX compounds in the air. Means
and SDs of benzene, toluene, ethylbenzene, xylene,
and overall BTEX were 8.39 + 14.42pg/m®, 15.04 +
19.95 pug/m’, 4.82 £ 8.04ug/m>, 6.55 £7.92pg/m*and
34.80 + 46.99ug/m’, respectively. Similar to the
findings in previous studies, the toluene level was
the highest compared to other BTEX components (2,
11, 24, 27, 30, 31). The benzene average
concentration was consistent with the values
obtained for Tabriz (8.17ug/m?) (32) and Ardabil
(8.65ug/m*) (33) in Iran, Delhi, India (7.07pg/m?)
(2), and Cairo, Egypt (7.8ug/m®) (34). However,
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lower benzene levels have been reported for urban
areas in Orleans, France (24), Yokohama, Japan
(35), Rio de Janeiro, Brazil (36) and Arad, Romania
(37). Conversely, we found higher concentrations
for Yazd (21pg/m?®) (11) and Shiraz (>55 pg/m’® in
Iran, Kuala Lumpur in Malaysia (4) (58.37ug/m’),
and Hanoi in Vietnam (30-123 ug/m?®) (38). The
difference in the atmospheric BTEX levels in
various urban areas may be attributed to the petrol
quality, city traffic characteristics, industrial
diversity, environmental conditions, and sampling
protocols.

Seasonal and Diurnal Variations in Atmospheric
BTEX: The seasonal patterns of the atmospheric
BTEX are shown in Figure 2. It presents the highest
seasonal average concentrations for benzene
(16.02+23.54 pg/m®), toluene (26.30+£31.82 pg/m?),
ethylbenzene  (11.24+£13.05  ug/m?),  xylene
(13.43+£10.83), and the total BTEX (66.99+72.98
pg/m’) in the summer. As shown in Figure 1, the
minimal concentration for benzene (3.95+4.88),
toluene (8.09+7.41 pg/m’) and ethylbenzene
(1.56+1.49 pg/m®) were observed in the autumn,
while xylene was at its lowest level in the spring
(2.7442.16 ug/m?). The total BTEX level was found
in the autumn and spring, 16.84+16.13 pg/m3 and
21.85+23.36 pug/m®), respectively. Significant
differences were observed among benzene (P =
0.006), toluene (P = 0.008), ethylbenzene (P =
0.001), xylene (P = 0.001) and the total BTEX (P =
0.001) based on the findings for various seasons.
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Interestingly, our findings are consistent with those
reported by the coastal city of Coruiia in Spain, and
Tehran and Yazd in Iran. In a study conducted in
Tabriz, Iran, weather condition and increases in
rainfalls during the winter and autumn were
identified as the principal causes of the low BTEX
levels during those seasons (32). Meanwhile, higher
levels of VOCs during the summer may be attributed
to the higher emissions via evaporation phenomenon
(10). However, previous studies have reported
higher BTEX levels during the winter. This is likely
due to extreme stability of the atmospheric condition
and incomplete distribution of the pollutants in the
winter (24, 37).

Comparing the results for morning and evening
with respect to BTEX levels suggest that the evening
values are higher than that of the morning (Figure
3). The highest and lowest concentrations of BTEX
compounds for toluene were in the evening, and for
ethylbenzene (4.28 + 1.72ug/m?) in morning,
respectively (Figure 3). However, no significant
differences were found for benzene (P = 0.235),
toluene (P = 0.195), ethylbenzene (P = 0.268),
xylene (P = 0.492) and total BTEX (P = 0.332)
between morning and evening hours of sampling.
Higher concentrations in the evening may be due to
crowded hours of traffic in the city. Further,
atmospheric conditions such as, stability, low
temperature, night time inversion, and wind speed
may play important roles in raising the evening
concentrations of BTEX compounds (11).
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Figure 2. Descriptive statistics of BTEX concentrations by season.
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Figure 3. Descriptive statistics of BTEX concentrations by morning or evening times of sampling.

Spatial Analysis: The maximal means for the
concentrations of benzene (19.57+20.59ug/m3),
toluene (30.36+28.09ug/m’), ethylbenzene
(9.59+11.80pg/m?), xylene (10.59+9.32ug/m?), and
total BTEX (70.11£66.20pg/m?) were found for
high-traffic areas. The minimal means for benzene
(1.74£2.22pg/m?),  toluene  (4.97+3.14pg/m?),
ethylbenzene (1.38+1.21ug/m?) and total BTEX
(12.06 + 7.53ug/m*) were observed in locations far
from the stations, while the xylene level was also
low in low-traffic areas (3.04 + 3.19ug/m?) (Figure
4).

