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Abstract

:

We measured a wide range of hazardous air pollutants (HAPs) simultaneously at five sites over four seasons in 2009–2010 in Ulsan, the largest industrial city in Korea. Target analytes included volatile organic compounds (VOCs), carbonyls, polycyclic aromatic hydrocarbons (PAHs), phthalates, and heavy metals (HMs). The objectives of this study were to evaluate the occurrence and spatiotemporal distributions of HAPs, and to identify important HAPs based on health risk assessment. Industrial emissions affected ambient levels of VOCs and HMs, as demonstrated by spatial distribution analysis. However, concentrations of PAHs and phthalates were relatively uniform at all sites. VOCs and HMs exhibited little seasonal variation, while formaldehyde increased in the summer due to its secondary formation. PAHs exhibited notable seasonal variation; higher in cold seasons and lower in warm seasons. Cumulative cancer risks imposed by 35 HAPs were 4.7 × 10−4 and 1.7 × 10−4 in industrial and residential areas, respectively. The top five major cancer risk drivers appeared to be formaldehyde, benzene, benzo[a]pyrene, As, and Co. The sums of hazard quotients (HQ) derived by 47 HAPs were 10.0 (industrial) and 2.4 (residential). As the individual species, only two HAPs exceeded the HQ of 1, which are As (3.1) and Pb (2.1) in the industrial area. This study demonstrated the importance of a comprehensive monitoring and health risk assessment to prioritize potentially toxic pollutants in the ambient air of a large industrial city.
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1. Introduction


Hazardous air pollutants (HAPs, often known as air toxics) have become a concern in many countries [1,2,3,4,5,6,7], largely due to public awareness of the importance of environmental health [8,9,10,11]. According to the United States Environmental Protection Agency (USEPA), HAPs are defined as pollutants that are known or suspected to cause cancer or other serious health effects, such as reproductive effects or birth defects, or have adverse effects on ecology or the environment [10].



Various classes of organic and inorganic chemicals belong to the HAP category, including volatile organic compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs), dioxins, pesticides, phthalates, and heavy metals (HMs) [12,13,14]. Among them, VOCs and PAHs have received special attention because many are considered human carcinogens and are ubiquitous in the ambient air to which the general public is routinely exposed [1,2,3,4,5,6,7]. In addition, some HAPs are bioaccumulative and persistent in the environment [13,15]. Therefore, long-term exposure to various HAPs, even at low ambient levels, may have adverse effects on human health and the environment due to their nonthreshold nature of toxicity as well as the combined risk caused by exposure to multiple pollutants [9,13,16]. Depending on legal, socioeconomic, and industrial circumstances, different countries list different numbers of individual chemicals or classes of chemicals as HAPs; e.g., the USA lists 187 air toxics [12]; Japan, 248 [17]; and Korea, 35.



The significance of urban air toxics is justified because they generally tend to pose greater risks to a larger population and are produced by a wider variety of emission sources than HAPs in nonurban areas [18]. Furthermore, public health risks from urban air toxics can be increased due to simultaneous exposure to multiple pollutants from various emission sources, including stationary and mobile sources. Risk assessment for urban air toxics involves a set of procedures and requires a variety of input factors, among which monitoring of ambient air quality is a crucial step that provides exposure data for the general public. An accurate estimation of the exposure level depends on a large amount of ambient concentration data. In general, a huge body of data is available for criteria pollutants, but there is a lack of sufficient data for HAPs in many countries. The most likely reason for the scarcity of ambient data for some HAPs is that measurement often requires sophisticated sampling and analytical skills. It is impractical to measure and regulate the myriad of air toxics that exist in urban areas. Accordingly, there is a long-standing recognition of a need to identify the most important HAPs in a specific area to efficiently reduce health risks. In this respect, effective air quality management systems should prioritize HAPs based upon the relative risks posed by many different types of pollutants. For example, the USEPA identified 30 urban air toxics among 187 HAPs that are expected to pose the greatest potential health threat in urban areas [18]. Similarly, the Japanese Ministry of the Environment prioritized 23 toxics among 248 HAPs, taking into consideration their toxicity, ubiquity, and abundancy [17].



Ulsan is the largest industrial city in Korea, with a population of more than 1.2 million. As Korea’s largest industrial cluster for automotive, shipbuilding, petrochemical, and nonferrous metallic industries, the city economically accounts for 12.5% of the total industrial output of Korea [19]. However, the contribution of air pollutant emissions from this city has also been substantial, as much as its economic contribution. According to the Pollutant Release and Transfer Registers (PRTR) data in Korea [20], the city of Ulsan was second among 17 local governments in Korea, with an annual amount of 8,211 tons of toxic chemical emissions as of 2012, which accounts for 16.1% of Korea’s emissions nationwide. Among multi-industrial activities in Ulsan, the petrochemical, oil refinement, and nonferrous metal industries are likely to be major sources of VOCs and PAHs due to the nature of their operational processes [21,22]. In addition, shipbuilding and car manufacturing industries are potential sources of VOCs and HMs [23]. Although automobile emissions are probably the most common source of HAPs in typical urban areas, industrial emissions may be a more significant contributor in a heavily industrialized city, such as Ulsan. Therefore, the adverse impacts of industrial activities on ambient levels of HAPs in nearby residential areas are a matter of great concern in Ulsan.



A number of studies have been conducted on the air pollution of Ulsan, but most of them focused on criteria pollutants [24,25,26]. In relation to HAPs, only a few studies have been conducted within and around the city, i.e., VOCs [27], PAHs [21,22,28], and HM studies [23,29,30]. However, each of these studies was conducted sporadically and focused on only one category of HAPs. Therefore, current knowledge is still not comprehensive enough to identify major HAPs based on health risks in the Ulsan area. This is primarily because ambient concentration data for a wide spectrum of HAPs, covering VOCs, PAHs, and HMs, is lacking. These data are essential to assess more realistic exposure levels and to characterize their spatial and temporal distributions. Another important deficiency is a lack of information on the cumulative effects of multipollutants on human health [4,9].



In this context, we carried out an intensive ambient air monitoring of various HAPs for one year at several locations in Ulsan, representing industrial and residential areas. More than 130 chemical species in vapor or particulate phases were simultaneously measured, including VOCs, carbonyls, PAHs, phthalates, and trace elements. The measured data were then used to identify HAPs that may pose the greatest health risks (both carcinogenic and noncarcinogenic) by a deterministic screening approach for human health risk assessment [1,2,3,4,6,7,31,32,33]. The objectives of this study were (i) to investigate the occurrence of HAPs and their distribution characteristics in the ambient air, along with the spatial and temporal variations in their concentrations, (ii) to evaluate the impact of industrial activities on atmospheric HAPs in Ulsan City, and (iii) to identify and prioritize important HAPs in Ulsan based on health risk assessments.




