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Abstract

:

Volatile organic compounds (VOCs), with their ubiquitous presence across numerous global industries, pose multifaceted challenges, influencing air pollution and health outcomes. In response, countries such as the United States and Canada have implemented fenceline monitoring systems, enabling real-time tracking of organic solvents, including benzene. Initially, this focus was predominantly placed on the petroleum refining industry, but it has gradually been broadening. This investigation seeks to identify and analyze the specific VOCs produced in the tire manufacturing sector by utilizing both active and passive monitoring methodologies. The findings of the present study aim to recommend prioritized reduction strategies for specific VOCs. Percentage means the ratio of VOCs detected at the research site. At research target facility A, active monitoring demonstrated the presence of Methylene chloride (20.7%) and Carbon tetrachloride (15.3%), whereas passive monitoring identified Carbon tetrachloride (43.4%) and m,p-Xylene (20.8%). After converting these substances to their equivalent concentrations, we found a noteworthy correlation between the active and passive methodologies. At research target facility B, active monitoring detected n-Pentane (45.5%) and Isoprene (11.4%), while passive monitoring revealed Toluene (21.3%) and iso-Hexane (15.8%). Interestingly, even at sites like warehouses and test tracks where VOC concentrations were projected to be low, we observed VOC levels comparable to those in process areas. This underlines the fact that the dispersal of VOCs is considerably influenced by wind direction and speed. Specifically, in the tire manufacturing industry, emissions of Xylene and 3-Methylhexane, both having high photochemical ozone creation potential (POCP), contribute significantly to air pollution. However, the overall detection concentration in the tire manufacturing industry was detected at a low concentration of less than 2 μg/m3. This is less than 9 μg/m3, which is the standard for benzene, which has strong carcinogenicity regulations. This suggests that additional research is needed on synthetic rubber manufacturing rather than tire manufacturing.
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1. Introduction


Air pollution, with its intricate linkage to public health, has been a focal point of global concern, prompting diverse studies aimed at reducing pollutant levels across various nations [1,2].



In the past, particulate matter (PM10), sulfur oxides (SOx), and nitrogen oxides (NOx) have been viewed as conventional air pollutants. However, the mechanisms leading to air pollution are multifaceted and intertwined with an array of complex factors, rather than resulting from a singular process [3].



Recent research has unveiled the fact that volatile organic compounds (VOCs) can trigger photochemical reactions within the atmosphere, culminating in the formation of secondary pollutants such as ozone, a key contributor to smog [4]. This has intensified the call for mitigation measures against VOCs, given their role as precursors for fine dust (PM10) and ozone (O3). From a long-term perspective, it has become crucial to identify VOCs that are emitted in substantial quantities, specifically those with high carcinogenicity or photochemical ozone creation potential (POCP), in order to devise efficient policies for atmospheric ozone reduction [5].



In 2011, in the United States, strategies such as the VOC total emissions cap have been initiated, commencing limitations on emissions from large-scale sources that emit over 100 tons of VOCs annually, and reinforcing regulations by categorizing high emission areas into five stages. Notably, in 2011, the US Environmental Protection Agency (EPA) implemented the Cross-State Air Pollution Rule (CSAPR) with the aim to curtail air pollutants originating from coal-fired power plants and bolster public health. Based on the “good neighbor” clause under the Federal Clean Air Act, the CSAPR serves as a federal plan to mitigate the impact of interstate air pollutant transport from each state’s emissions on air quality targets and the designation of non-attainment areas in other states [6].



The European Union (EU) adopted the Ambient Air Quality Directive in May 2008, thereby establishing air quality standards for pollutants across Europe. Individual member nations further instituted the National Emission Ceiling Directive, defining an annual total emission limit for SO2, NOx, VOCs, and NH3, with compliance demanded by 2010 [7]. In the wake of this, the EU Commission launched the Clean Air Policy Package for Europe in 2013, and in December 2016, the National Emission Ceiling Directive was revised to incorporate reduction targets for particulate matter (PM2.5). As a result, member nations are required to report their annual emission levels of five pollutants every February, provide their estimated pollutant emissions biennially, and create and implement a National Air Pollution Control Program (NAPCP) [8,9,10].



Simultaneously in the United States and Canada, in addition to overall VOC management, concentration regulations have been introduced at fencelines for large-scale establishments, such as oil refineries. These facilities emit potentially health-impacting, carcinogenic VOCs like benzene [11]. In the case of benzene, should the level exceed the defined action level of 9 µg/m3, a reduction plan must be implemented. Furthermore, it is mandatory to disclose to the local community the concentrations of other VOCs, including toluene, xylene, and ethylbenzene [12].



Therefore, the impacts of VOCs are multifaceted, affecting not just a single domain, but both air pollution and public health. For example, VOCs such as benzene are highly carcinogenic, so even low concentrations can cause health effects such as cancer and leukemia in local residents [13]. In diverse industrial contexts, a variety of VOCs exist. Their high volatility makes the formulation of mitigation strategies challenging. Some VOCs have high POCP. There are previous studies that establish priorities for VOCs with high POCP and establish reduction measures [14]. However, there exist certain VOCs that necessitate priority reduction measures, and this varies by industry [15].



In particular, according to a preliminary study, the concentration of benzene, which has health effects on local residents in the oil refining industry, was measured, and the emission ratio of xylene, which causes air pollution due to its high POCP and strong ozone creation ability, was studied. The results suggested the need for reduction measures in the BTX manufacturing process [16].



Given these considerations, this study seeks to measure and analyze 88 types of VOCs at the fencelines of tire manufacturing facilities. The goal is to identify which VOCs are being emitted and suggest those that require urgent reduction.




