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Abstract

:

In this study, the ambient concentrations of volatile organic compounds (VOCs) were intensively measured from January 2012 to December 2016 using an evacuated canister and were analyzed using a gas chromatography/mass spectrophotometer (GC/MS) based on the US EPA TO-15 in the community and industrial areas of the largest petroleum refinery and petrochemical industrial complex in Map Ta Phut Thailand. The ternary diagram was used to identify the source of VOCs. Reactivity of VOCs on their ozone formation potential (OFP) were quantified by the maximum incremental reactivity coefficient method (MIR) and propylene-equivalent concentration methods. Results from the study revealed that aromatic hydrocarbon was the dominant group of VOCs greatly contributing to the total concentration of measured VOCs. Among the measured VOCs species, toluene had the highest concentration and contributed as the major precursor to ozone formation. The ternary analysis of benzene:toluene:ethybenzene ratios indicated that VOCs mainly originated from mobile sources and industrial processes. Within the industrial area, measured VOC concentration was dominated by halogenated hydrocarbons, and alkene was the highest contributor to ozone formation. The propylene-equivalent concentration method was also used to evaluate the reactivity of VOCs and their role in ozone formation, and secondly to support findings from the MIR method.
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1. Introduction


With rapid urbanization and industrialization, air pollution has become a serious problem particularly in urban and industrial areas. Vehicle exhaust and industrial activities are considered major emission sources [1,2,3]. Air pollutants such as particulate matter (PM), volatile organic compounds (VOCs), and tropospheric ozone (O3) exceed the standards in many areas [4,5,6,7] and affect human health. These problems have attracted public attention.



Tropospheric ozone (O3) is one of the most important secondary pollutants due to its harmful effects on the environment and human health [8]. It mainly forms by the photochemical reaction of nitrogen oxides (NOx) and VOCs. Exposure to O3 can cause lung irritation and impair respiratory functions [9]. O3 is a serious threat to vegetation including agricultural crops and plants in ecosystems. It can affect various physiological levels of plants and the reduction in photosynthetically active leaf area leads to reduced carbon uptake by plants. In addition, O3 poses significant threats to crop production. Various factors such as solar radiation, temperature, drought, and nitrogen supply can affect plant response to O3 [10,11,12]. O3 is also a greenhouse gas and has been linked to climate change [13]. Increasing concentrations of its precursors from urbanization and industrialization leads to a great concern on effects from increases at ground-level in many parts of the world such as in India [5,14], China [15,16,17], Canada [18,19], and Taiwan [20].



VOCs generally refer to a group of organic chemicals, having a boiling point within the range 50 °C–260 °C and high vapor pressure (>10 Pa) at ambient temperature, they are certain to vaporize and enter the atmosphere in gaseous form. VOCs include alkanes, alkynes, aromatic hydrocarbons, halogenated hydrocarbons, and aldehydes. VOCs are a very important precursor of photochemical reactivity. They act as catalyst to form O3 under favorable VOC/NOx conditions as well as forming of the secondary organic aerosols (SOA) and peroxyacetyl nitrate (PAN) [21,22,23,24]. VOCs can be emitted to the atmosphere from both biogenic and various anthropogenic activities, e.g., vehicle exhaust, industrial evaporation, refineries, paints, and solvents [25,26,27,28]. VOCs in the air are of particular concern because they have negative effects not only on the environment but also human health. VOCs can endanger human health, such as damaging the respiratory tract and being teratogenic and carcinogenic with long-term exposure [29,30]. Some VOCs including benzene, ethylbenzene, 1,3-butadiene, vinyl chloride, and trichloroethylene have been classified as carcinogens by various international organizations [31,32,33]. Many organizations establish air quality standards for individual VOCs based on toxicity levels to protect direct health impact potentially occurring from inhaling VOCS.