2. Materials and Methods


2.1. Study Area and Sampling Sites


Ulsan is located at the southeastern end of the Korean Peninsula, approximately 400 km southeast of the capital, Seoul (Figure 1). There are two national industrial complexes (i.e., Ulsan-Mipo and Onsan) and 10 local complexes in the Ulsan area, which can be geographically classified into four groups: (i) Onsan district, with a nonferrous metallic industrial complex and two large oil refineries; (ii) Yeocheon district, where Korea’s largest petrochemical industrial complex is located; (iii) Yangjeong district, housing a large scale automobile industry, such as Hyundai Motors; and (iv) Mipo district, home of the world’s largest shipyard. To provide information on the magnitude of HAP emissions from the four industrial districts in Ulsan, PRTR data for airborne toxic chemicals emitted from the four districts in 2010 are summarized in Table S1 [20].



A total of five sampling sites (two industrial and three residential) were selected to measure the HAPs in the Ulsan area (Figure 1). All sites were well-prepared for air sampling purposes in terms of electricity and vandalism, as these sites all belonged to the National Ambient Air Quality Monitoring Network in Korea. Site A (Hwasan) was located in the center of the Onsan national industrial complex, and samplers were installed on the rooftop of a container house in open spaces with no building within a 50 m radius, and where traffic was low. Site B (Bugok) was within the Ulsan-Mipo national industrial complex, and the sampling equipment was placed on the rooftop of a building at an elevation of ~15 m, where there was relatively low traffic. The sampling equipment for the three nonindustrial sites was placed on rooftops, ~12 to 15 m above ground level. Site C (Samsan) was in the center of the city, where commercial and residential areas were mixed. Site D (Shinjung) was in a typical residential area, surrounded by many schools and low-rise houses with low traffic. Site E (Mugeo) was located in a relatively new town, where large numbers of shops, restaurants, and high-rise apartments were mixed. Site E was in an area generally known as the gateway to the city, with heavy traffic due to the tollgate of a highway being located within 2 km.




2.2. Sampling Periods and Weather Conditions


Air sampling was conducted over four seasons in 2009–2010. In each season, samples were collected over eight consecutive days at each site. Details of sampling periods and weather conditions are presented in Table 1, together with number of samples collected in each season. Weather data were obtained on an hourly basis from the Automatic Weather Station in Ulsan (Figure 1). The prevailing wind directions during the sampling periods varied from season to season, but in general they were westerly. In the spring, westerly and easterly winds were mixed, but south-southwest winds dominated in the summer. However, westerly and northwest winds were most frequent in autumn and winter, respectively. Seasonal wind-roses in Ulsan were presented in Figure S1. The average wind speeds in autumn and winter were lower than those in spring and summer, possibly causing adverse effects on air pollution mitigation during the cold seasons.




2.3. Sampling and Analysis of Vapor Phase HAPs


The measurement protocol of VOCs was similar in principle to the USEPA TO-17 method [34]. VOC samples were collected at a flow rate of 100 mL/min for 4 h on stainless steel adsorbent tubes (0.6 × 9 cm, Perkin Elmer, London, UK), using personal pumps equipped with a mass flow controller (FLEC 1001, Chematec, Denmark). For continuous sampling over a day at each site, sequential automatic tube samplers (STS 25, Perkin Elmer, UK, and MTS32, Markes, Wales, UK) were used, thereby six samples per day were obtained. As a result, a total of 960 effective samples were obtained. Each tube was packed with 120 mg of Carbograph-2 (20/40 mesh) in the front position and 280 mg of Carbograph-1 (40/60 mesh) in the back position. Before sampling, the adsorbent tubes were preconditioned with a He gas flow of 80 mL/min at 250 °C for 2 h using a thermal conditioner (TC-20, Markes, Wales, UK).



The analysis of VOCs was performed using an automatic thermal desorption apparatus (Unity/Ultra, Markes, Wales, UK) and gas chromatography with mass spectrometry (GC/MS, HP6890/5973, Hewlett-Packard, Palo Alto, CA 94304, USA). Thermal desorption of VOCs adsorbed onto the tube was carried out at 300 °C with a flow rate of 50 mL/min for 10 min. The eluted VOCs were transferred to a cold trap (packed with 12 mg of Tenax-TA and 47 mg of Carbopack B) maintained at −15 °C. Subsequently, the cold trap was rapidly heated to 320 °C and maintained at that temperature for 5 min. The VOCs were then injected into a capillary column (Rtx-1, 0.32 mm × 105 m × 1.5 μm, Restek, Bellefonte, PA 16823, USA). The temperature of the GC oven was initially set to 50 °C for 10 min, and then increased to 250 °C at a rate of 5 °C/min. The flow rate of the carrier gas (helium) in the column was maintained at 1.13 mL/min, while the outlet split flow of the thermal desorber was set at 10 mL/min. Two standard mixtures (i.e., gas and liquid) were used together for identification and calibration purposes. For the gas standard, a mixture of 62 components (EPA TO-15/17 Calibration Mix, 1 ppm, Supelco, Bellefonte, PA 16823, USA) and a mixture of 41 components (TO-14A Calibration Mix, 1 ppm, Restek, Bellefonte, PA 16823, USA) were used. For example, acrylonitrile was not included in the 62 Mix, but this compound was calibrated with the 41 Mix. Some VOCs were unavailable in the gas standard mixtures, so a liquid standard mixture was prepared with individual standards, including naphthalene, N,N-dimethylformamide, epichlorohydrin, nitrobenzene, aniline, phenol, 2-methoxyethanol, 2-ethoxyethanol, and 2-ethoxyethyl acetate (Sigma-Aldrich, St. Louis, MI 48880, USA). These 9 VOCs have been of concern in Korea, and are included among the 48 priority air toxics. Aliquots of the liquid standard mixtures (100 μg/mL each) were spiked into clean tubes using a packed column GC injector at 300 °C and a He flow rate of 100 mL/min for 1 min [35]. Five very volatile VOCs (propylene, ethanol, Freon 12, chloromethane, and Freon 114) were excluded from the target analytes because these compounds were found to be inefficiently collected by the adsorbent tubes.



Carbonyls were collected on cartridges packed with 2,4-dinitrophenylhydrazine-impregnated silica (LpDNPH S10x, Supelco, Bellefonte, PA 16823, USA) at a flow rate of 1 L/min for 2 h using personal pumps (SKC, Eighty Four, PA 15330, USA). To avoid sampling defects, ozone scrubbers (Supelco Inc., Bellefonte, PA 16823, USA) were placed in front of the cartridges [36]. The carbonyls were extracted with 4 mL of acetonitrile, and then analyzed by high-performance liquid chromatography (HPLC) with UV detection at 360 nm (Shimadzu LC-9A HPLC system, Japan). Chromatographic separations were carried out using a solvent gradient elution at a flow rate of 1.0 mL/min on a Restek Ultra C18 analytical column (4.6 mm × 15 cm, 5 μm particle size) in a column oven at a constant temperature of 35 °C. The mobile phase consisted of two parts, A (methanol 100%) and B (water 50% and methanol 50%). The gradient elution was programmed from 70% B to 15% B over 20 min, followed by column washing with 100% A for 5 min. In total, 16 carbonyls were determined using a carbonyl standard mixture (Aldehyde-Ketone-DNPH TO-11A Calibration Mix., Restek, Bellefonte, PA 16823, USA) and a standard for 2-butanone (Restek, Bellefonte, PA 16823, USA). In this study, carbonyl samples were taken three times per day at each site in each season; morning (9 to 11 a.m.), afternoon (2 to 4 p.m.), and evening (6 to 8 p.m.). Some samples were lost due to sampling artifacts (particularly on rainy days) or malfunction of the personal pumps. Consequently, a total of 452 carbonyl samples were obtained.