2. Materials and Methods


2.1. Overview of the Tire Manufacturing Process


A tire is a circular apparatus fitted onto the wheel cylinder of vehicles such as automobiles and bicycles. It was developed by Thomas Hancock of Germany in 1846, leading to the introduction of various rubber models for transportation. Tires are typically classified according to the type of vehicle and its purpose: they are used for passenger cars, light trucks, buses or large trucks, industrial vehicles, agricultural machinery, aircraft, motorcycles, bicycles, and so forth. Notably, the tire industry, excluding natural rubber, employs petrochemical products and solvents, constituting approximately 70% of raw materials such as synthetic rubber, carbon black, tire cords, and rubber chemicals. This results in substantial emission of malodorous substances and VOCs [17]. The detailed processes of tire manufacturing can be categorized as shown in Table 1.



In the tire manufacturing process overall, the rubber is generally subjected to heat and pressure, resulting in numerous high-temperature reactions. Various solvents and auxiliary materials, including sulfur and carbon black, are utilized. A substantial amount of malodorous substances and VOCs is expected to be produced, particularly during parts of the refining process and the curing process.




2.2. Status of the Research Target Facilities


This study was conducted on two targeted tire manufacturing companies. Both companies, each operating independent factories, were selected, as they are located outside industrial zones, thus significantly minimizing any influence from neighboring businesses. Measurement locations were chosen following the EPA fenceline monitoring guidelines, with 12 points selected for each facility. According to EPA guidelines, for floor areas less than 750 acres, 12 points must be measured [18] (Figure 1).



The size of the research target facilities’ sites and their production output are as follows (Table 2). Both facilities are of comparable scale and dimensions.




2.3. Collection and Analytical Methods for Targeted VOC Samples


For monitoring the targeted facility, samples are collected through both passive and active methods following EPA Method 325A (Volatile Organic Compounds from Fugitive and Area Sources—Sampler Deployment and VOC Sample Collection). The sample collection sorbent tube is selected in line with the Guidelines for Sorbent Selection of EPA Method TO-17, deploying a Carbotrap 300 (1/4 in. × 3 1/2 in, Sigma, Tokyo, Japan) filled with Carbopack C + Carbopack B + Carbosieve SIII. The monitoring height is secured such that the diffusive sampling cap is placed 1.5–3 m above ground level, utilizing a pole or a stable structure [19].



Notably, out of the six fenceline monitoring methods described by the EPA, both passive and active analyses were performed concurrently. As a pilot study, this study measured one cycle at two facilities using passive and active techniques. Details are shown in Table 3. Active sampling incorporated a suction pump to gather a total of 5 samples at a rate of 100 mL/min for 60 min, twice in the morning and thrice in the afternoon, thereby collecting a cumulative volume of 6 L of samples. Passive sampling was undertaken by orienting the sampler vertically to avoid particle intrusion, ensuring that the end of the sampling tube was facing downwards, and sampling continued over a 14-day period [20] (Figure 2).



The analyzed VOCs encompassed 57 types of ozone precursor VOCs and 31 substances listed under the TO-14A standard, totaling 88 types. In the case of active sampling, due to the presence of flow, the concentration of VOCs can be determined. However, in passive sampling, calculating the concentration by utilizing the uptake rate is a necessity. The uptake rates of VOCs that can be converted to concentration among the 88 types are provided [21] (Table 4).



The adopted analytical method involves assessing samples collected through a solid adsorption tube with a gas chromatograph/mass spectrometer (GC/MS). The procedure entails collecting samples in an adsorption tube filled with a designated quantity of adsorbent, followed by thermal desorption, concentration in a low-temperature trap, and another round of thermal desorption. Subsequently, the analytes are segregated through a gas chromatograph (GC) using a high-resolution column and measured with a mass spectrometer (MS) [22] (Table 5).



To confirm breakthrough, double samples were installed at points 6 and 12, and a blank sample was installed at point 1 as a control. The analytical center had additional laboratory standards and blanks as defined in the quality assurance practices mentioned below. Field blanks and standards sent from the central preparation center to each facility were kept in an unexposed state so that contamination due to sample storage and transportation could be checked. Manual diffusion tubes were sent from the analysis center along with three independent quality control samples.



In addition, the EPA stipulates that the atmospheric concentration of benzene detected in the nearby clean-air monitoring network (areas other than industrial complexes) be subtracted from the detected concentration. However, VOCs other than benzene are not disclosed in detail (toluene, etc.), and according to the guidelines, if there are no relevant data, the measurement results must be submitted as they are, so they were not applied separately. Currently, Korea’s atmospheric measurement network discloses SOx, NOx, ozone, PM10, etc.





3. Results


3.1. Results for Research Target Facility A


In this research, an analysis of a total of 88 VOC substances was conducted, excluding duplicative items from 57 types of ozone precursors and 31 types capable of TO-14 analysis, including 1,3-butadiene. For these 88 substances, the compositional ratio was evaluated using the concentration at each facilities’ measurement locations and the concentration of each item relative to the total concentration of 57 PAM (Photochemical Assessment Monitoring Station) species and 31 types that can be analyzed using TO-14.



This study is a pilot study in accordance with EPA guidelines, and continuous measurement and analysis is necessary. The purpose is to analyze various VOCs occurring in the relevant industry, and for the substances that accounted for a large percentage in the initial study a secondary study is required to evaluate the feasibility by sampling for two consecutive weeks for one year.



Importantly, this study implemented two methodologies: the traditional active technique and the passive technique derived from the U.S. EPA’s fenceline monitoring, conducted over 14 days. However, in the passive technique, only 18 substances could be converted to concentration using diffusion coefficients [22].



The weather conditions at the study research target facility A are an average temperature of 19.8 °C for active sampling and 23.0 °C for passive sampling. The average relative humidity of active sampling is 58.2%, and the average relative humidity of passive sampling is 73.6%. As for precipitation, there was no rain in the case of active sampling, and the total precipitation during the passive sampling period was 108.5 mm [23].