Ozone formation potential (OFP) is a parameter that has been widely used to describe the role of individual VOCs in tropospheric ozone formation. To evaluate the effects of VOCs on O3 formation, the maximum incremental reactivity (MIR) method, and propylene equivalent concentration have been used to quantify their potentiality on ozone formation [25,34,35,36,37,38]. For example, in the study on OFP in Beijing, China, alkenes and aromatics were reported to be the main group of VOCs contributing to OFP [39]. In Guangzhou, China, aromatics represented the largest ozone production potential, followed by alkenes [40]. In this study, the MIR and the propylene equivalent concentration methods proposed [41,42] were applied to calculate the reactivity of VOCs on ozone formation.



In this study, intensive measurement and analysis of VOCs and their potential for O3 formation was conducted in the Map Ta Phut industrial area, Thailand. It constitutes the largest petroleum and petrochemical industrial complex in Thailand with factories such as petrochemical plants, oil refineries, coal-fired power plants, iron and steel plants, and plastic manufacturers. Currently, environmental problems in this area, especially air pollution, are one of many critical issues. Monitoring data of some VOCs (1,2-dichloroethane, benzene, and 1,3-butadiene) in the community areas of the Map Ta Phut industrial complex exceed the Thai ambient air quality standards [43]. Beside the potential health impact from VOCs, high concentrations of O3 were also found in this area. This study aimed to elucidate the potential impact of VOCs by considering their direct impact and their indirect impact as the precursor of secondary air pollutants. The studies of O3 formation in urban areas reported that the potential emission sources of VOCs are biogenic [44] and anthropogenic sources. However, a few studies were conducted in the industrial area. The intensive study in the industrial areas in this research will create a better understanding of the characteristics and contributions of industrial sources towards the formation of secondary air pollutants.




2. Materials and Methods


2.1. Site Description


The Map Ta Phut complex is a petrochemical-based industrial area consisting of five industrial estates and one port. This industrial complex is in the Eastern region of Thailand (Figure 1a), located about 130 km east of the capital Bangkok. The industrial complex is home to heavy industry including petrochemical plants, oil refineries, coal-fired power plants, iron and steel plants, and plastics manufacturing. The annual average temperature is 28.3 °C in 2020. This area is normally influenced by two prevailing wind directions: southwest (SW) and northeast (NE). The SW wind direction is usually frequent during the wet season (April-October) while the NE is the predominant wind direction during the dry season (November-March). The wind rose diagram is shown in Figure 1c.



VOCs were comprehensively measured in the community and within industrial areas. Measurement of ambient VOCs in the community areas were conducted at 7 monitoring stations. The stations were located covering all directions from the industrial complex. Characteristics of VOC monitoring stations in the community areas are described in Table 1. Forty compounds were analyzed at each monitoring station. Seven monitoring stations located within the industrial areas were MIEO, I-4, I-3, E-IE, I-2, I-7, PTT, and I-1. Twenty VOCs species were measured once per month at each station. Spatial distribution of the monitoring station is shown in Figure 1b.




2.2. Data Collection and Analysis


In this study, field sampling of VOCs in ambient air was performed continuously using evacuated 6-L (0.05 mmHg) SiloniteTM coated stainless steel canisters (Entech Instruments Inc., Simi Valley, CA, USA). The concentration of VOCs was analyzed in the laboratory using gas chromatography and mass spectrometry (GC/MS) based on the United States Environmental Protection Agency’s TO-15 standard method (USEPA TO-15). VOC concentrations were measured once per month for 24 h from January 2012 to December 2016. As for the sampling, the VOCs sample was introduced into the canisters by the differential pressure between atmospheric pressure and vacuum pressure inside each canister. With a flow controller, the sub-atmospheric sampling system maintained a constant flow rate from full vacuum to within about 7 kPa (1.0 psi) or less below ambient pressure. Canister flow rate was controlled by flow controller and was adjusted to 3.3 mL/minute for 24-h sampling. After collecting the ambient VOCs, the sample canister was pressurized by humidified nitrogen about 20 psia in order to prevent the contamination entering the sample canister. Samples were transferred to the thermal desorption unit, working as a preconcentrator prior to being sent to GC/MS [45,46,47].