2.4. Sampling and Analysis of Particulate Phase HAPs


Airborne suspended particulate matter (SPM) samples were collected on quartz fiber filters (8” × 10” QMA, Whatman, Clifton, NJ 07014, USA) using high-volume air samplers (TE-PNY1123, Tisch Environmental Inc., Cleves, OH 45002, USA) over a 24 h period at a flow rate of ~600 L/min. Prior to use, the filters were precleaned with HPLC-grade methanol by ultrasonication for 2 h, followed by heat treatment at ~400 °C for 4 h to remove any remaining organic matter. The pretreated filters were equilibrated in a desiccator under conditions of constant temperature (20 ± 1 °C) and relative humidity (45 ± 5%) for 24 h, and then weighed before sampling. The particle filters were divided into four equal parts: two of which were used for PAH/phthalate analysis, and the remaining two were used for the determination of SPM, and trace elements. To determine the mass concentration of SPM, two pieces (4.45 cm diameter each) were clipped from a portion of the filter sample with a circular knife and weighed after 24 h equilibration under conditions identical to the pre-sampling conditions.



Although atmospheric PAHs and phthalates are present in vapor and particulate phases, we focused on only the particulate phase of those compounds because carcinogenic PAHs/phthalates are mostly found in particle samples [15,21,37,38]. Meanwhile, we measured naphthalene, which is one of volatile PAHs of environmental concern, as a VOC. A solvent extraction system (Soxtec 2055, Foss, 8022 Zürich, Switzerland) was used to extract PAHs and phthalates from the filters. The samples were extracted with 80 mL of an acetone/hexane mixture (1:9, v/v) for 40 min at 145 °C, and then rinsing was carried out at a rate of 40−50 times per hour for 100 min. Prior to the extraction, the filter samples were spiked with an aliquot (100 μL) of a mixture (11.765 μg/mL each) of five surrogate standards (SS) for PAHs, including naphthalene-d8, acenaphthene-d10, phenanthrene-d10, chrysene-d12, and perylene-d12 (Z-014J, AccuStandard, New Haven, CT 06513, USA), and another aliquot (100 μL) of a mixture (~20 μg/mL each) of two SS for phthalates (dibutyl phthalate-d4 and dioctyl phthalete-d4, ChemService, West Chester, PA 19380, USA). The extracted samples were first concentrated to ~4 mL using a vacuum evaporator (RapidVap, Labconco, Kansas City, MO 6413, USA) with N2 gas. Subsequently, the concentrated samples were passed through an anhydrous sodium sulfate cartridge (Bond Elut, Agilent Technologies, Santa Clara, CA 95051, USA) to remove any water in the organic phase [39], and finally concentrated to 0.5 mL. The samples were then analyzed by gas chromatography/mass spectrometry (GC/MS) (6890N/5973i, Agilent Technologies, Santa Clara, CA 95051, USA) in selected ion monitoring mode after spiking with 100 μL of a mixture (~10 μg/mL each) of four internal standards (IS) for PAHs, including acenaphthylene-d8, pyrene-d10, benz[a]anthracene-d12, and benzo[a]pyrene-d12 (Cambridge Isotope Lab., Tewksbury, MA 01876, USA), and another 100 μL (20.758 μg/mL) of 1-phenyldodecane (Sigma-Aldrich, St. Louis, MI 48880, USA), which was used as an IS for the phthalates. A fused-silica capillary column (DB-5MS, 0.25 mm × 30 m, 1 μm, J & W Scientific, Folsom, CA 95630, USA) was used for separation with an oven temperature program as follows: the oven was initially set to 70 °C for 1 min, then the temperature was increased to 205 °C at a rate of 15 °C/min and again to 325 °C at a rate of 8 °C/min, and then held for 15 min. The flow rate of carrier gas (He) was constant at 1.2 mL/min throughout the GC run. The injector temperature was set to 300 °C, and 2 μL of each sample was injected by an autosampler in splitless mode. The standard reference material (SRM) 2260a (NIST, Gaithersburg, MD 20899, USA), a mixture of 36 PAHs, was used as the calibration standard for the PAHs, while the EPA phthalate esters 6 mixture (Supelco, Bellefonte, PA 16823, USA) was used for the phthalates. The quantitation of PAH/phthalate concentrations was conducted by the IS method, and all concentration data were corrected by the recovery rates of the corresponding SS [39]. Field blank filters were also treated by the same procedure as above, and no significant contamination was found.



Portions (3.3 cm diameter each × 6) of the filter samples were utilized for the analysis of trace elements. The elements were extracted by a hydrochloric-nitric acid solution (16.75% and 5.55% (v/v), respectively) using a microwave digestion system (Ethos, Milestone, Italy), and then analyzed using inductively coupled plasma-atomic emission spectrometry (ICP-AES) (Optima 3000RL, Perkin Elmer, Waltham, MA 02451, USA), according to the USEPA IO-3.4 method [40]. The ICP multielement standard solution IV (Merck, Darmstadt, Germany) was used as the calibration standard. Only toxic HMs (As, Cd, Co, Mn, Ni, Pb, Se, V) were selected in this study. Hexavalent chromium (Cr(VI)) in ambient air was measured separately, following a protocol developed by the USEPA [41]. To measure the Cr(VI), particle samples were collected using cellulose filter papers (No. 41, 37 mm diameter, Whatman, Clifton, NJ 07014, USA) and filter packs at a flow rate of 10 L/min for 24 h. Each filter paper was precleaned with a nitric acid solution (10%, v/v), followed by deionized water, and then dried in a glove box filled with N2 gas (99.999%). Once dried, the filter was impregnated with NaHCO3 (0.12 M) to be used as a sampling medium. After sampling, Cr(VI) was extracted by ultrasonication in the glove box for 1 h with 10 mL of 20 mM NaHCO3. The extracted samples were then analyzed using ion chromatography (IC) (DX-120, Dionex, Sunnyvale, CA 94085, USA), equipped with IonPac-NG1 and IonPac-AS7 (Dionex, Sunnyvale, CA 94085, USA) as the guard and analytical columns, respectively. More details of the sampling and analysis of Cr(VI) can be found in the literature [42].




