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Abstract

The Eastern Economic Corridor (EEC) project initiative has an adverse impact on the increasing problem of
air pollution. This research aims to determine ambient NO,, O;, and SO, levels in the industrial area (IT) and
urban area (UB) in Rayong city as part of a health risk assessment from 2018 to 2020. The average NO,, O,
and SO, concentrations at IT site were ranged from 23.5-24.7 pg/m?, 42.7-56.7 pg/m’, and 12.5-14.0 pg/m’,
while those at UB site were 14.8-20.7 ug/m®, 42.5-68.3 pug/m’, and 3.2-4.7 ug/m’, respectively. Their
concentrations in dry season were higher than those in wet season at both IT and UB sites. The days in the IT site
exceeded the daily WHO guideline of NO, was 34.8-44.0%, while those in the UB site were 10.8-34.5%. The
hazard quotient (HQ) values for a non-carcinogenic risk to human health caused by NO, exposure indicated a
medium hazard (HQ = 1.1-10.0), whereas the HQ values for SO, and O, indicated a negligible risk (HQ < 1.0).
The total non-carcinogenic risk (HI) from air pollutants contamination being exposed concurrently, on the
other hand, indicated risk levels that are likely to affect health, particularly children. Therefore, environmental
management and protection in Rayong city are important for people who live in industrial and urban areas,
especially during dry period.
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1 Introduction for 20% and chronic obstructive pulmonary disease

(COPD) accounted for 43%. Many gaseous pollutants

Air pollution increases morbidity and mortality from
non-communicable cardiovascular and respiratory
diseases, which are the leading causes of death
worldwide. Over 90% of the world's population lives in
an area where the air is too polluted to breathe, resulting
in 4.2 million deaths per year (2016 data). Ischemic
Heart Disease (IHD) accounted for 38% of all deaths
from ambient air pollution, while stroke accounted

are major factors in disease in humans. For the long-term
effects of 0zone (O,) and nitrogen dioxide (NO,), only
all-cause and cause-specific mortality were evaluated.
Short-term effects for O,, NO,, and sulfur dioxide
(SO,) were studied for all non-accidental and cause-
specific mortality for asthma hospital admissions and
emergency room visits [1].

Nitrogen dioxide (NO,) is produced by burning
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fuel at high temperatures, typically from the exhaust
of Manuscript-anonymized motor vehicles and power
plants, and is released into the atmosphere. NO, is an
important atmospheric trace gaseous. It is an influential
factor in determining O, concentrations in the
troposphere since it is the catalyst for photochemical
O, synthesis. Fuel is burned at high temperatures,
primarily from the exhaust of motor vehicles and
power plants to produce the nitric oxides (NOy) gaseous,
which is released into the ambient air [2]. Studies have
shown that NO, exposure was associated with asthma,
respiratory health, ocular symptoms, fatigue, breathing
difficulties, and the risk of lung cancer [2]-[5].

Tropospheric O, is a secondary air pollutant
formed by the photochemical reaction of volatile
organic compounds (VOCs) and NO,. It has the potential
to harm both human health and the environment [6].
According to Kumar et al. [7], O; levels are higher
in an industrial town than in a non-industrial town,
and living in an industrial town is linked to increased
chronic respiratory symptoms, such as cough, phlegm,
dyspnea, or wheezing, as well as lung function defect.
Essentially, the pattern is almost always initiated
by the reaction of various VOCs with the hydroxyl
radical (HO®) to form organic peroxy radicals (RO,*),
which react easily with NO to form NO, as shown in
Equation (1) and (2). Moreover, the reactions of NO
with either the hydroperoxy radical (HO,®) to produce
NO, [Equation (3)] and HO® can react with NO, to
produce nitric acid (HNO,), as presented in Equation (4).
Equations (5) and (6) presented that NO, is photolyzed
to generate oxygen radicals (O®), which are combined
with O, to create O, [8]. Therefore, the reaction of NO
with O, generates NO, and O, at nighttime as shown
in Equation (7).

[0,]
VOCs + HO" —— RO, +H,0 (1)
[0, ]
RO,"+ NO —— secondary VOCs + HO," + NO, (2)
HO," + NO — HO® +NO, A3)
HO® +NO, — HNO, 4)
NO, +hv — NO+0° 5)
0'+0,+M —» O, +M (6)

0,+NO — NO, +0, 7

Sulfur dioxide (SO,) is a significant source of
air pollution in many parts of the world, caused by
the combustion of sulfur-containing fossil fuels. The
creation of sulfurous and sulfuric acids results from the
oxidation of sulfur dioxide, particularly at the surface
of particles in the presence of metallic catalysts. The
most serious problems have occurred in urban areas
when coal has been utilized for home heating or in
industrial estates with poorly controlled combustion.
Atincreased SO, levels, lung diseases such as asthma,
chronic bronchitis, and emphysema will have more
serious effects. Moreover, SO, and NOy impact the
environment when they react with other chemicals
in the atmosphere to form acid rain [Equations (11),
(13) and (14)] [1].

NO,+ 0, - *NO, +0, (8)
*NO, +S0, - NO, + SO, 9)
N,O,+ S0, - SO, +2NO, (10)
SO, +H,0 — H,S0, (11)
NO, +S0, — (SO,),N,0, (12)

Wilson Jr et al. [9] revealed that the associations
of NO,, O,, and SO, reactions in the atmosphere are
represented by Equations (8)—(12). Furthermore, it
may relate to particulate matter in ambient air shown
in Equation (12). During the night, the NO, radical
is combined with NO, to generate N,Os. In ambient
air, the probable loss pathways for NO, radical and
N,O; with water to produce HNO; at nighttime
[Equations (13)—(15)]. This should result in NO,
formation during the daytime [Equation (16)] [10].