Quality assurance and quality control (QA/QC) procedures were implemented to ensure data quality. Before sampling, all canisters were cleaned by pressurizing with nitrogen, and samples were tested as blanks to confirm their cleanliness. The samples were transferred from the containers to the preconcentration unit, where the sample volume was concentrated and minimized for injection in the gas chromatography/mass spectrophotometer (GC/MS). Air samples were drawn through the heated sampling line (170 °C) to remove moisture and control the sampling flow rate [46]. Duplicate precision was estimated by calculating the percent difference between the sample concentration and the duplicate sample concentration, which was less than 25%. For the compounds detected in blank samples, the method detection limit (MDL) and method quantitation limit were defined as the results of the calculation by multiplying the standard deviation of the blank field values by three and ten, respectively. The quality of the measured data was ensured by the QA/QC criteria rigorously performed in this study. The acceptance criteria for the correlation coefficients (r2) of the calibration curves were above 0.99. The relative standard deviation values were below 20% and were used in the calibration assessment. The MDL was determined for each compound and ranged from 0.002 to 0.05 (ug/m3). With regards to this quality control, about 3.3% of total data were excluded from this analysis. Totally, 22,880 measured VOCs data met these criteria and were used for further analysis in this study. The lists of VOC species measured in the community and within the industrial areas is shown in Table S1.




2.3. Ternary Diagram


The ratio of benzene, toluene and ethylbenzene (B:T:E) was plotted as a ternary diagram to identify the emission sources of VOCs at the monitoring stations in the community areas. The emission sources could be classified in three categories: industrial and solvent emissions, traffic emissions, and combustion emissions (biomass, biofuel, and coal combustion) according to the source profiles studied by Zhang [48] and various research results [49,50,51]. For example, traffic emissions are characterized by a high proportion of toluene, followed by benzene.




2.4. Estimation of VOCs Chemical Reactivity


The highly reactive species are rapidly degraded, while the less reactive ones are relatively stable, increasing VOC accumulation, and constitute potential contribution of VOCs sources [52]. Many different methods are used to evaluate ozone chemical reactivity, related to VOCs compounds.



2.4.1. MIR Method


The OFP of individual VOCs can be evaluated using the MIR method, developed by Carter [29]. Its equation is expressed below Equation (1).


       OFP  i    =   MIR  i      ×    C i    



(1)




where,      OFP  i    is the ozone formation potential of chemical i;     MIR  i    is the maximum incremental reactivity scale of chemical i (Table 2),      and   C   i    is the ambient concentration of chemical i. In this study, 23 and 15 VOCs compounds measured in community and within industrial areas were selected to evaluate the OFP.




2.4.2. Propylene-Equivalent Concentration


The propy-equiv concentration is one of the methods to elucidate the ozone reactivity in an atmospheric environment. This concentration is the measure of VOC concentration on an OH-reactivity based scale normalized to the reactivity of propene [53]. The method was proposed by Chameides [42]. The propy-equiv for each VOC species was calculated using Equation (2) below.


     Propy - equiv   i     = conc   i   ×       k i  OH      k  propy   OH      



(2)




where,      propy - equiv   i    is defined as each VOC compound i on an OH reactivity-based scale normalized to the reactivity of propylene (   C 6   H 6   ).       Conc   i    is the concentration of ambient VOCs compound i (ppbC), a rate constant for the reactivity of VOC compound i with an OH radical and    k  propy   OH     is a rate constant for the reaction of propylene with OH radicals. The    k  OH       rate constants were given by Atkinson and Arey [54] (Table 2).



In propy-equiv concentration analysis, VOC mass concentration in the unit of µg/m3 is converted to volume concentration (ppbV) and converted to carbon atom concentration (ppbC).