2.5. Quality Control (QC) and Quality Assurance (QA)


The uncertainty of HAPs concentration data was evaluated with respect to QC/QA, which is summarized in this section for each category of the HAPs. The analytical precisions of individual VOCs were all less than 20%. Method detection limits (MDL) were estimated according to the USEPA guidelines [34,43] and ranged from 0.01 to 0.12 ppb for a typical air volume of 24 L. Two labs independently analyzed parts of 26 pairs of duplicate samples collected in the ambient air of an industrial area. The mean duplicate precisions (MDP) for toluene, ethylbenzene, m-/p-xylenes, and trichloroethylene (TCE) were 27.5%, 22.6%, 17.3%, and 19.2%, respectively, while that for benzene was 32.1%. Although more volatile compounds appeared to be less accurate (for example, 50.7% for dichloromethane), most VOCs displayed MDPs less than 30%, a recommended criterion in the TO-17 method [34]. The analytical precisions of carbonyl compounds were less than 2.5%; the MDLs were between 0.02 and 0.03 ppb. The MDPs for formaldehyde and acetaldehyde were 14.6% and 19.1%, respectively, while the other carbonyls agreed within a range of 30%.



The performance of the PAH measurement was also evaluated in terms of its analytical repeatability, MDL, extraction efficiency, and accuracy, according to the USEPA TO-13A protocol [39]. The mean repeatability of GC response factors and retention times for the 36 PAHs were 5.2% and 0.2%, respectively. Meanwhile, those for the six phthalates were 7.3% and 0.2%, respectively. The MDLs for PAHs were found to be in the range of 0.02 ng/m3 for benzo[a]pyrene (BaP) to 0.12 ng/m3 for coronene, assuming an air volume of 800 m3. The MDLs for phthalates were all higher than those for PAHs, ranging from 0.29 ng/m3 for dimethyl phthalate to 2.24 ng/m3 for di(2-ethylhexyl)phthalate (DEHP). The mean recovery rate for the 19 PAHs of 80.1% (ranging from 61.5% to 98.5%). Similarly, the recovery efficiency for the six phthalates was 93.6% (ranging from 81.8% to 99.5%). The recovery rate and accuracy of the PAH data were further examined using SRM1649a (Urban Dust, NIST, Gaithersburg, MD 20899, USA). The mean relative error (MRE) for the 20 PAHs certified in the SRM1649a ranged from 2.0% for chrysene to 37.0% for indeno[1,2,3-c,d]pyrene.



The analytical precision of toxic HMs appeared to range from 2.0% for Mn and Pb to 15.9% for Se. The estimated MDLs were in a range of 0.11 ng/m3 for Cd to 2.17 ng/m3 for Pb, assuming a typical air sampling volume of 800 m3. The recovery rates of HMs were evaluated using SRM1648 (Urban Particulate Matter, NIST, Gaithersburg, MD 20899, USA). Overall, HMs showed good recovery rates, ranging from 82.7% for Cd to 109.3% for Ni, with the exception of Se (24.5%). The Se data were corrected for recovery efficiency, because its poor recovery appeared to be due to a systematic error. The precision of Cr(VI) measurements was 6.5%. The recovery efficiency and MDL were 96.5% and 0.13 ng/m3, respectively.




2.6. Toxicity Information and Health Risk Assessment


In general, there are two approaches in the assessment of human health risks, i.e., the deterministic (point estimation) and stochastic (Monte-Carlo simulation) exposure assessment [44]. We applied the deterministic approach to this study as a screening tool for investigating which HAPs are most likely to cause significant health impacts for the residents of Ulsan. The deterministic estimation has been used in several studies [1,3,6,7,31,32,33], although there are some limitations such as the uncertainties associated with the breath rate and exposure duration, etc. In this study, the potential public health risk was evaluated only for long-term (chronic) inhalation exposure to air toxics, with respect to cancer and noncancer effects. The cancer and noncancer risks for a HAP were calculated using the following equations according to USEPA’s guidance [45]:


Cancer risk = Exposure concentration (μg/m3) × Inhalation unit risk (µg/m3)−1



(1)






Noncancer risk = Exposure concentration (μg/m3)/Reference concentration (µg/m3)



(2)







In this study, it was assumed that the measured concentration of a specific HAP is equal to the exposure concentration [45]. The inhalation unit risk (IUR) values were taken from the USEPA [46,47], the California EPA [48], and the World Health Organization (WHO) [49]. The noncancer risk for a specific HAP was expressed as a hazard quotient (HQ), and the reference concentrations (RfC) were taken from the USEPA [46,47,50]. When the RfC for a specific substance was not available, its respective reference exposure level (REL) from the California EPA [48] or minimal risk level (MRL) from the US Agency for Toxic Substances and Disease Registry (ATSDR) [51] were used as the RfC. The toxicity information was first obtained from the USEPA Integrated Risk Information System (IRIS) [47], and then (in order of preference) the estimate provided by the California EPA [48], the US ATSDR [51], the Health Effects Assessment Summary Tables (HEAST) [50], or the Provisional Peer-reviewed Toxicity Values (PPRTVs) [52] was used. If two or more toxicity values differed for one chemical, the more conservative (health-protective) value was adopted. Chemicals without any IUR, RfC, REL, or MRL values were not included from the risk assessment process. The toxicity values applied to individual HAPs are compiled in Table S2 [47,48,50,51,52], Table S3 [44,45,46,47,48,49,51,52], and Table S4 [53,54,55,56].





3. Results and Discussion


3.1. Occurrence of Vapor Phase HAPs in Ambient Air


Among more than 80 target VOCs, we found that 24 VOCs were detected in more than 50% of samples, and 11 other VOCs were found in 10% to 50% of samples. The VOCs that were detected universally in all samples were benzene, toluene, formaldehyde, and acetone, as opposed to 17 compounds that were not detected in any samples. For statistical analysis, one half of the MDL value was substituted for data below the MDL [3,43]. The concentrations of selected VOCs for each site are summarized in Table 2. Benzene, formaldehyde, and TCE were the VOCs of utmost concern because of their carcinogenic nature and ubiquity [46,49,57]. Exposure to other VOCs, such as toluene, ethylbenzene, and xylenes, also cause adverse health effects on humans [14,49]. Although 1,3-butadiene and vinyl chloride are known to be human carcinogens, they were rarely detected in this study and also appeared at very low concentrations.



As shown in Table 2, VOC concentrations ranged widely, not only between sites but also between compounds. Overall, VOC levels were higher in industrial sites (Sites A and B) than in nonindustrial sites (Sites C, D, and E). For example, average levels of hexane and styrene ranged from 0.80 ppb (at Site C) to 98.20 ppb (Site B), and 0.03 ppb (Site D) to 16.69 ppb (Site B), respectively. Site B, where the highest concentrations for the two compounds (hexane and styrene) were observed, was surrounded by large-scale chemical and petrochemical industries. It is likely that the higher levels of hexane and styrene were associated with oil refinery and polystyrene synthesis plants located in the petrochemical industrial complex.