"NO, +NO, = N,0, (13)
N,O, + H,0 — 2HNO, (14)
*NO, + H,0 — HNO, (+ other products) (15)
*NO, +hv — NO,+0O° (16)

Furthermore, previous research has revealed a
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link between NO,, O,, and SO, in ambient air. NO,
and SO, concentrations in ambient air were negatively
associated with O, but NO, values were positively
correlated with SO, [11]-[13]. Several researchers
studied the investigation of NO,, O; and SO, in
industrial area, urban and mining areas. Olufemi et al.
[14] reported a concentration of NO,, O, and SO, in
schools emitted from a coal mine in South Africa. They
found that the concentration of NO,, O, and SO, in
ambient air in descending order were O, (66—110 pg/m?)
> S0, (14-84 pg/m*)>NO, (9.9-27 ng/m?). According
to an investigation of the average NO,, SO,, and O,
concentrations in Al Khafji city, Saudi Arabia, they
were found to be approximately 11.3, 3.1, and 85.0
ug/m’ in residential areas, 33.8, 56.8, and 95.8 pg/m’
in industrial areas, and 14.3, 53.1, and 101.4 pg/m’ in
the terminal heliport, respectively [13].

The hazard quotient (HQ) has been widely
used in non-carcinogenic risk assessment to describe
exposure to air pollutants in the environment. Several
studies have determined the HQ values for assessing
the risk of heavy metals to human health in particulate
matters (PM) from traffic and road dust, construction
dust, and biomass burning [15]-[17]. Similar to this,
the non-carcinogenic risk assessment of gaseous
pollutants such as CO, CO,, NO,, O,, and SO, exposure
in ambient air was analyzed [12], [13]. However, the
non-carcinogenic risk for NO,, O,, and SO, exposure
was calculated using the hazard quotient (HQ), which
showed negligible risk (HQ<1.0). Researchers in
China studied the concentrations of NO,, O, and SO,
in the Shanghai municipality from 2015 to 2018. The
average NO,, O, and SO, concentrations in cities
were 44-48 pg/m?®, 43-47 ug/m’ and 8-13 pg/m?,
respectively. The primary source of pollutants was
coal combustion and traffic-related emission [12].
From 2007 to 2016, Cichowicz and Stelegowski [18]
reported gaseous pollutants emitted from power plants
in Poland in both urban and rural areas. The average
NO,, O,, and SO, concentrations in urban areas were
18.3, 52.8, and 9.9 pg/m’, while the mean values in
rural areas were 13.4, 55.8, and 8.6 png/m’, respectively.
They observed that as a result of the analysis, SO,
concentrations have decreased by 75% in urban regions
and 59% in rural areas. The changes in NO, and O,
were only about —8% to 12%. It was estimated that
NO, and O; concentrations above standard values in
subsequent years may expose vegetation and people

living in these locations to adverse NO, and O,
impacts. Epidemiology studies of scientific literature
confirmed that NO,, O,, and SO, induced pulmonary
irritants and respiratory system, but the genetic and
related effects induced by gaseous exposures were
not investigated [19]. Previous research has revealed
that abnormal immune system regulation and chronic
inflammation are key mechanistic features of obstructive
pulmonary disorders that increase the risk of lung
cancer [11], [19]-[21].

The Eastern Economic Corridor (EEC) is a
strategic plan derived from the royal Thai government's
20-year strategy to achieve high-income status by 2036,
named “Thailand 4.0”. The goals are to encourage
investment in Thailand's industrial sector, increasing
the country's competitiveness and allowing for long-
term growth. Chonburi, Rayong, and Cha-Cheng-Sao
are the three Eastern provinces targeted, each with
over 13,000 km?. The EEC area will be a hub for
automation and robotics, aviation and logistics, biofuel
and biochemicals, and digital. Under the management
system for the years 2017-2021, this will strengthen
Thailand's position as the ASEAN economic hub [21].

Poor air quality has a significant impact on
people's health, which is a major concern. Furthermore,
there have not been many studies on gaseous pollutants
for health risk assessment in Rayong province, which
is the initiative of the EEC area. As a result, the main
objective of this research is to precisely measure gaseous
pollutant concentrations (NO,, O, and SO,) in various
locations near industrial zones in Rayong city to
evaluate air quality and potential health risks under
the EEC model.

2 Materials and Methods
2.1 Sampling site and gaseous pollutants concentration

Rayong province is one of the industrial estates in
Thailand. The Maptaphut Industrial Estate is the
main industrial estate in Rayong province, which was
developed and began operations in 1989 and covers an
area of 2,746.64 acres. At present, the estate consists
of 706 industrial plants, which include 6 coal-fired
power plants, 142 petrochemical and chemical
product plants, 9 petroleum plants, 2 oil refineries,
89 steel and metal factories, 47 food industries, and
42 rubber processing plants [22]. Rayong province
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Figure 1: The sampling sites in Rayong city.

has been selected to prepare construction areas in
the EEC innovation platform industry in the future.
The establishment of industrial estates are developed
next- generation automotive, intelligent electronics,
advanced agriculture and biotechnology, food for the
future, high-value and medical tourism, automation
and robotics, aviation, and logistics, and digital
[23]. As a consequence, sustainable natural resource
management and a well-conserved environmental
system are critical in the EEC area.

The Air Quality Monitoring Station (AQM),
Pollution Control Department (PCD), Thailand
provided secondary data for this investigation. In
Rayong city, NO,, SO,, and O, concentrations were
continually recorded at 2 AQMs. The industrial
area (IT), which is located at 120 42' 30.9924 and
1010 9' 57.6288, was represented by the Maptaphut
AQM (29t). The industrial area is situated close to oil
refineries, petrochemical and chemical product plants
and coal-fired power plants. Rayong provincial
Agriculture Office AQM (30t) in downtown Rayong
city (12°40' 17.7312 and 101° 16' 33.3408) provided
the urban area (UB). It is located at the center of
Rayong city, nearby residential area, commercial
activities, and government offices.