High traffic

In Figure 5, spatial variations for total BTEX
concentrations during sampling periods were linked
to seasons and the sampling hours (mornings or
evenings). Based on the map shown in Figure 5,
significant spatial changes are observed in different
parts of Arak city. The maximal concentration of
BTEX was recorded over dense areas with heavy
traffic in the city center. Also, considering the heavy
wind and its direction (Figure 1), and the presence
of Arak petrochemical complex and refinery in the
western side, it can be concluded that BTEX
compounds travel from west and south toward the
city center.

Low traffic

é;ié

Out of town

Graphs by station

Figure 4. Descriptive statistics of BTEX concentrations by station.
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Figure 5. Spatial variation of concentrations of total BTEX during sampling period by season and morning and evening (ug/m®).

Correlation and Ratio of the Atmospheric BTEX
Compounds: In previous studies, the interspecies
ratios and main components analyses have been
used to detect the potential emission sources of the
BTEX compounds in the air (2, 27, 32, 39).
According to the findings of Spearman's ranking,
significant correlations were found among the
BTEX compounds in the air. The correlations
ranged from 0.65 to 0.93. Please see the detail
findings shown in Table 1. Good correlations were
found among the BTEX components, indicative of
the same source being responsible for the emission
of the compounds (27). The significant correlations
found among BTEX compounds were obtained in
each of warm and cold seasons. The range for
correlation coefficients in the warm and cold
seasons was 0.47 to 091 and 0.85 to 0.95,
respectively. The interspecies ratio of BTEX is a
valuable indicator for the relative contribution of
BTEX sources (11, 39). Table 2 shows the ratios for
BTEX  compounds, obtained from the
concentrations calculated during the sampling time.
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The ratio of toluene to benzene was significant for
high-traffic areas versus residential and out of town
sites (P = 0.001). However, it was insignificant
between high versus low-traffic areas. Also, low
ratio of T/B in high-traffic areas indicate the
contribution of emissions from vehicles in the traffic
is important, while higher ratios in other stations
indicate a strong link to BTEX levels from
stationary sources, such as petrochemical and
refinery complexes. Similar results for T/B have
been reported by Guanajuato, Mexico (36), Orleans,
France (24), Tabriz, Iran (32), and Hanoi, Vietnam
(38).

The X/B and X/E ratios are used for the estimation
of photochemical reactions and the age of
photochemical compounds formed in the
atmospheric air. In urban areas, the lower values of
these ratios indicate the higher photochemical
activities and their greater capacity for ozone
formation. In this study, the mean values of X/B and
X/E were 2.12 + 3.75 and 2.35 + 2.71, respectively,
which are consistent with the ratios observed in
similar urban areas in Iran (14, 27, 33, 40).

Health Risks and Photochemical Pollutions. Iran J Toxicol. 2023; 17(3):43-52
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Table 1. Spearman's correlation coefficients between the concentrations of BTEX compounds (All correlations were significant at the 0.001
level).
Pollutant Benzene Toluene Ethylbenzene Xylene Btex
Benzene - 0.89 0.84 0.75 0.93
Toluene - 0.75 0.65 0.90
Ethylbenzene - 0.85 0.92
Xylene - 0.88
Btex -
Table 2. The Ratio of BTEX compounds during the sampling period in Arak (N = 144).
Statistics B/T E/T X/T X/B E/B T/B X/E E/X B/E B/X T/E
Mean 0.43 0.33 0.65 2.12 0.98 4.33 2.35 0.71 2.00 1.32 6.54
Median 0.41 0.21 0.37 0.84 0.54 2.44 1.54 0.65 1.89 1.19 4.80
Std. Deviation 0.25 0.41 1.05 3.75 1.40 6.33 271 0.49 1.21 1.16 5.99
B: benzene, T: toluene, E: ethylbenzene, X: xylene
Table 3. The calculated OFPs (ug O; m™) of BTEX at different seasons in Arak.
Pollutant Spring Summer Autumn Winter
Benzene 4.1 11.5 2.8 5.7
Toluene 443 105.2 32.4 58.8
Ethylbenzene 7.1 342 4.7 12.6
Xylene 212 103.9 25 52.7
Total 76.7 254.8 64.9 129.8
Table 4. The mean values of LCR and HR obtained for BTEX in the study area.
BTEX Compounds RFC (ng/m’) Mean (min-max) (ng/m’) HQ LTCR
Benzene 30 8.36(0.11-83.7) 7.6x107 6.68x10°
Toluene 5000 15.04(1.16-110.7) 4.6x10* -
Ethylbenzene 1000 4.8(0.11-55.1) 2.3x10° -
Xylene 100 7.9(0.19-46) 2.3x10? -
EPA limit <1 <1 x10¢

RfC: Reference concentration, HQ: hazard quotient; ILTCR: integrated lifetime cancer risk.