Thus, the research included an analysis of the benzene detection at each facility, a comparison between potential VOC emissions from nearby processes at each location, the actual emission results (active and passive results), and an examination of the similarity of concentration results obtained using the two techniques.



In research target facility A, which was the subject of this research, the results from the active technique revealed methylene chloride at 20.7%, carbon tetrachloride at 15.3%, etc. Meanwhile, the passive technique showed carbon tetrachloride at 43.4%, m,p-Xylene at 20.8%, etc. Percentage refers to the ratio of the 88 individual samples detected to the sum of the total sample amount at each point.



In comparing the VOCs that can be converted to concentration in the passive technique with the active technique, toluene, xylene, carbon tetrachloride, and 1,2-dichloropropane were detected.



The average concentration at each point exhibited toluene at 0.10 μg/m3 in active results and 0.26 μg/m3 in passive results. Xylene was 0.65 μg/m3 in active results and 0.43 μg/m3 in passive results. Carbon tetrachloride was 1.38 μg/m3 in active results and 0.81 μg/m3 in passive results. 2-Dichloropropane was 0.75 μg/m3 in active results and 0.51 μg/m3 in passive results (Table 6).



All four substances showed similar concentration values across all facility points in both active and passive techniques. Table 7 illustrates the composition ratio of VOCs detected at each point using the active technique. Table 8 shows the composition ratio of VOCs detected using the passive technique. Among the 88 types, no other substances were detected.



The analysis focused primarily on sampling site 6, located near the rubber processing operation. This process mixes over 20 ingredients, including Styrene-Butadiene Rubber (SBR) and Nitrile Rubber (NBR) for tires, and rubber processing adhesives. The mixture is then subjected to kneading under heat and pressure. Given the high operating temperatures of 150–190 °C, the occurrence of rubber smoke is typical. In addition, the emission of polycyclic aromatic hydrocarbons and synthetic rubber precursors, such as styrene and butadiene, was anticipated.



The composition of VOCs in this area, as revealed by active analysis, comprised 26% isopentane, 26% methylene chloride, and 19% carbon tetrachloride. Notably, xylene, a type of solvent, constituted 7% of the detected VOCs.



Passive analysis showed congruent findings, with carbon tetrachloride accounting for 47%, dichlorodifluoromethane for 31%, and Xylene for 22%.



According to previous research, the highly toxic carbon tetrachloride is associated with risk in the rubber industry, especially in tire manufacturing in the United States. There are warnings regarding a potential link between exposure to carbon tetrachloride and carbon disulfide, and an increased incidence of lymphoid leukemia in workers [24].



However, due to the exceptionally low detected concentration of 1.41 μg/m3, asserting a tangible impact from this substance may be challenging, despite its detection rate. The long-term exposure standard for Carbon Tetrachloride, as per the local industrial safety and health law, is a threshold limit value (TLV) of 30 μg/m3. The TLV is calculated by the American Conference of Governmental Industrial Hygienists (ACGIH), based on a typical 8 h workday over a 5-day workweek. The long-term exposure standard indicates a concentration that, if exposed to under regular working conditions, would not result in any adverse effects. Given that the detected concentration at the site boundary is approximately 1/20 of the standard concentration, it does not warrant significant concern [25].



Methylene chloride and xylene, present in minor quantities in the organic solvents utilized in the refining process, display low concentration levels, at 1.91 μg/m3 and 0.48 μg/m3, respectively. The time-weighted average (TWA) for methylene chloride is 50 μg/m3, while for Xylene it is 100 μg/m3, suggesting that the concentration standards are minimal [26]. Furthermore, VOCs are notably affected by wind, attributed to their high volatility and rapid diffusion in the atmosphere. However, in the active analysis, points 8 and 9 showed slightly higher concentrations, showing similar results to wind roses, but in the passive analysis the concentration was evenly distributed at all points, rather than the dominant southerly winds (Figure 3).




3.2. Findings from Research Target Facility B


The weather conditions at the study research target facility B are an average temperature of 29.5 °C for active sampling and 26.7 °C for passive sampling. The average relative humidity of active sampling is 66.7%, and the average relative humidity of passive sampling is 74.0%. As for precipitation, there was no rain in the case of active sampling, and the total precipitation during the passive sampling period was 56.6 mm [23].



The results from the research target facility B indicate that in the active analysis, n-Pentane (45.5%) and Isoprene (11.4%) were the most prevalent compounds.



On the other hand, the passive analysis technique identified toluene (21.3%) and iso-hexane (15.8%) as the major constituents. Upon comparing the VOCs from both techniques, toluene emerged as the only common compound.



The average concentrations showed a minor discrepancy for toluene, with the active technique recording 0.75 μg/m3 and the passive technique noting 1.29 μg/m3 in Table 9. However, the overall concentrations were low (none of the individual VOC concentrations exceeded 2 μg/m3 at any point). The limited detection of VOCs may be attributed to the nature of tire manufacturing processes, which do not extensively involve organic solvents, unlike the chemical or petroleum-refining industries. Notably, toluene was only detected at point 10 using the active technique in minor quantities, rendering a holistic comparison unfeasible.



Table 10 displays the composition of VOCs detected across individual points using the active technique. Table 11 showcases the VOC composition identified using the passive technique. Out of the 88 types analyzed, no detection was made for substances other than those specified.



On analyzing the area corresponding to point 11, which represents the refining process, the VOCs at this location were primarily n-heptane (59%) and 3-methylhexane (41%), as per the active results. The passive analysis revealed concentrations of n-heptane (43%), 3-methylhexane (19%), and toluene (18%). In addition, styrene was detected at this point, at 8%. At point 2, corresponding to the rubber processing operation where heat and pressure are applied, sulfur and other chemicals instigate a cross-linking reaction with rubber. Owing to the use of isoprene-based products as adhesives, only isoprene was detected in the active analysis. In contrast, the passive analysis detected toluene (19%), iso-hexane (16%), and ethylbenzene (10%).