The methods of pollutant monitoring are based on
ultraviolet fluorescence for SO, and chemiluminescence

for NO, and O,. This study lasted from 1 January
2018 to 31 December 2020. The sample data began at
9.00 a.m. and ended at 9.00 a.m. (the next day). Each
month, approximately 720 data were recorded. Figure 1
illustrates the sampling locations. The meteorological
parameter was received from Rayong Meteorological
Station (RMS), the Thai Meteorological Department.
Sunshine duration (SS), relative humidity (RH), wind
speed (WS), rainfall (RF), and temperature (T) are all
daily meteorological parameters.

2.2 Non-carcinogenic risk assessment

This study used the HQ to calculate a health risk
assessment for non-carcinogenic NO,, O,, and SO,
exposure. The hazard quotient (HQ) is a numerical
ratio of a single substance exposure level during a
particular time period to a reference dose for that
substance derived from a similar exposure period
[24]. Long-term non-carcinogenic effects in organisms
caused by causes other than cancer. The health risk
assessment of NO,, O, and SO, exposure pathways
was linked to the exposure factor described by
Prasertsin and Nathapindhu [25]. The HQ was
computed from the ratio of the average daily dosage
(ADD) to the reference dose (RfD) of each pollutant
using the following Equation (17).
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ADD

HO= "=
Q RfD

(17)

When the HQ < 0.1 indicate no hazard exists, HQ =
0.1-1.0, there is a low hazard or only negligible risks,
HQ = 1.1-10 implies moderate hazard, and the HQ >
10 indicates a high hazard [26], [27]. Equation (18)
can be used to compute the ADD through inhalation.

C xInh R x ET xEF x ED (18)
BW x AT

Where ADD is the ADD of pollutants [24]; C is the
concentration of ambient air pollutants (ug/m®); InhR
is the inhalation rate (m*/hour); ET is the exposure
time (hours/day); EF is the exposure frequency (days/
year); ED is the exposure duration (years); BW is the
body weight of the exposed group (kg) and AT is the
average time (days). The values of these parameters
were shown in Table 1

ADD =

Table 1: Parameters of the average daily dose (ADD)
for NO,, SO,, and O; [25]

Exposed Group
Parameters Children Teenagers Adult
(6-11 years) | (1219 years) | (=20 years)

Inhalation 0.46 m*/h 0.58 m*/h 0.54 m*/h
rate (InhR) (11.0 m*/day) | (14 m’/day) (13 m*/day)
Exposure

frequency 350 days/year | 350 days/year | 350 days/year
(EF)

Exposure

duration (ED) 5 years 7 years 30 years
Exposure
time (ET) 24 hours/day | 24 hours/day | 24 hours/day
Averaging
time (AT)
AT =ED x 1,095 days 1,277.5 days 8,760 days
365 days
Bodyweight

(BW) 29 Kg 52Kg 65 Kg

The reference dose (RfD) for human exposure
to NO,, O,, and SO, is based on the World Health
Organization (WHO) air quality guideline, as indicated
in Table 2. RfC is the reference concentrations of
ambient air pollutants (ug/m?); IR is the inhalation
rate of 0.83 m’/h; ET is the exposure time of 24 h/day;
EF is the exposure frequency of 350 days/year); ED is
the exposure duration of 70 years; BW is the body weight
of the exposed group of 70 kg and AT is the average

time of 70 years x 365 days/year [28] [Equation (19)].

_ RfCxIR xET x EF x ED
BW x AT

RfD

(19)

Table 2: The reference concentrations (RfC) and the
reference dose (RfD) of ambient air pollutants [1]

Annual Mean Concentrations RID
Pollutants | of WHO Air Quality Guideline
(pg/m’) (ng/kg-day)
NO, 25 6.82
SO, 40 10.9
0, 100 27.3

The hazard index (HI) was also used to determine
the total non-carcinogenic risk from many contaminants
being exposed at the same time. The HI value is the
sum of the HQ of the gaseous pollutants in a mixture.
It was calculated by Equation (20).

HI=YHQ=HQ, . +HQ.. +HQ
NO2 SO2 O3 (20)
HI values less than 1.0 suggest that the pollutant
under evaluation is probable to suffer health impact,
while HI values greater than 1.0 indicate risk levels
that are likely to affect health [29], [30].

2.3 Data analysis

The concentrations of gaseous pollutants were distributed
normally. The mean difference between gaseous
pollutants and year in Rayong city was determined
statistically using One-way ANOVA. The T-test was used
to compare average NO,, O,, and SO, concentrations
between sampling sites. Pearson’s correlation analysis
was used to assess the relations between meteorological
parameters and gaseous pollutant concentrations.

3 Results and Discussion
3.1 Concentrations of NO,, O;, and SO,

Concentrations of NO,, O,, and SO, were analyzed at
both IT and UB sites in the city of Rayong from 2018
t0 2020. The results are shown in Figure 2. The average
NO,, O,, and SO, concentrations at [T site in descending
order were 42.7 = 7.8 to 56.7 + 11.8 pg/m’ (O,) >
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Figure 2: Concentrations of NO,, SO,, and O, at UB and IT of Rayong city in 2018-2020.

23.5+8.4t024.7+4.1 ug/m* (NO,)>12.5+3.3t0 14.0
+6.5 pg/m’ (SO,), while those at the UB location were
42.5+11.4t068.3+16.4 ug/m’* (0;), 14.8+5.21020.7
+ 11.4 ug/m* (NO,) and 3.2 + 1.5 to 4.7 + 1.4 ug/m’
(SO,). Compared with the previous studies, it was
found that the concentration of NO,, O,, and SO,
in ambient air in descending order were O; (66—110
ug/m®) > SO, (14-84 pg/m’) > NO, (9.9-27 ug/m?)
emitted from coal mine and combustion in South