Ozone Formation Potentials: The concentrations
and reactivity of VOCs species are the key factors to
the formation of ozone in the troposphere of urban
areas. Maximal incremental reactivity coefficients
(MIR) were calculated to assess the role of VOCs
involved in ozone formation. The obtained OFPs
during different seasons are presented in Table 3.
The MIR coefficients for benzene, toluene,
ethylbenzene, and xylene were 0.72, 4.0, 3.04, and
7.74 g O3/g VOCs, respectively.

Based on the current study findings, xylene and
toluene were the most dominant participants in the
formation of ozone among the BTEX species. This
finding is consistent with the results reported for
Delhi, India (2), Bandar Abbas, Iran (10), and
Yokohama, Japan (35). The highest and lowest
means for OFP levels were found for the summer
(254.8) and autumn (64.9), respectively. Overall, the
mean values of OFP during both the summer and
winter were greater than the air quality level
recommended by WHO for O; (100 pg/m?®) (41)
Indeed, both the long- and short-term exposure to
high levels of ozone in urban areas is linked to
adverse health effects. These are cardiovascular
disease, respiratory infections, asthma attacks and
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inflammatory conditions in the respiratory system
(41).

Health Risk Assessment: The health risk
evaluation of BTEX compounds in the current study
has been undertaken with regard to the model
recommended by the U.S. EPA. The model
evaluates both the carcinogenic and non-
carcinogenic risks of the pollutants toward the
human health. The findings of non-carcinogenic risk
and average LTCRs of benzene are presented in
Table 4. The LTCR limits of benzene recommended
by WHO ranges from1x10° to 1x10”, while the
acceptable limit per U.S. EPA is < 10°. Therefore,
the average LCR for benzene (6.68x107) was higher
than the proposed limits by both WHO and EPA.
Similar LCR results were found for Shiraz, Iran
(14), Leon, Guanajuato, Mexico (39), northern
India, Yazd, Iran (11), urban area in Malaysia (4) and
three locations in China (31). However, the
previously reported LCR for Tehran, Iran (3.937x10°
") in another study (27) was lower than that found in
the current study. As presented in Table 4 and based
on HQ findings (<1) of present study, the non-
carcinogenic health effect of BTEX compounds is
much less than that of the carcinogenic ones. The

Health Risks and Photochemical Pollutions. Iran J Toxicol. 2023; 17(3):43-52
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maximal and minimal HQ wvalues belonged to
benzene (1x10°-76x102) and toluene (6.04x10-
4.5x107%), respectively. The calculated HQ is
consistent with the reported values for other urban

Conclusions

This study was the first conducted on the
evaluation of the emission rate of BTEX compounds
and temporal-spatial changes, OFP, and health risk
evaluation of the compounds in the industrial city of
Arak, Iran. Toluene and benzene were the dominant
BTEX species in the atmospheric air of Arak,
whereas ethylbenzene and xylene were detected at
the lowest concentrations. The diurnal pattern
indicated that despite the higher concentrations in
the evening than in the morning, there were no
significant differences between the mean values of
the two sampling times. Significant differences were
also found between warm and cold seasons. The
lower BTEX levels in the winter and autumn,
compared to the warm seasons, may be attributed to
increases in the atmospheric precipitations. The
spatial distribution analysis showed that the
sampling sites with the highest levels were located
in the central urban areas with heavy traffic and
proximity to the plants, such as Arak Petrochemical
and Refinery complex being in the direction of wind
currents. The obtained ratio of T/B indicates that the
main source of atmospheric BTEX was fuel
combustion from vehicles. The T/B ratios in high-
traffic urban areas were significantly lower than
those in other sampling sites. The mean total OFP
levels in various seasons ranged between 76.7 in the
spring to 254.8 in the summer. Indeed, the summer
and winter values are greater than the air quality
guidelines, recommended by WHO (100 pg/m?).
The average LTCR of benzene exceeded the
thresholds recommended by the WHO (107°) and the
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