Comparing the climatic conditions during the measurement phase at site B, it was evident that atmospheric VOCs are heavily influenced by weather patterns. The wind during the measurements at site B blew between points 10 and 11 at speeds of 4–7 m/s. The operation closest to these points involved unloading and storing raw materials in a warehouse. The results indicated the highest VOC concentrations at points 10 and 11. Despite the proximity of the manufacturing process to points 8, 9, and 10, wind effects led to elevated concentrations at points 10 and 11. This underscores the significant influence of both production processes and weather conditions on VOC distribution (Figure 4).




3.3. Prioritization of Reduction Measures Based on VOCs with High POCP


VOCs serve as key precursors in the photochemical reactions that lead to ozone (O3) creation, acting as catalysts, and are thus regulated as photochemical pollutants. This study identified the top ten substances with high POCP values, as reported by the EU [27].



At research target facility A, xylene, which holds the fourth-highest POCP value, exhibited a high emission rate. Minor emissions of ethylbenzene and toluene were also detected. However, upon assessing the emission concentrations, they were found to be generally low, at less than 1 μg/m3.



In the case of research target facility B, active sampling identified the presence of toluene and 3-methylhexane, while passive sampling detected ethylbenzene and toluene. The overall emission concentrations were also observed to be low, at less than 1 μg/m3. Although 3-methylhexane is a compound that can occur in tire manufacturing, its absence of a diffusion coefficient in passive sampling means it cannot be converted into a concentration measure, presenting a limitation (Table 12).



Based on these study findings, there is a need for prioritized mitigation measures concerning solvents containing substances such as xylene and 3-methylhexane.





4. Discussion


The present study aimed to analyze the types and emission rates of VOCs associated with tire manufacturing operations. It was initially anticipated that a considerable amount of styrene, a substance notorious for causing malodors, would be detected. Interestingly, no traces of styrene were found at the fenceline [28]. This unexpected result is significant because styrene, while not utilized as a solvent, was hypothesized to be generated during the thermal decomposition of raw materials, such as SBR rubber. However, styrene remained undetected even when the company conducted internal measurements within the workspace.



In the context of Facility A, VOCs such as carbon tetrachloride, dichloromethane, dichlorodifluoromethane, xylene, chloroform, and isoprene were identified, as predicted. Notwithstanding, the overall detected concentrations did not exceed an instantaneous maximum of 4 μg/m3, with most values ranging between 0 and 2 μg/m3. Given that these levels are below the action level of 9 μg/m3 set for benzene, a compound known for its carcinogenic properties, they reflect a stable environmental status. Facility A, interestingly, contains a test track. Despite the theoretical anticipation of lower detection concentrations at measurement points 7 to 9, the compositional ratios exhibited similar patterns to other areas. Active sampling demonstrated that dichloromethane and dichlorodifluoromethane constituted 21% and 15% of the total detections, respectively. Notably, isoprene represented a substantial 19% of the total. Isoprene was only detected from points 7 to 12, showing higher concentrations at points 9 and 10 (4 μg/m3). As an organic solvent used in tire adhesives, it is hypothesized that the elevated isoprene concentrations at points 9 and 10 could be attributed to the diffusion of isoprene and other compounds from an adhesive sprayer situated north of the extrusion process, channeled through the air emission facilities. These findings underscore the necessity of considering the influences of environmental conditions such as wind, alongside location-specific substance analyses within the context of VOCs.



For Facility B, passive sampling indicated that n-pentane was the most frequently detected compound across all sites. However, the average detected concentration was low, at 2 μg/m3. The highest concentration was recorded at point 6, but it was only a modest 5.24 μg/m3. Given the threshold limit value (TLV) for n-pentane set by the ACGIH is 1000 ppm, equivalent to around 3000 μg/m3, it suggests a very low level of toxicity. This concentration is exceedingly low when compared to the 350 μg/m3 reference exposure levels (RELs) indicated in fenceline monitoring protocols. In particular, this facility is uniquely situated, with no proximate industrial complexes, and its surroundings primarily comprise wastelands and vacant lots, eliminating potential interferences from neighboring facilities. n-Pentane was once a component of organic solvents used for dissolving rubber in the early 2000s, but by 2022 it was detected only at very low concentrations. N-Pentane can also be emitted from automobile exhausts, along with benzene and toluene. This concentration appears to have been influenced by automobile exhaust gases, because the research site B is located near a highway.



Upon reviewing occupational environmental measurements from the tire manufacturing industry in the early 2000s, it was found that substances such as n-pentane, n-hexane, benzene, toluene, and methyl cyclopentane were prevalent. However, the industry has increasingly been substituting these with other materials, and the development of organic solvents with reduced toxicity is underway [29].



Notably, a substantial quantity of substances like toluene, ethylbenzene, xylene, and styrene was detected in the passive results, all of which are also utilized as organic solvents in tire manufacturing plants. Nevertheless, the concentration of the majority of organic solvents was below 2 µg/m3. Compared to the reference value of 9 µg/m3 for benzene, which is highly toxic, these concentrations can be considered low.



When analyzing VOCs with high POCP, research target business A saw large quantities of xylene and ethylbenzene, while research target business B had a significant presence of toluene and 3-Methylhexane. This study has demonstrated that diverse VOCs are emitted across different sectors within the industry. The VOCs’ distribution in the atmosphere is notably influenced by the wind, suggesting that the influence extends not only to the specific business site but also to neighboring businesses, highlighting the importance of considering dispersion ranges. Consequently, it is more beneficial to establish reduction plans at the level of industrial complexes or between businesses with analogous processes rather than focusing solely on individual workplaces.



A limitation of the study is the number of measurements. Currently, EPA uses data measured every two weeks and measured 26 times per year. VOCs are greatly affected by the weather, so more may be emitted during seasons with higher temperatures. This suggests that continuous measurement and analysis is necessary.