Africa [14]. Moreover, the average concentration of
NO,, O,, and SO, was higher than the values released
from urban areas (18.3, 52.8 and 9.9 pg/m?) and rural
areas (13.4, 55.8 and 8.6 ug/m’) emitted from the
vicinities of the power plant in Poland [18]. Chen ez al.
[12] studied the NO,, O; and SO, values released
from coal combustion and traffic-related emission
in Shanghai, China from 2015 to 2018, which were
44-48, 43-47, and 8-13 pug/m’, respectively. However,
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it was found that the NO, and SO, values were higher
than the value of industrial areas, while O, values were
lower than in this study. This study of industrial area
(23.5-24.7 pg/m’ for NO,, 42.7-56.7 pg/m® for O,, and
12.5-14.0 pg/m® for SO,) showed lower than ambient
NO,, O;, and SO, concentrations in Bangladesh, which
were measured to be 15.2-79.0 ug/m’, 7.85-13.7 pg/m’,
and 4.97-22.0 pg/m’ and in Al Khafji city, Saudi
Arabia, where the values were 2.82-193 pg/m’, 22.0—
363 pug/m’, and 16.7-313 pg/m’, respectively [31].

Most of NO,, O;, and SO, concentrations collected
in the dry season (January—April and November—
December) were significantly higher than those in the
wet season (May—October) both IT and UB sites from
2018 to 2020 as illustrated in Figure 2. The average
NO,, O,, and SO, concentrations at IT site obtained in
dry season were in a range of 23.5-26.6, 42.7-56.7,
and 12.5-14.0 pg/m’ respectively, while those in wet
season were in a range of 20.8-22.8, 33.7-52.0, and
11.9-16.7 ug/m’ respectively. The average NO,, O,
and SO, concentrations at UB site obtained in dry
season were in a range of 14.8-23.4,42.5-68.3,and 3.3—
4.7 ng/m’ respectively, while those in wet season were
in arange of 12.6-19.1, 38.1-55.4, and 2.8-4.4 pg/m’
respectively. It can be seen that their concentrations
in dry season were approximately 1 time higher than
those in wet season.

During the period 2018-2020, the percentage
of days in the IT site that exceeded the daily WHO
guideline (25 pg/m’) of NO, was 43.0% (117 days
in 2018), 34.8% (126 days in 2019), and 36.9% (134
days in 2020), while the percentage of days in the UB
site was 34.5% (108 days in 2018), 25.3% (88 days
in 2019), and 10.8% (10 days in 2020). (38 days in
2020). Furthermore, the annual NO, percentage for
PCD standard (57 pg/m?®) was lower than the WHO
value, which was 0.3-0.7% in IT site and 0.6-2.9% in
UB site during the year 2018-2020. However, the SO,
and O, levels at the IT and UB sites were well below
the daily WHO guideline and PCD standard.

For statistical analysis, the observed NO,, O,,
and SO, values were normal distribution. T-test
was used to compare the average NO,, O;, and SO,
concentrations between the IT and UB site and One-
Way ANOVA was used to compare the average NO,,
0,, and SO, concentrations over time. It was found
that the concentrations of NO, and SO, measured in
the IT site were significantly higher difference than in

the UB site (p < 0.05), while O, values in both sites
were not significantly different (p > 0.05). The NO,,
0,, and SO, concentrations measured in both IT and
UB sites were significantly different (p < 0.05). The
O, values in both sites were the highest of gaseous
pollutants. Because of accumulated NO,, O,, and SO,
from surrounding coal-fired power plants, petrochemical
and chemical product infrastructure, and traffic
congestion, gaseous pollution levels at the IT sites were
reported to be greater than at the UB site. According
to Khamyingkert and Thepanondh [32], annual mean
NO, values emitted from the petrochemical industry
and power plant (Coal combustion) group in Maptaput
industrial estates were 67.23% and 28.23%, respectively,
while annual mean SO, values emitted from the
petrochemical industry, power plant and refinery plant
group were 89.64%, 4.97%, and 3.94%, respectively.
According to Nwosisi ef al. [33], NO, emissions from
gas flaring stations in Nigeria ranged between 29 to
36 ug/m’. Local NOy emissions, generally in the form
of NO from combustion sources, and VOCs emissions
trigger photochemistry that leads to high O, levels.
The formation of secondary radicals (ROX) from the
decomposition of VOCs due to interactions with OH
lengthens the radical and NOy reaction chains that
generate O, in industrial areas [34]. Furthermore, gas
pollutant concentrations measured at the UB site in
2018 were statistically higher than those observed in
2019 and 2020 (p < 0.05), while gaseous pollutants
values at the IT site were not significantly different
from those measured each year. The result of the UB
site could be related to the economic and transportation
activity that has been significantly reduced because
of the lockdown response to COVID-19 [35], [36].
However, Wetchayut [36] reported that during the
COVID-19 lockdown in Bangkok, all pollutants tended
to decline, except for NO, and SO, levels, which were
caused by logistic transportation, industrial activity,
and increasing energy use, resulting in electric power
plants for work from home. As can be seen, while
comparing the emitted gaseous pollutants in ambient
air from both sites, the IT site emits no gaseous
pollution that was significantly different from those
measured each year.

The Pearson’s rank correlation of daily gaseous
pollutants and meteorological parameters is shown
in Table 3. NO, concentrations were significantly
positively correlated (p < 0.01) with SO, (» = 0.201)
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and O, (r=0.187-0.340). According to Khamyingkert
and Thepanondh [32], the industrial area in Rayong
city emitted NO, and SO, concentrations in the
atmosphere and their correlation. Moreover, O, is well
known to be dependent on photochemical interactions
of gaseous precursors composed of nitrogen oxides
(NOy) and VOCs [34]. Therefore, the correlation
between O, levels and sunshine duration (SS) was
significantly positive (» = 0.094 to 0142, p < 0.01)
and relative humidity (RH) was significantly negative
(r = —=0.113 to —0.158). In general, long periods of
sunshine and low relative humidity play a significant
role and have a direct effect on chemical kinetic
rates and the mechanistic pathways of O, [37]. The
significant inverse relationship between NO, and O,
levels and temperature (T), with higher temperatures
promoting photochemical reactions and increasing
O, abundance [37]. In contrast, the previous research
revealed a significant positive correlation between
O, and temperature. The reason for this study is the
reaction of NO, and O, to NO; radicals at night [10].
It is removed to nitric acid (HNO,) after reaching the
peak concentration of NO, [9]. Moreover, it was found
that NO, values were found positively and significantly
correlated with SS (»=0.094 to 0.164, p < 0.01). The
photochemical reaction in the industrial area converted