3. Results and Discussion


3.1. Concentration and Characteristics of Ambient VOCs


Forty VOCs species were analyzed at each monitoring station in the community areas. The VOCs concentration were dominated by aromatic hydrocarbons (13.26–39.79 µg/m3), followed by halogenated hydrocarbons (9.65–14.0 µg/m3) and alkenes (0.13–0.92 µg/m3), accounting for 56.9–79.1%, 20.3–42.05%, and 0.4–2.6% of the total VOCs, respectively. The highest VOCs concentration was measured at BPLC (50.31 µg/m3), followed by HMTP (36.60 µg/m3), MMTP (35.56 µg/m3), NPKV (35.18 µg/m3), BTKH (31.11 µg/m3), WNFS (24.02 µg/m3), and MCLT (23.07 µg/m3). High concentrations were generally observed at the stations located downwind from the industrial complex particularly and adjacent to the main road. Toluene was the most abundant (5.53–24.61 µg/m3) at every station, accounting for 23.0–48.9% of total VOCs. The concentration of benzene, toluene, ethylbenzene, and m-,p-xylene were found as the top ten VOC species in this area. Remarkably, these VOCs could be emitted from mobile sources and industrial activities [55,56]. Toluene and benzene are commonly used as indicators of traffic sources and industrial activities [1,8]. M-,p-xylene and ethylbenzene are known aromatics that can be emitted from vehicle exhaust [21]. The VOCs concentrations and their percentage at the seven monitoring stations in community areas are shown in Figure 2.



Within the industrial areas, the measured 20 VOCs species were classified in five categories: alkenes, aromatic hydrocarbons, halogenated hydrocarbons, aldehydes, and others. The VOCs concentration were dominated by halogenated hydrocarbons, with concentration of 6.0–40.9 µg/m3, accounting for 25.0–73.9% of total VOCs. Aldehydes were the second largest group, ranging from 5.2–11.2 µg/m3 (11.6–45.1%), followed by alkenes (1.7–22.1 µg/m3; 3.1–41.8%), aromatic hydrocarbons (2.0–10.0 µg/m3; 4.1–24.3%), and others (1.0–4.0 µg/m3; 2.5–7.2%). The station with the highest VOCs concentration was MIEO (55.9 µg/m3), followed by I-2 (52.8 µg/m3), I-3 (49.8 µg/m3), I-4 (41.1 µg/m3), I-7 (24.8 µg/m3), E-IE (19.6 µg/m3), and I-1 (17.9 µg/m3). High concentrations of 1,3-butadiene and acetaldehyde were detected within the industrial areas. High concentrations of 1,3-butadiene are found in highly industrialized cities or near oil refineries, chemical plants, and plastic and rubber factories, while acetaldehyde is commonly used as an intermediate in the synthesis of other chemicals and the production of polyester resins [57,58]. The concentration and contribution of five categories in each monitoring station within the industrial areas are depicted in Figure 3.




3.2. VOCs Source Estimations


The ratio of benzene, toluene and ethylbenzene (B:T:E) is useful to identify VOC sources as industrial and solvent emissions, traffic emissions and combustion emissions. In this study, the ratio was plotted on a ternary diagram. For example, the initial relative compositions of B:T:E at the HMTP station in the community area over the observation period is illustrated in Figure 4. The ternary diagram of B:T:E at other stations is shown in Figure S1. The proportions of B:T:E were scattered mostly in the zone of industrial/solvent emissions with higher toluene and lower benzene and traffic emissions with high toluene and benzene. The average B:T:E ratios were 0.16:0.75:0.09, 0.16:0.75:0.09, 0.16:0.70:0.14, 0.21:0.69:0.10, 0.14:0.72:0.14, 0,18:0.74:0.08, and 0.18:0.72:0.1 at HMTP, BTKH, WNFS, MMTP, MCLT, BPLT, and NPKV monitoring stations, respectively. The results suggested that VOC sources are mainly from traffic and industrial locations at all sites in the community areas.