5. Conclusions


Overall, the research results revealed that the VOCs projected theoretically were indeed detected. However, styrene and butene, expected to decompose at elevated temperatures in SBR rubber and BR rubber, were not identified [30]. This finding suggests that mitigation measures might be more necessary in solvent handling processes than in rubber thermal decomposition processes. When using products with relatively high POCP such as xylene or 3-Methylhexane, which could contribute to air pollution, it is advisable to contemplate the use of alternative products.



This study aimed to analyze the VOCs in each workplace and to compare the results derived from both passive and active detection methods.



In the case of the tire manufacturing industry, substances like carbon disulfide, dichloromethane, dichlorodifluoromethane, and xylene, used as solvents, as well as isoprene, used in tire adhesives, were detected more frequently than the anticipated styrene or butadiene, byproducts of rubber. However, the maximum momentary concentration did not surpass 4 µg/m3, while most measurements ranged between 0 and 2 µg/m3.



According to previous research, more VOCs and harmful factors are generated in the synthetic rubber manufacturing industry (SBR, NBR, EPDM rubber) than in the tire manufacturing industry. Accordingly, this suggests that more research is needed in the rubber-related manufacturing industry than in the tire manufacturing industry [31].
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Figure 1. Locations and measurement points of the target tire manufacturing facilities: (a) research target facility A, (b) research target facility B. 
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Figure 2. VOC Capture Methods: (a) Active Sampling (b) Passive Sampling. The meaning of the phrase in the figure is ‘Measuring VOCs’. 
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Figure 3. Total VOCs in active and passive modes at research target facility A. (a) Total VOCs, (b) wind rose diagram. 
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Figure 4. Total VOCs in active and passive modes at research target facility B. (a) Total VOCs, (b) wind rose diagram. 
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Table 1. Manufacturing Steps and Procedures in the Tire Manufacturing Industry.






Table 1. Manufacturing Steps and Procedures in the Tire Manufacturing Industry.





	Process Name
	Process Characteristics





	Mixing (Refining) Process
	The production of tires begins with the refining process, where all the constituent elements of the tire—including natural or synthetic rubber, reinforcing agents such as carbon black, and chemicals including sulfur—are blended to create tire-grade rubber. This refining process imbues the necessary properties into the tire.



	Extrusion Process
	The refined rubber undergoes substantial pressure to shape it into the desired dimensions and form. The demarcation between extrusion and calendering processes for the refined rubber is based on whether the resultant product is exclusively composed of rubber. Extrusion refers to the process of shaping rubber sheets, specifically created for treads and sidewalls, to match the specifications of the intended product.



	Calendering Process
	The calendering process involves layering the compound created during the refining process onto both sides of the steel and textile cords, thereby forming internal layers within the tire. The number and placement of these cords can influence the tire’s performance characteristics.



	Bead Process
	The bead process encompasses coating steel wire with a compound, winding the wire a designated number of times, and affixing a triangular rubber piece known as the bead filler. The bead serves to secure the tire to the wheel, preventing it from dislodging.



	Building Process
	The building process involves assembling the semi-finished products from the extrusion, calendering, and bead processes, making the form of a tire using a building machine. The size of the tire is determined at this stage, with the resultant form resembling a doughnut.



	Curing Process
	During the curing process, the flexible tire that was shaped during the building process is placed into a specific mold, and subjected to heat and pressure. This process results in the creation of the final tire shape, the tread pattern, and the elastic rubber material.



	Inspection and Dispatch Process
	The inspection process involves performing both visual and instrumental examinations on the finished tire.










 





Table 2. Characteristics of the Research Target Facilities.
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	Classification
	Research Target Facility A
	Research Target Facility B



	Site Area
	74.89 acres (3030.69 m2)
	103.76 acres (419,901.82 m2)



	Annual Product Output
	Approximately 30 million units annually
	Approximately 45 million units annually



	Product Characteristics
	Tires for passenger cars, trucks, winter conditions, and agricultural machinery
	Tires for passenger cars, trucks, off-road vehicles, and SUVs










 





Table 3. Advantages and Disadvantages of Passive and Active Samples.
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	Monitoring Method
	Sampling Times
	Description
	Advantages and Disadvantages





	Passive Diffusive-Tube Monitoring Network
	14-day period

Research Target Facility A 27.05.22~10.06.22

Research Target Facility A 21.07.22~08.08.22
	A direct-measurement approach that adsorbs target pollutants onto a tube monitor.
	(Advantages) Ideal for situations with low setup and maintenance costs.

(Disadvantages) Reduced temporal resolution during sample movement and potential contamination of samples.



	Active Monitoring Station Networks
	5 times a day

9:00~10:00

10:00~11:00

13:00~14:00

14:00~15:00

15:00~16:00

Research Target Facility A

1~6 points 26.05.22

7~12 points 27.05.22

Research Target Facility B

1~6 points 08.08.22

7~12 points 09.08.22
	Akin to passive diffusive tubes, this involves a direct-measurement method utilizing a pump for air intake.
	(Advantages) Pump usage allows for quicker collection, thereby improving temporal resolution.

(Disadvantages) Though applicable in various environments, it involves significant costs.