VOCs to NO,. However, it was dependent on local
emission of NOy and VOCs may be significantly
limited as shown in Equations (1)—(3) [27]. Negative
correlations between gas pollutants and rainfall
(r =-0.037 to —0.113) and significantly correlated
in SO, indicate that these air pollutants are diluted
by precipitation. Furthermore, wind speed (WS) had
significant negative correlations with NO, (»r=-0.128
to —0.158). Pollutant accumulation and chemical
reaction are assisted by calm wind, cloudy weather,
and weak sunshine duration [38]

3.2 Health risk assessment for NO,, SO,, and O;

In Rayong city, the health risk assessment for ambient
NO,, SO,, and O; in 2018-2020 is concerned with
the health impact of exposure to gaseous pollutants.
Hazard quotient (HQ) values were used to calculate the
non-carcinogenic risk of NO,, SO,, and O, exposure.
Non-carcinogenic risk refers to all adverse health
effects in an organism caused by environmental
factors other than cancer. Based on the calculated
average daily dosage (ADD) and taking the reference
values or RfD doses into account. Figure 3 depicted
the ADD values for children, adolescents, and adults
at UB and IT in Rayong City. ADD values from NO,

Table 3: Pearson’s correlation coefficients of different variables for gas pollutants and meteorological

parameters in Rayong city

Parameters NO, SO, 0, SS (h) RH (%) WS (m/s) RF (mm) T (°C)
UB (n = 884)
NO, 1.000
SO, 0.201%* 1.000
0O, 0.340%* 0.329%* 1.000
SS 0.094%* —-0.005 0.094%** 1.000
RH 0.034 -0.019 —0.113%* —0.429%* 1.000
WS —0.128** -0.014 —-0.044 —0.245* 0.025 1.000
RF —-0.064 —0.113%%* —-0.061 —0.268** 0.270%* 0.108%* 1.000
T —0.285%* 0.046 —0.104** 0.121%%* —0.038 0.107** —0.073* 1.000
IT (n=925)
NO, 1.000
SO, -0.017 1.000
0O, 0.187%* —0.154%** 1.000
SS 0.164%* 0.067** 0.142%* 1.000
RH —0.064 —-0.022 —0.158** —0.418** 1.000
WS —0.158** 0.214%%* —0.123%* —0.236%* 0.031 1.000
RF 0.037 —0.107* 0.096 —0.062 0.141%* 0.043 1.000
T —0.487** 0.304%* —0.179** 0.106** -0.037 0.071* -0.043 1.000

**Correlation is significant at the 0.01 level (2-tailed).; *Correlation is significant at the 0.05 level (2-tailed).
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Figure 3: The ADD values for (a) NO,, (b) SO, and (c) O, at Rayong city in 2018-2020.

and SO, exposure at IT in Rayong were higher than
UB, while ADD values from O, exposure at UB were
higher than IT.

The results of the estimation of non-carcinogenic
risks from NO,, SO, and O, exposure are shown
in Figure 4. It was observed that the HQ values for
children, teenagers, and adults from inhalation NO,
exposure at IT ranged from 2.10-2.28, 1.77-1.92 and
0.82-0.89, while HQ levels at UB were 1.32-2.20,
1.11-1.99 and 0.52-1.00, respectively. However, the
HQ values for NO, exposure in children and teenagers
at IT and UB were 1.1-10.0, indicating a moderate
hazard risk [Figure 4(a)]. While HQ values for SO,
in children, teenagers, and adults were less than 1.0,
this indicates a low hazard risk [Figure 4(b)]. Children
at UB had HQ values for O, [Figure 4(c) that were
1.1-10.0. Furthermore, the hazard index (HI) for all
age groups in IT and UB was 1.48-4.12 and 0.97-3.79,
respectively, explaining risk levels that are likely to
have an impact on health Figure 4(d)]. In descending
order, the HI values of exposure to inhalation of
gaseous pollutants obtained from both sampling sites

were children > teenagers > adults. The result was
the same as Morakinyo ef al. [39], the HQ values for
normal and worst-case chronic exposure to NO, and
SO, exposure in an urban-industrial area in South
Africa were found to be greater than 1.0 for all age
groups, with children appearing to be more likely to
be affected than adults. HQ levels for O, were shown a
negligible risk (HQ<1.0). Olufemi et al. [14] reported
that HQ values for inhalation of NO,, SO, and O, in
outdoor schools in the vicinities of a coal mine were
0.0007-0.0019, 0.0018-0.0090, and 0.0073-0.012,
respectively. However, it was less than 1.0, indicating
a safe since health risk. Moreover, Tarassoli et al. [40]
observed that the HQ values for NO, and SO, exposure
in residential-industrial areas in Iran was lower than
1.0 for up to 6 years (0.02 and 0.02), 6-12 years
(0.03 and 0.03) and >12 years (0.01 and 0.02), which
HQ values for NO, and SO, are considered to have
negligible hazard. The HQ values for NO, exposure
per day in children and teenagers in the industrial
area (IT) of Rayong city were higher than those for
individuals in Rayong city’s urban areas (UB). The HQ
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values in relation to a non-carcinogenic risk to human
health deriving from NO, exposure have indicated the
existence of a medium hazard (HQ = 1.1-10.0). As a
consequence, under EEC policy, the non-carcinogenic
risk of NO, exposure may be associated with a health
risk for children and teenagers in Rayong. Previous
health risk studies found that exposure to low NO,
levels was associated with increasing risks of chronic
obstructive pulmonary disease (COPD), asthma,
decreased lung function, hospital admissions, and an
increased mortality [3], [41]-[43]. Especially, children
are concerned about the health risks of inhaling gaseous

pollutants in the urban-industrial area. U.S.-EPA [44]
concluded that children's higher inhalation rate per
body weight or pulmonary surface area compared to
adults may result in higher pollutant exposures.