Benzene, a well-known carcinogen, showed an average concentration of 1.53 ppb and 0.33 ppb in industrial and residential areas, respectively. The average levels of benzene in residential areas appeared to be substantially lower than the NAAQS (~1.5 ppb). However, benzene levels in industrial areas, especially in the petrochemical industrial complex (Site B), appeared to be significant, and its annual average concentration (1.81 ppb) exceeded the NAAQS. These results imply that local sources may have significantly impacted the occurrence of VOCs in ambient air at each sampling site. The most abundant VOCs in residential areas appeared to be formaldehyde (an average of 3.45 ppb for Sites C, D, and E), followed by acetone (3.07 ppb), acetaldehyde (1.65 ppb), and toluene (1.59 ppb). Formaldehyde is also an identified carcinogen, equally ubiquitous in indoor and outdoor air, and is regarded both as a primary and secondary pollutant [58]. Excluding the carbonyls, the BTEX group (benzene, toluene, ethylbenzene, and xylenes) exhibited a generally higher concentration than other VOCs; a result that has been observed in many typical urban and industrial areas in Korea [27,35,59,60,61]) and other countries [4,62,63,64].




3.2. Occurrence of Particulate Phase HAPs in Ambient Air


A statistical summary of ambient concentrations of SPM and particulate HAPs at each site is shown in Table 3, where co-eluted PAHs were expressed as the sum of them. The average level (142.0 μg/m3) of SPM at Site A (located in the nonferrous industrial complex) was substantially higher than that observed at the other four sites (102.9 to 108.5 μg/m3), and the difference appeared to be statistically significant (p < 0.05). The PAHs detected universally in all samples were fluoranthene and pyrene. However, dibenz[a,e]pyrene was not detected in any of the particle samples. Among the 36 target PAHs, 23 exhibited a detection frequency (DF) of 50% or more. All six phthalates were detected in more than 50% of all samples. On the other hand, the DFs of toxic HMs ranged from 38.8% for Se to 100% for Cd, Mn, and Ni. Vanadium data were excluded because its DF was only 6.3%.



The highest concentration of PAH appeared to be fluoranthene at 0.84 ng/m3 (as the average of five sites), followed by pyrene (0.79 ng/m3) and benzo[b+j]fluoranthene (0.75 ng/m3). The average of BaP, a well-known carcinogenic PAH, was 0.33 ng/m3 with a range of 0.29 (Sites B and D) to 0.42 ng/m3 (Site E). Locational variations in the mean concentrations of PAHs were not as distinct as those for the VOC levels. Interestingly, the mean levels of PAHs in many cases appeared to be higher at Site E than at the other sites. The sum of the USEPA 16 priority PAHs and the sum of the 36 PAHs were also highest at Site E (average values of 7.31 ng/m3 and 9.28 ng/m3, respectively). Site E was located in a mixed residential-commercial area with heavy traffic, and hence the elevated PAH levels might be attributed to the effect of vehicle exhaust, especially that of diesel vehicles. As of 2010, the total number of vehicles registered in Ulsan was 440,735, of which 35% were diesel vehicles [19]. Moreover, the traffic volume of heavy-duty trucks and container carriers to and from the industrial complexes were observed to be very high; this is likely because Site E was located near the gateway that connects Ulsan City with other cities in Korea. The phthalate concentrations were also higher in a residential area (Site C) than in industrial areas. Phthalates are plasticizers that are widely used as additives in polyvinyl chloride resins and other plastic materials. They are potentially carcinogenic and endocrine-disrupting, and they are also ubiquitous in both indoor and outdoor air [65,66]. We found that DEHP and dibutyl phthalate (DBP) were the most common phthalates in the ambient air of Ulsan; a finding that agreed with those of other studies [38,66].



In contrast to the PAHs and phthalates, the mean concentrations of HMs were all significantly higher (2 to ~20 times higher) at sampling sites in industrial areas than those in residential areas (p < 0.05), indicating that industrial activities had a significant impact on the ambient levels of HMs. In particular, the mean concentration of Pb at Site A (0.55 μg/m3) in the Onsan nonferrous industrial complex was found to have exceeded the NAAQS (0.5 μg/m3 as an annual average). Furthermore, the average concentration (1.4 μg/m3) of Cr(VI) at Site B in the Ulsan-Mipo industrial complex appeared to have been the highest among major industrial complexes scattered all over the country [42]. In addition to large petrochemical plants, numerous machinery and transportation equipment companies were located in the Ulsan-Mipo complex [67].




3.3. Comparison of HAPs Levels between Industrial and Residential Areas


To investigate the impacts of industrial emissions on the occurrence of individual HAPs in the ambient air, all the measured HAPs data were divided into two groups: industrial (pooling the data from Sites A and B) and residential (pooling the data from Sites C, D, and E). Comparisons of cumulative probabilities of concentration data of selected HAPs in vapor and particulate phases between the two groups are shown in Figure 2. Two distinct patterns are observed. Among VOCs, benzene, TCE, toluene, and m-/p-xylenes showed much higher levels in industrial areas than in residential areas (p < 0.05), whereas no statistically significant differences were found for formaldehyde and acetaldehyde (p > 0.05). Among particulate phase HAPs, the concentrations of HMs differed significantly between industrial and residential areas (p < 0.05), while ambient levels of PAHs did not show statistically significant differences between the two groups (p > 0.05). The mean concentrations of DEHP and DBP were observed to be slightly higher in the residential areas than in the industrial areas, but there was no significant difference between them (p > 0.05). These results indicated that the major sources of high concentration VOCs and HMs were industrial emissions from both the petrochemical and nonferrous industrial complexes.



However, there was no clear evidence of potential impacts of industrial sources on the occurrence of carbonyls and PAHs in the ambient air of Ulsan. The atmospheric behavior of formaldehyde and acetaldehyde is presumed to be different from other VOCs, as not only are they produced from primary sources, such as industrial emissions or vehicle exhaust, but they also formed in the atmosphere by photochemical oxidation under strong solar radiation and high temperatures [58,68]. The PAH data clearly demonstrated that industrial activities were not the only sources of PAHs in this area. In typical nonindustrial urban areas, automobile emissions have been identified as the most significant sources of PAH, to which diesel vehicles contributed more than the gasoline cars [22,37,69]. Therefore, PAH concentrations in Ulsan have also been influenced by vehicle exhaust and combustion of fossil fuels for space-heating in residential areas, in addition to emissions from local sources in large industrial complexes.