3.3. VOCs Chemical Reactivity


3.3.1. MIR Method


The MIR method has been widely used to estimate ground-level ozone formation of individual VOCs in many studies [14,51,52]. MIR is defined as the maximum increment of O3 in weight (g) per weight (g) of VOCs. OFP was evaluated using the product of the concentration (Ci) of each VOC (i) and the MIR coefficient (MIRi) of individual VOCs [29].



Analytical results from the OFPs of ambient VOCs through the MIR method at each monitoring station in the community areas is illustrated in Figure 3a. The total concentrations of OFP were found from 67.6–173.3 µg/m3. Aromatic hydrocarbons greatly contributed to OFP concentration (62.9–166.4 µg/m3) followed by alkenes (1.6–11.6 µg/m3) and halogenated hydrocarbon (2.2–6.5 µg/m3). Halogenated hydrocarbons had the lowest OFP content due to their strong chemical bonds between carbon and halogen atoms creating less reactivity. Toluene was the major contributor to OFP concentrations at every station (22.1–98.4 µg/m3) accounting for about 28.9–56.8% of total OFP, due to its high concentration and high reactivity, followed by m-,p-xylene (14.4–28.6 µg/m3), representing 14.6–28.3% of the VOCs mixing ratio. This result was similar to that of other studies reporting that these VOCs species were the main contributors to ozone formation in urban areas. [14,59,60,61]. The top 5 VOC species identified by the MIR method representing from 80.6–89.2% of total OFP in the community areas were toluene, m,p-xylene, o-xylene, 1,2,4-trimethylbenzene, 1,3,5-trimethylbenzene, ethylbenzene, 1,3-butadiene, and 3-chloropropene. OFP of ambient VOCs in each monitoring station in community areas is shown in Figure 5a.



Within the industrial areas, the result indicated that total OFP ranged from 48.0–340.6 µg/m3. The OFP of alkene, aromatic hydrocarbon, halogenated hydrocarbons, aldehydes and other compounds totaled 5.34–119.1, 1.47–7.19, 2.7–48.4, 34.2–74.2, and 1.09–1.83 µg/m3, respectively. The top 5 VOCs species contributing about 93.6–98.5% of total OFP within the industrial areas were acetaldehyde, 1,3-butadiene, vinyl chloride, 1,2-dichloroethane, acrylonitrile, benzene and acrolein. Aldehydes and alkene play an important role in forming ground-level ozone. Acetaldehyde and 1,3-butadiene were the major species contributing to OFP, accounting for 13.4–67.9% and 11.1–81.8% of total OFP, respectively. Different VOCs species exhibit different photochemical reactivity, for example, acetaldehyde has higher photochemical reactivity than 1,3-butadiene. However, at some stations, 1,3 butadiene showed a high potential for ozone production because of its high concentration. The OFPs of ambient VOCs calculated using the MIR method at each monitoring station within the industrial areas is illustrated in Figure 5b.



Results clearly revealed that concentrations of ozone precursors and the calculated OFP within industrial areas were higher than those in residential areas. At the community areas, levels of OFP were above the guidelines (>100 ug/m3) at HMTP, BTKH, MMTP and BPLC stations with concentrations of 123.23, 103.18, 105.87, and 165.68 µg/m3, respectively. Higher concentrations were observed within the industrial areas at stations I-4 (202.0 µg/m3), I-3 (116.6 µg/m3), I-2 (340.6 µg/m3), and I-7 (119.7 µg/m3). Total OFP concentration in this study was lower than those analyzed in Bangkok [62,63]. Table 3 shows the proportion of each VOC to the OFP concentration species measured in this study as compared with other cities.




3.3.2. Propylene Equivalent Concentration


Based on the propy-equiv method, the aromatic hydrocarbons constituted the major contributor to ozone formation in the community areas. The top 5 contributors obtained from this method representing about 79.7–89.1% of the total propy-equiv concentration were toluene, m-,p-xylene, 1,2,4-trimethylbenzene, 1,3,5-trimethylbenzene, 1,3-butadiene, and styrene. Within the industrial areas, the propyl-equiv concentration was mostly contributed from alkenes and aldehydes. These results were generally consistent with the results analyzed based on the MIR method. The percentage of VOC reactivity based on MIR and propy-equiv methods in community (a) and within industrial areas (b) is presented in Figure 6.