4 Conclusions

The development of the Eastern Economic Corridor
(EEC) is the main to Thailand 4.0. In Rayong province,
the establishment of industrial estates is developed
next-generation automotive, intelligent electronics,
advanced agriculture and biotechnology, food for the
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future, high-value and medical tourism, automation
and robotics, aviation, digital and logistics. The
development of EEC policy may have had an impact
on local air pollution, posing a health risk. The
concentrations of NO,, SO,, and O; were measured in
an urban-industrial area in Rayong city. The percentage
of days in the IT site that exceeded the daily WHO
guideline (25 pg/m?) of NO, in 2018-2020 was
34.8-44.0%, while the percentage of days in the UB
site was 10.8-34.5%. Furthermore, the annual NO,
percentage for the PCD standard (57 ug/m?) in the IT site
was 0.3-0.7% and 0.6-2.9% in the UB. However, SO,
and O, levels at the IT and UB sites were significantly
lower than the daily WHO guideline and PCD standard.
The HQ values for a non-carcinogenic risk to human
health resulting from NO, exposure indicated a
medium hazard (HQ = 1.1-10.0), whereas HQ values
for SO, and O; indicated a negligible risk (HQ < 1.0).
The total non-carcinogenic risk (HI) from air pollutants
contamination being exposed at the same time, on the
other hand, indicated risk levels that are likely to affect
health, particularly in children. Therefore, the findings
of health risk assessment and gaseous concentrations
in the ambient environment of Rayong are important
for environmental management and protection in the
city, especially during dry season (January-April and
November-December).

Acknowledgments

This research was funded by National Science,
Research and Innovation Fund (NSRF), and King
Mongkut’s University of Technology North Bangkok
with Contract no. KMUTNB-FF-65-33. Furthermore,
we gratefully acknowledge the Thai meteorological
department for providing meteorological parameters
for this publication.

Author Contributions

S.K., S.S., and S.B.: conceptualization, investigation,
reviewing and editing; S.B.: investigation, methodology,
writing an original draft; S.K. and S.S.: research
design, data analysis; S.B.: conceptualization, data
curation, writing—reviewing and editing, funding
acquisition, project administration. All authors have
read and agreed to the published version of the
manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

[17] World Health Organization. “WHO global air
quality guidelines,” 2021. Bonn, Germany:
WHO.

[2] J. M. Gaffin, M. Hauptman, C. R. Petty, W. J.
Sheehan, P. S. Lai, J. M. Wolfson, D. R. Gold, and
B. A. Coull, “Nitrogen dioxide exposure in school
classrooms of inner-city children with asthma,”
Journal of Allergy and Clinical Immunology,
vol. 141, pp. 2249-2255, Jun. 2018, doi:
10.1016/j.jaci.2017.08.028.

[3] D.Norback, J. H. Hashim, Z. Hashim, and F. Alj,
“Volatile organic compounds (VOC), formaldehyde
and nitrogen dioxide (NO,) in schools in Johor
Bahru, Malaysia: Associations with rhinitis,
ocular, throat and dermal symptoms, headache
and fatigue,” Science of The Total Environment,
vol. 592, pp. 153-160, Aug. 2017, doi: 10.1016/;.
scitotenv.2017.02.215.

[4] G.B.Hamra, F. Laden, A. J. Cohen, O. Raaschou-
Nielsen, M. Brauer, and D. Loomis, “Lung
cancer and exposure to nitrogen dioxide and
traffic: A systematic review and meta-analysis,”
Environmental Health Perspectives, vol. 123,
pp- 1107-1112, Nov. 2015, doi: 10.1289/
chp.1408882.

[5] M. C. Nwosisi, O. Oguntoke, A. M. Taiwo,
I. E. Agbozu, and E. J. Noragbon, “Spatial
patterns of gas flaring stations and the risk to the
respiratory and dermal health of residents of the
Niger Delta, Nigeria,” Scientific African, vol. 12,
Jul. 2021, Art. no. e00762, doi: 10.1016/j.sciaf.
2021.e00762.

[6] I.Y. Henandez-Paniagua, R. Lopez-Farias,
J. J. Pina-Mondragoén, J. A. Pichardo-Corpus,
O. Delgadillo-Ruiz, A. Flores-Torres, A. Garcia-
Reynoso, L. G. Ruiz-Suarez, and A. Mendoza,
“Increasing weekend effect in ground-level O, in
metropolitan areas of Mexico during 1988-2016,”
Sustainability, vol. 10, Sep. 2018, Art. no. 3330,
doi: 10.3390/su10093330.

[71 R.Kumar, M. Sharma, A. Srivastva, J. S. Thakur,
S. K. Jindal, and H. K. Parwana, “Association

S. Kawichai et al., “Health Risk Assessment of Gaseous Pollutants in the Ambient Environment of Rayong City, Thailand: The Initiative

of the EEC Area.”



12

Applied Science and Engineering Progress, Vol. 16, No. 4, 2023, 6755

of outdoor air pollution with chronic respiratory
morbidity in an industrial town in Northern
India,” Archives of Environmental Health,
vol. 59, pp. 471-477, Sep. 2004, doi: 10.1080/
00039890409603428.

[8] J. Coll, Air Pollution. New York: Spon Press,
2002, pp. 29-59.

[9] W. E. Wilson Jr, A. Levy, and D. B. Wimmer,
“A study of sulfur dioxide in photochemical
smog,” Journal of the Air Pollution Control
Association, vol. 22, pp. 27-32, Mar. 2012, doi:
10.1080/00022470.1972.10469605.