3.4. Seasonal Variation in HAP Concentrations


To investigate the seasonality of HAP concentrations, seasonal average values of the total concentrations of 66 VOCs, 13 carbonyls, 36 PAHs, six phthalates, and eight HMs at each site are summarized in Table 4. In addition, important air toxics from each HAP category were selected, and then their data for each season were compared in Figure 3. There were different patterns of seasonal variations in the concentrations of individual HAPs. Assuming that the industrial activities in the Ulsan area did not vary significantly according to the season, the fugitive emission of volatile substances was expected to be larger in summer than in winter. This assumption was partially confirmed by this study because both the sum of 66 VOCs and the individual VOCs showed always the maximum concentrations in the industrial area in summer. As shown in Figure 3, overall and in general, VOCs (except carbonyls) showed less variation throughout the year compared to PAHs. However, VOCs related to industrial emissions, such as toluene and xylenes, exhibited relatively higher levels in summer than in other seasons. The increased levels of VOCs in summer are attributable to the effect of wind directions. In the Ulsan area, the frequency of south winds in the summer was substantially higher than in other seasons (Table 1 and Figure S1). These wind directions might be an unfavorable condition for dispersing air pollutants from industrial sources, as the major industrial complexes are located upwind of the monitoring sites, particularly in summer. Seasonal concentrations of formaldehyde and acetaldehyde also substantially increased during the summer, possibly due to secondary formation by photochemical reactions.



The seasonal concentrations of SPM were higher in autumn (a seasonal average of 157.9 μg/m3) than in other seasons (89.4 to 104.5 μg/m3). In autumn 2009, severe haze pollution persisted for four days (from October 19 to 22) over the Ulsan metropolitan area. During this period, the average values of SPM at the five sampling sites ranged from 122.8 (Site C) to 192.7 μg/m3 (Site A), with a maximum of 240.7 μg/m3 (Site A). The ambient levels of SPM tended to increase rapidly under haze pollution events with a low wind speed condition because of the enhanced conversion of vaporous substances into particles and an accelerated particle aggregation rate [70]. Based on the meteorological data of this area (Table 1), the average wind speed in autumn (1.8 m/s) was comparatively lower than in the other seasons (2.4−3.1 m/s). This was important because wind speed plays a vital role in dispersing air pollutants, as the persistence of atmospheric concentrations of pollutants from ground-level sources is inversely proportional to the wind speed. For two days (October 21 to 22), the wind speed was notably lower (<0.8 m/s), which caused the atmosphere to become stagnant.



In contrast to VOCs, the seasonality of PAH concentrations appeared to be much clearer, as seen with the three examples of PAHs shown in Figure 3. In typical urban areas, increased PAH levels are generally expected during the winter, depending on the amount of fossil fuel combustion [2,37,71,72]. In this study, however, autumn was when the highest PAH concentrations were found, followed by winter, spring, and summer. The seasonal averages of BaP were 0.19 ng/m3 and 0.08 ng/ m3 in spring and summer, respectively. However, the averages in autumn and winter increased to 0.58 ng/m3 and 0.46 ng/m3, respectively, with a maximum value of 1.57 ng/m3 (on October 22 at Site E). The higher levels of PAHs in autumn are attributed to the meteorological condition in the city during the autumn campaign, as mentioned above for the seasonal variation of SPM. PAH levels commonly display a “high in cold season and low in warm season” pattern in temperate zones [71,72]. Similarly, we attributed the elevated levels of PAHs observed during the cold months in Ulsan to many reasons, including: (i) increased usage of heating fuels during the cold season; (ii) stagnation and stabilization of the atmosphere in winter; (iii) enhanced phase transformation from vapor to particles; and (iv) generation of incomplete combustion products due to the cold start of diesel vehicles in winter [73].



In addition, the increased levels of PAHs during the cold seasons might be influenced by local sources outside Ulsan as well as transboundary pollution from neighboring countries such as China and North Korea [74,75]. There is a large iron-steel industrial complex 50 km north of Ulsan, including primary steel production plants. The iron-steel industry essentially consumes large amounts of fossil fuels, resulting in enormous emissions of air pollutants, such as SO2, NOx, PM, VOCs, and PAHs [37]. In China and North Korea, the use of coal for space heating increases during the period from October to March [75,76], thereby leading to increased PAH emissions. The inference on the impact of transboundary transport of PAHs during the cold seasons was supported by the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) modeling [77]. As an example, backward trajectories of air parcels that arrived in Ulsan during the ‘haze episode’ (October 19–22, 2009) were presented in Figure S2. In contrast to PAHs, phthalate concentrations were highest in summer (DEHP was presented as an example). The higher levels in the summer were likely associated with enhanced evaporation under high ambient temperatures because the emission rates of phthalates generally increase as a function of temperature [78]. Ambient levels of HMs in the Ulsan area showed no specific seasonal pattern (Figure 3). Therefore, unlike other air pollutants associated with the burning of fossil fuels for residential heating, HMs in this area are generally believed to be emitted primarily by industries, which operate regularly throughout the year. Consequently, seasonal variation can be insignificant for HMs.




3.5. Health Risk Assessment for Carcinogenic HAPs


The cancer risk for an individual HAP was estimated by multiplying the ambient average concentration of the compound by its corresponding IUR. The IUR is defined as the upper-bound excess lifetime cancer risk estimated to result from continuous exposure to an agent at a concentration of 1 μg/m3 in air [45]. The USEPA generally deems health risks to be significant if cancer risk exceeds the acceptable risk range of 1 × 10−6 to 1 × 10−4 [79]. Among more than 130 target analytes measured in this study, the IUR data were available for 50 HAPs (Tables S1 and S2). Consequently, only 35 HAPs were included in the risk assessment, excluding HAPs with lower DF (<20%). The distributions of cancer risk estimates for the top 25 contributors in industrial and nonindustrial (residential) areas are presented in Figure 4, where the panels were arranged by rank according to mean values. The point estimates of cancer risks for the 35 HAPs are presented in Table S4.



As shown in Figure 4, the cancer risk levels for individual species were generally higher in the industrial areas than in the residential areas. The risk levels ranged between 2.0 × 10−4 for As and 1.1 × 10−9 for dichloromethane in the industrial areas, whereas they ranged from 5.6 × 10−5 for formaldehyde to 6.1 × 10−10 for dichloromethane in the residential areas. The cumulative cancer risks associated with exposure to the 35 HAPs listed in Table S4 were 4.7 × 10−4 (industrial areas) and 1.7 × 10−4 (residential areas), both of which exceeded the tolerable risk level proposed by the USEPA. These levels appeared to be comparable with the cumulative risks that were estimated at air pollution hot spots in Memphis, Tennessee (2.3 × 10−4) [3], Portland, Oregon (2.47 × 10−4) [33], California (3.0 × 10−4) [32], and at the largest Mediterranean industrial site in Spain (4.6 × 10−4) [4]. However, these levels were much higher than those estimated in Edmonton, Canada (less than 1.0 × 10−5) [1] and Seattle, Washington (4.3–6.0 × 10−5) [6,7]. Importantly, any direct comparison of cumulative cancer risks between this study and other studies needs to be cautious because results can vary greatly, depending on the number of HAPs included in the risk assessment. Comparison of the cancer risks posed by a variety of HAPs in Ulsan City with other areas in Korea was not possible, because no risk assessment data for such a large number of HAPs as were measured in this study were available.