 





Table 4. Uptake Rates of VOCs.
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	Compound
	CarbopackTM Xa
	CarbopackTM 1TD
	CarbopackTM B





	1,1-Dichloroethene
	0.57 ± 0.1
	Not available
	Not available



	3-Chloropropene
	0.51 ± 0.3
	Not available
	Not available



	1,1-Dichloroethane
	0.57 ± 0.1
	Not available
	Not available



	1,2-Dichloroethane
	0.57 ± 0.1
	Not available
	Not available



	1,1,1-Trichloroethane
	0.51 ± 0.1
	Not available
	Not available



	Benzene
	0.67 ± 0.1
	0.63 ± 0.7
	0.63 ± 0.1



	Carbon tetrachloride
	0.51 ± 0.1
	Not available
	Not available



	1,2-Dichloropropane
	0.52 ± 0.1
	Not available
	Not available



	Trichloroethene
	0.5 ± 0.1
	Not available
	Not available



	1,1,2-Trichloroethane
	0.49 ± 0.1
	Not available
	Not available



	Toluene
	0.52 ± 0.1
	0.56 ± 0.6
	0.56 ± 0.1



	Tetrachloroethene
	0.48 ± 0.1
	Not available
	Not available



	Chlorobenzene
	0.51 ± 0.1
	Not available
	Not available



	Ethylbenzene
	0.46 ± 0.1
	Not available
	0.50



	m,p-Xylene
	0.46 ± 0.1
	0.47 ± 0.4
	0.47 ± 0.1



	Styrene
	0.5 ± 0.1
	Not available
	Not available



	o-Xylene
	0.46 ± 0.1
	0.47 ± 0.4
	0.47 ± 0.1



	p-Dichlorobenzene
	0.45 ± 0.1
	Not available
	Not available










 





Table 5. Sample Analysis Conditions.
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Sample Analysis Conditions (GC/MSD)

	
Sample Analysis Conditions (TD)




	
Analysis Equipment

	
QP-2020 Plus (Shimadzu)

	
Analysis Equipment

	
TD-20 (Shimadzu)






	
Column

	
DB-1(60 m × 250 μg, 0.25 μg)

HP-PLOT(50 m × 320 μg, 0.32 μg)

	
Primary desorption temp.

	
300 °C




	
Carrier gas

	
He, 1.0 mL/min, constant flow

	
Desorb time

	
10 min




	
Split/Splitless

	
Splitless, split on after 1 min (30:1)

	
Desorb flow

	
50 mL/min




	
Oven temperature

	
40 °C, hold 2 min

5.0 °C/min to 150 °C, hold 5 min

5.0 °C/min to 250 °C, hold 10 min

Transfer line 230 °C

	
Cold trap holding time

	
5 min




	
MS source temperature

	
230 °C

	
Cold trap low temp.

	
−20 °C




	
Ionization mode

	
EI mode(70 eV)

	
Cold trap packing

	
Carbopack + CS




	
Scan mass range

	
20~350 amu

	
Valve and line temp.

	
180 °C











 





Table 6. Research Target Facility A: comparison of active and passive concentrations of substances that can be converted into chemicals (unit: μg/m3).
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Substance Name

	
Sampling Method

	
Point 1

	
Point 2

	
Point 3

	
Point 4

	
Point 5

	
Point 6

	
Point 7

	
Point 8

	
Point 9

	
Point 10

	
Point 11

	
Point 12

	
Average






	
Toluene

	
Active

	
-

	
-

	
-

	
0.01

	
-

	
0.17

	
0.03

	
0.03

	
0.27

	
0.07

	
0.09

	
0.13

	
0.10




	
Passive

	
0.15

	
0.24

	
0.64

	
0.01

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.26




	
m,p-Xylene

	
Active

	
0.42

	
0.93

	
0.57

	
1.34

	
0.55

	
0.48

	
0.48

	
0.57

	
0.60

	
0.57

	
0.62

	
0.71

	
0.65




	
Passive

	
0.63

	
0.26

	
0.50

	
0.53

	
0.49

	
0.41

	
0.45

	
0.26

	
0.40

	
0.39

	
0.38

	
0.43

	
0.43




	
Carbon tetrachloride

	
Active

	
1.47

	
1.44

	
1.42

	
1.41

	
1.41

	
1.41

	
0.86

	
1.43

	
1.43

	
1.43

	
1.43

	
1.43

	
1.38




	
Passive

	
0.81

	
0.81

	
0.81

	
0.81

	
0.81

	
0.80

	
0.81

	
0.80

	
0.80

	
0.81

	
0.80

	
0.80

	
0.81




	
1,2-Dichloropropane

	
Active

	
0.72

	
0.54

	
0.18

	
-

	
-

	
-

	
0.55

	
0.91

	
0.92

	
1.11

	
0.91

	
0.91

	
0.75




	
Passive

	
0.51

	
0.51

	
0.51

	
0.51

	
-

	
-

	
0.51

	
0.51

	
-

	
-

	
-

	
-

	
0.51











 





Table 7. Results of Active Analysis (in % composition) for Research Target Facility A.
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	Substance Name
	CAS No.
	Point 1
	Point 2
	Point 3
	Point 4
	Point 5
	Point 6
	Point 7
	Point 8
	Point 9
	Point 10
	Point 11
	Point 12
	Average
	Composition





	Methylene chloride
	75-09-2
	1.95
	1.92
	1.91
	1.91
	1.91
	1.90
	1.19
	1.96
	1.97
	1.94
	1.96
	1.96
	1.87
	20.7%



	Carbon tetrachloride
	56-23-5
	1.47
	1.44
	1.42
	1.41
	1.41
	1.41
	0.86
	1.43
	1.43
	1.43
	1.43
	1.43
	1.38
	15.3%



	Isoprene
	78-79-50
	-
	-
	-
	-
	-
	-
	0.49
	0.06
	4.26
	4.40
	2.06
	2.45
	1.14
	12.6%



	Dichlorodifluoromethane
	75-71-8
	-
	0.99
	0.93
	1.13
	1.08
	1.10
	0.87
	1.34
	1.55
	1.36
	1.40
	1.57
	1.11
	12.3%



	Isopentane
	78-78-4
	-
	-
	2.38
	2.13
	2.44
	1.96
	-
	-
	-
	-
	-
	-
	0.74
	8.2%



	m,p-Xylene
	108-38-3
	0.42
	0.93
	0.57
	1.34
	0.55
	0.48
	0.48
	0.57
	0.60
	0.57
	0.62
	0.71
	0.65
	7.2%