[10] U. F. Platt, A. M. Winer, H. W. Blermann,
R. Atkinson, and J. N. Pitts Jr, “Measurement of
nitrate radical concentrations in continental air,”
Environmental Science & Technology, vol. 18,
pp- 365-369, May 1984.

[11] T.C.Adebayo-Ojo,J. Wichmann, O. O. Arowosegbe,
N. Probst-Hensch, C. Schindler, and N. Kiinzli,
“Short-term effects of PM10, NO,, SO,, and O,
on cario-respiratory mortality in Cape Town,
South Africa, 2006-2015,” International Journal
of Environmental Research and Poblic Health,
vol. 19, Jun. 2022, Art. no. 8078, doi: 10.3390/
ijerph19138078.

[12] Y. Chen, Y. Bai, H. Liu, J. M. Alatalo, and
B. Jiang, “Temporal variations in ambient air
quality indicators in Shanghai municipality,
China,” Scientific Reports, vol. 10, Jul. 2020, Art.
no. 11350, doi: 10.1038/s41598-020-68201-0.

[13] M. Al-Harbi, A. Al-majed, and A. Abahussain,
“Spatiotemporal variations and source
apportionment of NOy, SO,, and O; emissions
around heavily industrial locality,” Environmental
Engineering Rearch, vol. 25, n0. 2, pp. 147-162,
Mar. 2020, doi: 10.4491/eer.2018.414.

[14] A. O. Olufemi, A. Mji, and M. Mukhola,
“Health risks of exposure to air pollutants
among students in schools in the vicinities of
coal mines,” Energy Exploration & Exploitation,
vol. 37, pp. 1638-1656, Nov. 2019, doi: 10.1177/
0144598718765489.

[15] S. Roy, S. K. Gupta, J. Prakash, G. Habib,
K. Baudh, and M. Nasr, “Ecological and human
health risk assessment of heavy metal contamination
in road dust in the National Capital Territory
(NCT) of Delhi, India,” Environmental Science
and Pollution Research, vol. 26, pp. 3041330425,

Aug. 2019, doi: 10.1007/s11356-019-06216-5.

[16] S. Hama, P. Kumar, M. S. Alam, D. J. Rooney,
W. J. Bloss, Z. Shi, R. M. Harrison, L. R. Crilley,
M. Khare, and S. K. Gupta, “Chemical source
profiles of fine particles for five different sources
in Delhi,” Chemosphere, vol. 274, Feb. 2021,
Art. no. 129913, doi: 10.1016/j.chemosphere.
2021.129913.

[17] S. Roy, S. K. Gupta, J. Prakash, G. Habib, and
P. Kumar, “A global perspective of the current
state of heavy metal contamination in road dust,”
Environmental Science and Pollution Research,
vol. 29, pp. 33230-33251, Jan. 2022, doi:
10.1007/s11356-022-18583-7.

[18] R. Cichowicz and A. Stelegowski, “Selected air
pollutants in urban and rural areas, under the
influence of power plants,” Acta Innovations,
vol. 41, pp. 41-52, Oct. 2018, no. 29.

[19] International Agency for Research on Cancer
(IARC), Outdoor Air Pollution. France: Lyon
Cedex, vol. 109, 2016, p. 454.

[20] Y. Guo, H. Zeng, R. Zheng, S. Li, A. G. Barnett,
S. Zhang, X. Zou, R. Huxley, W. Chen, and
G. William, “The association between lung cancer
incidence and ambient air pollution in China:
A spatiotemporal analysis,” Environmental
Research, vol. 144, pp. 60—65, Jan. 2016, doi:
10.1016/j.envres.2015.11.004.

[21] D. F. Xing, C. D. Xu, X. Y. Liao, T. Y. Xing,
S. P. Cheng, M. G. Hu, and J. X. Wang, “Spatial
association between outdoor air pollution and
lung cancer incidence in China,” BMC Public
Health, vol. 19, Oct. 2019, Art. no. 1377, doi:
10.1186/512889-019-7740-y.

[22] Department of Industrial Works (DIW), 2021.
[Online]. Available: reg.diw.go.th/executive/
Prov3.asp?prov=21

[23] Eastern Economic Corridor (EEC), 2019.
[Online]. Available: https://www.eeco.or.th/en

[24] EPA, “Risk Assessment Guidance for Superfund
Volume I Human Health Evaluation Manual,
US-EPA/540/1-89/002, 2009.

[25] S. Prasertsin and G. Nathapindhu, “The temporal
pattern of ambient PM2.5 and health risk
assessment in Thailand,” Indian Journal of
Public Health Research & Development, vol. 11,
pp. 1096-1100, Mar. 2020, doi: 10.37506/ijphrd.
v11i3.1546.

S. Kawichai et al., “Health Risk Assessment of Gaseous Pollutants in the Ambient Environment of Rayong City, Thailand: The Initiative

of the EEC Area.”



Applied Science and Engineering Progress, Vol. 16, No. 4, 2023, 6755

13

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

A. D. Lemly, “Evaluation of the hazard quotient
method for risk assessment of Selenium,”
Ecotoxicology and Environmental Safety,
vol. 35, pp. 156-162, Nov. 1996, doi: 10.1006/
eesa.1996.0095.

N. D. L. Thabethe, J. C. Engelbrecht, C. Y.
Wright, and M. A. Oosthuizen, “Human health
risks posed by exposure to PM10 for four life
stages in a low socio-economic community in
South Africa,” The Pan African Medical Journal,
vol. 18, pp. 1-12, Jul. 2014, doi: 10.11604/
pam;j.2014.18.206.3393.

A. Hamastia, E. Hermawati, R. Marina, and
R. Andrian, “Estimated analysis on environmental
health risk of 2.5 microns particulate matter to
urban communities in South Jakarta,” Indian
Journal of Public Health Research & Development,
vol. 10, pp. 332-337, Feb. 2019, doi: 10.5958/
0976-5506.2019.00311.5.