The contributions of HAP subgroups to the total cancer risk were notably different in two areas. In the industrial area, the HM group contributed 55.7% to the cumulative risks, followed by the VOC group (33.8%) and the PAH-phthalate group (10.5%). On the other hand, in the residential area, the VOC group showed the largest contribution (49.7%), followed by the PAH-phthalate group (29.0%) and the HM group (21.3%). The large difference in the relative contribution of HMs between the two areas indicated that the emission sources of this group were predominantly associated with industrial areas, while emissions of VOCs and PAHs were related to not only industrial activities but also sources in nonindustrial areas, such as vehicle exhaust and residential heating during the cold seasons. With respect to an individual HAP, As in the industrial area appeared to have the highest cancer risk, and it was the only HAP that exceeded the tolerable criterion (1 × 10−4) recommended by the USEPA. However, the cancer risks of 26 and 21 HAPs in the industrial and residential areas, respectively, exceeded 1 × 10−6, the acceptable risk level set by the USEPA. In industrial areas, the top seven contributors were As (42.6%), formaldehyde (12.3%), benzene (8.3%), BaP (5.7%), Co (4.0%), Cd (3.6%), and 1,2-dichloroethane (2.8%), which contributed 79.3% to the cumulative cancer risk. In residential areas, the top seven contributors were formaldehyde (32.9%), BaP (17.6%), As (11.2%), Co (6.5%), benzene (4.9%), acetaldehyde (3.9%), and B[b+j]F (2.1%), contributing 79.1% to the cumulative risk. Although the magnitude of the carcinogenic risk for each species differed between industrial and nonindustrial areas, the rankings were similar overall in both areas. Therefore, these results suggest that air toxics emitted from the industrial complexes dispersed or were transported to the residential and commercial areas of Ulsan.



Although Cr(VI) is a highly toxic pollutant [80], there has been little information available about its concentrations in the ambient air to which the general public has been routinely exposed. A class of “chromium and its compounds” has been included in the list of HAPs in Korea since 1979. However, the general population has lacked an understanding of the effects of exposure to airborne Cr(VI) because there has been insufficient data on Cr(VI) levels in ambient air. This is largely because the determination of Cr(VI) requires a specific measurement method that is unnecessary for other HMs [42,80]. Consequently, no research papers or reports regarding human health risks due to Cr(VI) have become available in Korea until recently. The estimate of cancer risk from Cr(VI) in this study appeared to be 1.1 × 10−5 and 2.5 × 10−6 in the industrial and nonindustrial areas of Ulsan, respectively.




3.6. Health Risk Assessment for Noncarcinogenic HAPs


The chronic noncancer risk for a specific HAP was expressed as an HQ, which was calculated by dividing the average ambient concentration of the pollutant by its corresponding RfC. The chronic RfC is the concentration of a pollutant in mg/m3 below which long-term exposure to the general population is not expected to result in adverse effects [45]. Therefore, an HQ of less than or equal to 1 indicates that adverse effects are not likely to occur, and the hazard from exposure is considered to be negligible. The RfC values were available for only 65 species (Tables S1 and S2). Among them, 20 species (DF < 20%) were not included in the risk calculation. Results of the HQ calculations for the remaining 45 substances are presented in Table S5, and the distributions of noncancer risk estimates for the top 25 HAPs are presented in Figure 5. The sums of HQs, i.e., Hazard Index (HI), for the 45 HAPs were 10.0 and 2.4 in industrial and nonindustrial areas, respectively. However, it is not yet clear whether all 45 HAPs will have impacts on the same target organ or organ systems. So little is known about the interactions of multipollutants and the health risks posed by cumulative HAP exposures. Synergistic or antagonistic interactions among pollutants may enhance or mitigate risks in a way that could not be identified in this study. Nevertheless, such high HI values clearly indicate that a large proportion of the residents of Ulsan have experienced concurrent HAP exposures that may pose noncancer risks for various endpoints.



Among the subgroups of HAPs, HMs appeared to be the largest contributor (71.9%) to the HI, followed by VOCs (26.0%), and PAHs (2.1%) in industrial areas. However, the largest contributing group in the residential areas was VOCs (52.5%), followed by HMs (40.4%), and PAHs (7.1%). In Ulsan, the emission sources of HMs were located predominantly in the industrial complexes, but the sources of VOCs and PAHs were likely to be industrial emissions as well as vehicle exhausts and space-heating fuels in nonindustrial areas. As an individual species, only two HAPs exceeded 1.0 in the industrial area, which are As (3.1) and Pb (2.1). However, none of HAPs exceeded 1.0 in the residential area. Among the VOC groups, TCE, formaldehyde, acetaldehyde, hexane, and benzene appeared to be the major noncancer risk drivers, while As, Pb, Cd, Mn, and Ni were identified as the most threatening HMs.




3.7. Uncertainty and Limitations of the Risk Assessment


There are some limitations to the deterministic approach used in this study. For those HAPs having available toxicological information, most of the uncertainty in the risk assessment might be related to assumptions applied in the derivations of IUR, RfC, REL, and MRL values. In addition, the results of this study may have either underestimated or overestimated the health risks. The estimated risk values might have been underestimated by the limited set of target HAPs and the limited availability of toxicity data. Some potentially important hazardous species, which may have posed some risk, could not be evaluated because they were not measured in this study (for example, ethylene oxide, propylene oxide, beryllium, mercury, and vapor phase PAHs).



In contrast, health risks estimated by this study may have been overestimated due to a number of reasons. First, replacing nondetected data with half of the MDL may have contributed to an overestimation of the health risk as evaluated in this study. However, the use of half of the MDL was found to be insignificant, as the magnitude of possible overestimations due to this effect appeared to be less than 0.1% of the total risks. Second, the application of more protective values, when two toxicity values for a specific HAP were available, could have resulted in an overestimation of the health risk. Finally, the health risks may also have been overestimated because HAP concentrations measured over only one year were applied to IURs and RfCs that were developed for continuous exposures over a 70-year lifespan [33]. Many of these limitations were not only inherent in this study, but have also been recognized in many other similar studies [1,3,4,6,7,32,33,44]. Notwithstanding the limitations associated with risk estimates, this study clearly demonstrated that health risk estimation played a crucial role in identifying and prioritizing the HAPs of concern in the ambient air of Ulsan.