	1,2-Dichloropropane
	78-87-5
	0.72
	0.54
	0.18
	-
	-
	-
	0.55
	0.91
	0.92
	1.11
	0.91
	0.91
	0.56
	6.2%



	Chloroform
	67-66-3
	0.45
	-
	0.44
	0.44
	0.22
	-
	0.44
	0.67
	1.11
	1.11
	0.67
	0.89
	0.54
	5.9%



	Cyclohexane
	110-82-7
	-
	0.47
	0.36
	0.56
	-
	-
	-
	-
	0.09
	-
	1.14
	0.07
	0.22
	2.5%



	Methylcyclopentane
	96-37-7
	-
	2.09
	-
	0.00
	-
	-
	-
	-
	-
	-
	0.10
	-
	0.18
	2.0%



	1,3,5-Trimethylbenzene
	108-67-8
	-
	0.91
	-
	0.62
	-
	-
	-
	-
	-
	-
	-
	-
	0.13
	1.4%



	Ethylbenzene
	100-41-4
	-
	-
	-
	0.91
	-
	-
	-
	-
	-
	-
	-
	-
	0.08
	0.8%



	Toluene
	108-88-3
	-
	-
	-
	0.01
	-
	0.17
	0.03
	0.03
	0.27
	0.07
	0.09
	0.13
	0.07
	0.7%



	1,3-Dichlorobenzene
	541-73-1
	-
	-
	-
	0.73
	-
	-
	-
	-
	-
	-
	-
	-
	0.06
	0.7%



	Isobutane
	75-28-5
	-
	0.44
	-
	-
	-
	-
	0.29
	-
	-
	-
	-
	-
	0.06
	0.7%










 





Table 8. Results of Passive Analysis (in % composition) for Research Target Facility A.
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	Substance Name
	CAS No.
	Point 1
	Point 2
	Point 3
	Point 4
	Point 5
	Point 6
	Point 7
	Point 8
	Point 9
	Point 10
	Point 11
	Point 12
	Average
	Composition





	Carbon tetrachloride
	56-23-5
	8.40
	8.38
	8.33
	8.33
	8.33
	8.31
	8.32
	8.29
	8.29
	8.32
	8.27
	8.28
	8.32
	43.4%



	m,p-Xylene
	108-38-3
	5.90
	2.45
	4.64
	4.97
	4.53
	3.86
	4.23
	2.44
	3.72
	3.59
	3.51
	3.97
	3.98
	20.8%



	1,2-Dichloropropane
	78-87-5
	5.34
	5.37
	5.34
	5.34
	-
	-
	5.36
	5.33
	-
	-
	-
	-
	2.67
	13.9%



	Dichlorodifluoromethane
	75-71-8
	-
	-
	-
	-
	5.73
	5.63
	-
	4.88
	-
	4.94
	-
	4.97
	2.18
	11.4%



	1,3,5-Trimethylbenzene
	108-67-8
	-
	6.70
	-
	-
	-
	-
	6.70
	-
	-
	-
	-
	-
	1.12
	5.8%



	Toluene
	108-88-3
	1.53
	2.48
	6.71
	0.14
	0.05
	-
	-
	-
	-
	-
	-
	-
	0.91
	4.7%



	Isobutane
	75-28-5
	-
	0.44
	-
	-
	-
	-
	0.29
	-
	-
	-
	-
	-
	0.06
	0.7%










 





Table 9. Research Target Facility B: comparison of active and passive concentrations of substances that can be converted into chemicals (unit: μg/m3).
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Substance Name

	
Sampling Method

	
Point 1

	
Point 2

	
Point 3

	
Point 4

	
Point 5

	
Point 6

	
Point 7

	
Point 8

	
Point 9

	
Point 10

	
Point 11

	
Point 12

	
Average






	
Benzene

	
Active

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Passive

	
-

	
0.30

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.30




	
Toluene

	
Active

	
0.78

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.72

	
-

	
-

	
0.75




	
Passive

	
1.46

	
1.38

	
1.34

	
1.75

	
1.21

	
1.04

	
1.33

	
0.95

	
1.08

	
1.41

	
1.23

	
-

	
1.29




	
Ethylbenzene

	
Active

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Passive

	
0.85

	
0.81

	
0.85

	
0.92

	
0.78

	
0.68

	
0.85

	
0.64

	
0.76

	
0.79

	
0.66

	
-

	
0.78




	
m,p-Xylene

	
Active

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	

	
-




	
Passive

	
0.72

	
0.66

	
0.71

	
0.75

	
0.63

	
0.52

	
0.70

	
0.49

	
0.58

	
0.65

	
0.52

	
-

	
0.63




	
Styrene

	
Active

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Passive

	
0.74

	
0.72

	
0.75

	
0.81

	
0.73

	
0.67

	
0.75

	
-

	
-

	
0.79

	
0.67

	
-

	
0.74




	
o-Xylene

	
Active

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Passive

	
0.69

	
0.66

	
0.70

	
0.73

	
0.65

	
0.57

	
0.70

	
0.55

	
0.61

	
0.66

	
0.56

	
-

	
0.64











 





Table 10. Results of Active Analysis (in % composition) for Research Target Facility B.
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	Substance Name
	CAS No.
	Point 1
	Point 2
	Point 3
	Point 4
	Point 5
	Point 6
	Point 7
	Point 8
	Point 9
	Point 10
	Point 11
	Point 12
	Average
	Composition





	n-Pentane
	109-66-0
	0.08
	-
	0.75
	0.89
	3.54
	5.24
	4.14
	2.01
	1.08
	-
	-
	0.43
	1.51
	45.5%