A. Gruszecka-Kosowska, “Assessment of the
Krakow inhabitants’health risk caused by the
exposure to inhalation of outdoor air contaminants,”
Stochastic Environmental Research and Risk
Assessment, vol. 32, pp. 485-499, Feb. 2018, doi:
10.1007/s00477-016-1366-8.

G. Feuyit, S. Nzali, J. Ngolui Lambi, and
S. Laminsi, “Air quality and human health risk
assessment in the residential areas at the proximity
of the Nkolfoulou landfill in Yaoundé metropolis,
Cameroon,” Journal of Chemistry, pp. 1-9, Jul.
2019, doi: 10.1155/2019/3021894.

T. A. Mukta, M. M. M. Hoque, M. E. Sarker,
M. N. Hossain, G. K. Biswas, “Seasonal variations
of gaseous air pollutants (SO,, NO,, O,, CO)
and particulates (PM,;, PM,,) in Gazipur: An
industrial city in Bangladesh,” Advances in
Environmental Technology, vol. 4, pp. 195-209,
Oct. 2020, doi: 10.22104/AET.2021.4890.1320.
L. Khamyingkert and S. Thepanondh, “Analysis
of industrial source contribution to ambient
air concentration using AERMOD dispersion
model,” Environment Asia, vol. 9, pp. 28-36,
Jan. 2016, doi: 10.14456/ea.1473.4.

M. C. Nwosisi, O. Oguntoke, and A. M. Taiwo,
“Dispersion and emission patterns of NO, from
gas flaring stations in the Niger Delta, Nigeria.
Model,” Earth Systems and Environment, vol. 6,
pp. 73-84, Mar. 2020, doi: 10.1007/s40808-019-

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

00658-z.

E. P. Olaguer, “Urban and regional ozone,” in
Atmospheric Impacts of the Oil and Gas Industry.
Amsterdam, Netherlands: Elsevier, 2017,
pp. 31-45.

Z. S. Venter, K. Aunan, S. Chowdhury, and
J. Lelieveld, “COVID-19 lockdowns cause global
air pollution declines,” in Proceedings of the
National Academy of Sciences (PNAS), 2020,
pp. 18984-18990.

P. Wetchayont, “Investigation on the impacts of
COVID-19 lockdown and influencing factors
on air quality in greater Bangkok, Thailand,”
Advances in Meteorology, Feb. 2021, doi:
10.1155/2021/6697707.

K. Xiao, Y. Wang, G. Wu, B. Fu, and Y. Zhu,
“Spatiotemporal characteristics of air pollutants
(PM10, PM2.5, SO,, NO,, O,, and CO) in the
Inland Basin city of Chengdu, Southwest China,”
Atmosphere, vol. 9, pp. 1-16, Feb. 2018, doi:
10.3390/atmos9020074.

J. Csavina, J. Field, O. Félix, A. Y. Corral-
Avitia, A. Eduardo Saez, and E. A. Betterton,
“Effect of wind speed and relative humidity on
atmospheric dust concentrations in semi-arid
climates,” Science of The Total Environment,
vol. 487, pp. 82-90, Jul. 2014, doi: 10.1016/.
scitotenv.2014.03.138.

0O.M. Morakinyo,A. S. Adebowale, M. I. Mokgobu,
and M. S. Mukhola, “Health risk of inhalation
exposure to sub-10 pm particulate matter and
gaseous pollutants in an urban-industrial area in
South Africa: An ecological study,” BMJ Open,
vol. 7, Mar. 2017, Art. no. 013941, doi: 10.1136/
bmjopen-2016-013941.

A. Tarassoli, A. E. Sari, and N. Bahramifar,
“Investigation of gaseous pollutants in residential-
industrial areca: Ambient levels, temporal
variation and health risk assessment,” Journal of
Health and Pollution, vol. 4, pp. 121-132, Jul.
2019, doi: 10.18502/japh.v4i2.1236.

F. Cibella, G. Cuttitta, R. D. Maggiore, S. Ruggieri,
S. Panunzi, A. D. Gaetana, S. Bucchieri,
G. Drago, M. R. Melis, S. L. Grutta, and G. Viegi,
“Effect of indoor nitrogen dioxide on lung function
in urban environment,” Environmental Research,
vol. 138, pp. 8-16, Apr. 2015, doi: 10.1016/.
envres.2015.01.023.

S. Kawichai et al., “Health Risk Assessment of Gaseous Pollutants in the Ambient Environment of Rayong City, Thailand: The Initiative
of the EEC Area.”



14

Applied Science and Engineering Progress, Vol. 16, No. 4, 2023, 6755

[42]

[43]

Z. Zhang, J. Wang, and W. Lu, “Exposure
to nitrogen dioxide and chronic obstructive
pulmonary disease (COPD) in adults: Systematic
review and meta-analysis,” Environmental
Science and Pollution Research International,
vol. 25, pp. 15133-15145, May 2018, doi:
10.1007/s11356-018-1629-7.

1. S. Mudway, 1. Dundas, H. E. Wood, N. Marlin,
J. B. Jamaludin, S. A. Bremner, L. Cross,
A. Grieve, A. Nanzer, B. M. Barratt, S. Beevers,

D. Dajnak, G. W. Fuller, A. Font, G. Colligan,
A. Sheikh, R. Walton, J. Grigg, F. J. Kelly,
T. H. Lee, and C. J. Griffiths, “Impact of London’s
low emission zone on air quality and children’s
respiratory health: A sequential annual cross-
sectional study,” The Lancet Public Health, vol. 4,
pp. 28-40, Jan. 2019, doi: 10.1016/S2468-
2667(18)30202-0.

[44] EPA, “Exposure Factors Handbook 2011 Edition

(Final Report),” US-EPA/600/-09/052F, 2011.

S. Kawichai et al., “Health Risk Assessment of Gaseous Pollutants in the Ambient Environment of Rayong City, Thailand: The Initiative
of the EEC Area.”