The results of this study revealed that aromatic hydrocarbons, aldehydes, and alkenes are the dominant contributor to the formation of ozone in this industrial area. These VOC groups were generally originated from anthropogenic emissions, and especially, traffic emissions and the industrial sources. It highlighted that these emission sources should be given priority in managing and controlling to achieve the effectiveness in the development of regional O3 control strategies. Results from this study also elucidated the important of controlling VOCs by not only consider their direct health impact but also on their potential in forming of the secondary air pollutant such as O3 which will greatly support the establishment of appropriate emission controls and mitigation measures for effective management of industrial air pollution.






4. Conclusions


The ambient VOCs concentrations, intensively measured over five years from 14 air monitoring stations in community and industrial areas of the Map Ta Phut industrial town, Thailand were evaluated for their characteristics and chemical reactivity as precursors to forming secondary air pollutants. The OFP of ambient VOCs was comprehensively analyzed based on the MIR and the propy-equiv concentration methods. In community areas, the OFP mainly contributed from the formation of ambient aromatic hydrocarbon. The source apportionment analysis identified that these compounds were mainly emitted from mobile sources and the industrial processes. Within industrial areas, high halogenated hydrocarbons were measured. However, alkene was the highest contributor to OFP concentration due to its high secondary ozone formation reactivity. Analytical results from the MIR and the propy-equiv method were generally consistent with each other. This study assisted in revealing the potential risk of VOCs by considering their direct health effect and their indirect impact as the precursors of secondary air pollutant. It identified the major and potential emission sources of VOCs which should be given a priority in controlling. Methods and analytical procedures as well as results presented in this study could be useful for the scientific community to prepare technical information to advocate policy makers in setting up the appropriate mitigation measures to manage VOCs and ozone pollution, effectively.
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Figure 1. Location of Map Tha Phut industrial complex, Rayong, Thailand (a) and VOC monitoring stations (b) along with wind rose diagram (c). 
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Figure 2. Concentration (a) and contribution (b) of three VOCs categories in the community areas. 






Figure 2. Concentration (a) and contribution (b) of three VOCs categories in the community areas.



[image: Atmosphere 13 00732 g002]







[image: Atmosphere 13 00732 g003 550] 





Figure 3. Concentration (a) and contribution (b) of five VOCs categories within the industrial areas. 
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Figure 4. B/T/E ratios at the HMTP monitoring station. 
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Figure 5. Ozone formation potential of ambient VOCs in each monitoring station in community areas (a) and within industrial areas (b). 
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Figure 6. Percentage of VOC reactivity based on MIR and propy-equiv methods in community (a) and within industrial areas (b). 
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Table 1. Information on site characteristics in the community areas.
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	Monitoring Site
	Direction from Map Ta Phut Complex
	Distance from Map Ta Phut complex (km)
	Distance to the Nearest Road (km)
	Distance to the Main Road (km)





	Health Promotion Hospital

Map Ta Phut (HMTP)
	Northeast
	0.62
	0.03
	0.64 (No. 3)



	Ban Ta Kuan Public Health Center (BTKH)
	Southeast
	0.98
	0.01
	3.23 (No. 3)



	Wat Nong Fap School (WNFS)
	Northwest
	1.50
	0.02
	0.02 (No. 3392)



	Muang Mai Maptaphut (MMTP)
	Northeast
	0.32
	0.08
	0.29 (No. 3)



	Map Chalut Temple (MCLT)
	Northwest
	1.68
	0.04
	1.55 (No. 3)



	Ban Plong Community (BPLC)
	Northeast
	0.80
	0.25
	0.63 (No. 3)