	Isoprene
	78-79-50
	2.58
	1.68
	-
	-
	-
	-
	-
	-
	0.28
	-
	-
	-
	0.38
	11.4%



	n-Heptane
	142-82-5
	-
	-
	-
	-
	-
	-
	-
	-
	-
	1.33
	2.92
	-
	0.35
	10.6%



	Isopentane
	78-78-4
	-
	-
	-
	-
	0.59
	1.23
	1.37
	0.34
	-
	-
	-
	-
	0.29
	8.8%



	iso-Hexane
	107-83-5
	-
	-
	-
	1.04
	-
	-
	-
	-
	-
	-
	-
	1.00
	0.17
	5.1%



	3-Methylhexane
	589-34-4
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	2.02
	-
	0.17
	5.1%



	Toluene
	108-88-3
	0.78
	-
	-
	-
	-
	-
	-
	-
	-
	0.72
	-
	-
	0.12
	3.8%



	n-Butane
	106-97-8
	-
	-
	-
	-
	-
	-
	0.65
	0.26
	0.38
	-
	-
	-
	0.11
	3.2%



	Methylcyclohexane
	108-87-2
	-
	-
	-
	-
	-
	-
	-
	-
	-
	1.25
	-
	-
	0.10
	3.1%



	Isobutane
	75-28-5
	-
	-
	-
	-
	-
	-
	0.75
	0.15
	-
	-
	-
	-
	0.08
	2.3%



	n-Octane
	111-65-9
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	0.45
	0.04
	1.1%










 





Table 11. Results of Passive Analysis (in % composition) for Research Target Facility B.
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	Substance Name
	CAS No.
	Point 1
	Point 2
	Point 3
	Point 4
	Point 5
	Point 6
	Point 7
	Point 8
	Point 9
	Point 10
	Point 11
	Point 12
	Average
	Composition





	Toluene
	108-88-3
	14.85
	13.97
	13.64
	17.72
	12.27
	10.51
	13.45
	9.61
	11.00
	14.35
	12.53
	-
	11.99
	21.3%



	iso-Hexane
	107-83-5
	9.59
	11.73
	9.96
	10.75
	9.82
	7.19
	9.48
	7.51
	9.35
	12.95
	8.54
	-
	8.91
	15.8%



	Ethylbenzene
	100-41-4
	7.66
	7.31
	7.60
	8.29
	6.99
	6.07
	7.59
	5.72
	6.79
	7.12
	5.95
	-
	6.42
	11.4%



	Styrene
	100-42-5
	7.27
	7.02
	7.33
	7.86
	7.11
	6.50
	7.27
	-
	-
	7.74
	6.56
	-
	5.39
	9.6%



	o-Xylene
	95-47-6
	6.20
	5.94
	6.30
	6.53
	5.85
	5.11
	6.27
	4.95
	5.51
	5.92
	5.05
	-
	5.30
	9.4%



	m,p-Xylene
	108-38-3
	6.48
	5.91
	6.37
	6.72
	5.62
	4.64
	6.29
	4.38
	5.25
	5.83
	4.63
	-
	5.18
	9.2%



	3-Methylhexane
	589-34-4
	-
	4.51
	-
	4.69
	-
	-
	6.80
	4.14
	3.96
	6.55
	13.82
	-
	3.71
	6.6%



	n-Heptane
	142-82-5
	-
	-
	-
	-
	-
	-
	6.47
	-
	-
	7.64
	16.43
	-
	2.55
	4.5%



	1,2,4-Trimethylbenzene
	95-63-6
	5.84
	5.79
	5.89
	-
	-
	-
	5.78
	-
	-
	5.62
	-
	-
	2.41
	4.3%



	n-Decane
	124-18-5
	5.93
	6.59
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	1.04
	1.9%



	n-Pentane
	109-66-0
	-
	-
	-
	2.54
	1.58
	1.44
	1.60
	1.28
	1.13
	1.11
	1.07
	-
	0.98
	1.7%



	Methylcyclohexane
	108-87-2
	-
	-
	-
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	6.12
	-
	-
	0.51
	0.9%










 





Table 12. VOCs with High POCP in Tire Manufacturing.






Table 12. VOCs with High POCP in Tire Manufacturing.





	
Rank

	
Substance Name (POCP)

	
Research Target Facility A

	
Research Target Facility B




	
Active

(µg/m3)

	
Active Ratio (%)

	
Passive

(µg/m3)

	
Passive Ratio (%)

	
Active

(µg/m3)

	
Active Ratio (%)

	
Passive

(µg/m3)

	
Passive Ratio (%)






	
1

	
1-Butene

(113)

	
N/D

	
N/D

	
N/D

	
-

	
N/D

	
N/D

	
N/D

	
N/D




	
2

	
Propylene

(108)

	
N/D

	
N/D

	
N/D

	
-

	
N/D

	
N/D

	
N/D

	
N/D




	
3

	
Ethylene

(100)

	
N/D

	
N/D

	
N/D

	
-

	
N/D

	
N/D

	
N/D

	
N/D




	
4

	
m/p-Xylene

(109/95)

	
0.65

	
73.26

	
0.25

	
85.41

	
N/D

	
N/D

	
0.63

	
19.28




	
5

	
Ethylbenzene

(81)

	
0.08

	
8.50

	
N/D

	
-

	
N/D

	
N/D

	
0.78

	
24.08




	
6

	
Toluene

(77)

	
0.07

	
7.39

	
0.43

	
14.59

	
0.12

	
26.24

	
1.29

	
44.08




	
7

	
3-Methylhexane

(73)

	
N/D

	
N/D

	
N/D

	
N/D

	
0.17

	
35.39

	
N/A

	
12.56




	
8

	
n-Hexane

(65)

	
N/D

	
N/D

	
N/D

	
N/D

	
N/D

	
N/D

	
N/D

	
N/D




	
9

	
n-Butane

(60

	
0.04

	
4.05

	
N/D

	
N/D

	
0.11

	
22.51

	
N/D

	
N/D




	
10

	
Isobutane

(43)

	
0.06

	
6.08

	
N/D

	
N/D

	
0.08

	
15.86

	
N/D

	
N/D
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