	Nop Pakate Village (NPKV)
	Northeast
	0.22 *
	0.01
	0.62 (No. 36)







* The distance of Nop Pakate Village station was measured from RIL industrial complex. Main road: Sukhumvit Road (route No. 3), route No. 36, and route No. 3392.
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Table 2. MIR and OH reaction rate constant of each compound.
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	Compound
	MIR a

Coefficients
	1012 × kOH b
	Compound
	MIR a

Coefficients
	1012 × kOH b





	Chloromethane
	0.04
	-
	cis-1,3-Dichloropropene
	3.7
	-



	Vinyl chloride
	2.83
	-
	Toluene
	4
	5.63



	1,3-Butadiene
	12.61
	66.6
	trans-1,3-Dichloropropene
	5.03
	-



	Acrylonitrile
	2.24
	-
	1,1,2-Trichloroethane
	0.086
	-



	3-Chloropropene
	12.22
	-
	1,2-Dibromoethane
	0.102
	-



	Dichloromethane
	0.041
	-
	Styrene
	1.73
	58



	1,1-Dichloroethane
	0.069
	-
	o-Xylene
	7.64
	13.6



	Chloroform
	0.022
	-
	m-p Xylene
	7.4
	18.7



	1,1,1-Trichloroethane
	0.0049
	-
	1,3,5-Trimethylbenzene
	11.76
	56.7



	1,2-Dichloroethane
	0.21
	-
	1,2,4-Trimethylbenzene
	8.87
	32.5



	Benzene
	0.72
	1.22
	Acetaldehyde
	6.54
	15



	Carbon Tetrachloride
	0.00
	-
	Acrolein
	7.45
	-



	Trichloroethylene
	0.64
	-
	1,4-Dioxane
	2.62
	-



	1,2-Dichloropropane
	0.29
	-
	Carbon Disulfide
	0.25
	-



	Ethylbenzene
	2.96
	7
	Propylene
	-
	26.3







a MIR denotes maximum incremental reactivity (g O3/g VOCs) [29]. b Rate constant of NMHCs react with OH at 298 K (cm3 molecule−1 s−1) [46].
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Table 3. Ozone formation potential in this study compared with other studies.
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	Study Area
	Benzene
	Toluene
	m,p-Xylene
	Ethyl-

Benzene
	o-Xylene
	1,2,4-TMB
	1,3,5-TMB





	Map Ta Phut, Thailand
	1.0–3.7
	22.1–98.4
	14.4–28.6
	3.9–7.6
	5.3–8.2
	8.7–15.7
	4.1–6.6



	Bangkok, Thailand [62]
	-
	22.0–200.0
	10.0–70.0
	-
	5.0–25.0
	3.0–30.0
	4.0



	Foshan, China [53]
	5.9
	121.8
	48.5
	31.2
	23.8
	11.9
	-



	Bangkok, Thailand [63]
	2.4–19.4
	166.8–655.0
	21.5–52.0
	10.4–16.6
	19.3–29
	-
	-



	Dehradun, India [14]
	8.3–17.7
	165.4–305.3
	122–309.2
	21.4–36.8
	75.7–181.0
	-
	-



	Benin, Nigeria [64]
	1.0
	12.3
	25.7
	11.02
	-
	18.9
	-



	Shuozhou, China [65]
	-
	19.0
	8.0–58.0
	-
	20.0
	7.0–31.0
	8.0–17.0



	NCT, India [32]
	4.0–6.0
	68.0–105.0
	45.0–235.0
	10.0–20.0
	17.0–105.0
	11.0–30.0
	15.0–32.0



	Yazd, Iran [27]
	13.0–17.0
	127.0–238.0
	237.0–416.0
	21.0–32.0
	-
	-
	-



	Tabriz, Iran [66]
	5.0–6.2
	42.2–80.0
	111.5–110
	-
	-
	-
	-



	Delhi, India [35]
	5.1
	81.6
	102.9
	17.9
	-
	-
	-
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