4. Summary and Conclusions


Comprehensive air monitoring of a wide range of HAPs was carried out in industrial and residential areas of Ulsan, the largest industrial city in Korea. Spatial and seasonal variations in the ambient levels of HAPs were investigated, and the measured data were used for health impact assessment with respect to cancer and noncancer risks. The VOCs of particular concern in this area appeared to be formaldehyde, benzene, 1,2-dichloroethane, ethylbenzene, and TCE. The impact of industrial emissions on the ambient levels of primary VOCs was significant, as the concentrations of most VOCs in the industrial area were considerably higher than in the residential area. Some HMs related to industrial activities also showed a clear difference in occurrence between the two areas. However, it is likely that the industrial sources were not the only emitters of PAHs, but other sources such as automobiles and space-heating fuels used in the residential area also contributed to the ambient levels of PAHs. With respect to seasonal variation, concentrations of most VOCs and HMs showed no specific pattern. However, formaldehyde levels increased in summer, due to its secondary formation in the atmosphere. In contrast to VOCs and HMs, the seasonality of PAH levels were much more distinct. The levels were highest in autumn, followed by winter, spring, and summer. The higher levels of PAHs in autumn were largely attributed to the stagnant atmospheric conditions during the autumn campaign, although the impact of transboundary contributions from both domestic sources and long-range transport from China and North Korea cannot be ruled out.



The cumulative cancer risk posed by 35 HAPs was estimated to be 4.7 × 10−4 and 1.7 × 10−4 in industrial and residential areas, respectively, both of which exceeded the tolerable risk criterion of 1 × 10−4 recommended by the USEPA. The sums of HQs derived from 47 HAPs were 10.0 (industrial) and 2.4 (residential). As the individual species, only two exceeded 1.0 in the industrial area, which are As (3.1) and Pb (2.1). However, none of HAPs exceeded 1.0 in the residential area. Among the subgroups of HAPs, HMs and VOCs were the largest contributors to the health risks in the industrial and residential areas, respectively. Overall, we identified ten major risk drivers, and suggest them as top priority HAPs in this area; they are formaldehyde, benzene, ethylbenzene, TCE (as VOCs), BaP, BbF+BjF (as PAHs), As, Co, Cd, and Cr(IV) (as HMs). We further suggest that the HAPs in this region are worth consideration for stricter emission control, particularly for industrial sources. In addition, a further research is required to identify the specific sources of the priority pollutants in the Ulsan area. This study clearly demonstrated the importance of a comprehensive air monitoring and health risk assessment for a wide range of HAPs in identifying potentially toxic pollutants in urban ambient air to which the general public is routinely exposed.
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Figure 1. Location of study area and hazardous air pollutant (HAP) sampling sites. 
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Figure 2. Comparison of concentration distributions of selected HAPs between industrial and residential areas in Ulsan. 
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Figure 3. Seasonal variations in concentrations of selected HAPs in Ulsan. 
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Figure 4. Distributions of cancer risk estimates for the top 25 HAPs in Ulsan. 
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Figure 5. Distributions of noncancer risk estimates for the top 25 HAPs in Ulsan. 
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Table 1. Sampling information and weather conditions during the HAP monitoring campaigns in Ulsan.
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	Parameter
	Spring, 2009
	Summer, 2009
	Autumn, 2009
	Winter, 2010





	Sampling period
	22–29 April
	8–15 July
	15–22 October
	9–16 January



	Temperature (Mean ± SD, °C)
	13.2 ± 3.0
	24.6 ± 2.1
	15.5 ± 4.1
	6.3 ± 2.0



	Wind speed (Mean ± SD, m/s)
	2.7 ± 1.4
	3.1 ± 1.7
	1.8 ± 1.2
	2.4 ± 1.3



	Prevailing wind direction
	W
	SSW
	WSW
	NNW



	Number of VOC samples
	240
	240
	240
	240



	Number of Carbonyl samples
	120
	107
	120
	105



	Number of PAH/phthalate samples
	40
	40
	40
	40



	Number of HM samples
	40
	40
	40
	40
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Table 2. Summary of volatile organic compound (VOC) concentrations (ppb) in industrial and residential areas of Ulsan.
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Compound

	
Industrial Area

	
Residential Area




	
Site A

	
Site B

	
Site C

	
Site D

	
Site E




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD






	
1,3-Butadiene

	
0.01

	
0.01

	
0.16

	
0.39

	
0.01

	
0.07

	
0.01

	
0.04

	
0.01

	
0.01




	
2-Propanol

	
0.11

	
0.27

	
0.01

	
0.03

	
0.02

	
0.04

	
0.01

	
0.03

	
0.01

	
0.05




	
Dichloromethane

	
0.06

	
0.17

	
0.01

	
0.02

	
0.01

	
0.04

	
0.02

	
0.07

	
0.02

	
0.10




	
Methyl tert-butyl ether

	
0.46

	
1.11

	
0.08

	
0.09

	
0.23

	
0.22

	
0.25

	
0.44

	
0.24

	
0.23




	
Vinyl acetate

	
0.58

	
0.92

	
0.70

	
0.75

	
0.38

	
0.59

	
0.38

	
0.55

	
0.29

	
0.30




	
Ethyl acetate

	
0.74

	
1.34

	
0.10

	
0.18

	
0.30

	
0.40

	
0.25

	
0.28

	
0.22

	
0.36




	
Hexane

	
1.51

	
4.30

	
98.2

	
125.33

	
0.80

	
1.50

	
0.85

	
2.28

	
1.33

	
6.86




	
1,2-Dichloroethane

	
0.17

	
0.55

	
0.07

	
0.15

	
0.01

	
0.04

	
0.01

	
0.04

	
0.00

	
0.01




	
Benzene

	
1.25

	
3.35

	
1.81

	
2.27

	
0.34

	
0.25

	
0.33

	
0.34

	
0.31

	
0.20




	
Carbon tetrachloride

	
0.12

	
0.32

	
0.04

	
0.07

	
0.06

	
0.02

	
0.06

	
0.02

	
0.05

	
0.02




	
Cyclohexane

	
0.36

	
0.38

	
1.57

	
2.51

	
0.19

	
0.26

	
0.13

	
0.18

	
0.10

	
0.10




	
Trichloroethylene

	
0.11

	
0.15

	
0.57

	
1.63

	
0.04

	
0.06

	
0.04

	
0.06

	
0.04

	
0.05




	
Heptane

	
0.64

	
1.21

	
0.21

	
0.17

	
0.10

	
0.09

	
0.07

	
0.08

	
0.08

	
0.11




	
Methyl isobutyl ketone

	
0.42

	
0.66

	
0.12

	
0.16

	
0.20

	
1.01

	
0.05

	
0.06

	
0.05

	
0.08




	
N,N-Dimethylformamide

	
0.11

	
0.32

	
0.43

	
0.80

	
0.02

	
0.06

	
0.02

	
0.08

	
0.01

	
0.08




	
Toluene

	
5.25

	
7.96

	
2.14

	
2.03

	
2.00

	
2.96

	
1.33

	
1.03

	
1.44

	
1.72




	
Ethylbenzene

	
1.07

	
1.80

	
1.24

	
1.66

	
0.45

	
0.61

	
0.27

	
0.31

	
0.31

	
0.52




	
m,p-Xylenes

	
2.29

	
3.71

	
1.83

	
2.45

	
0.96

	
1.61

	
0.50

	
0.67

	
0.53

	
0.96




	
Styrene

	
0.06

	
0.10

	
16.6

	
39.02

	
0.07

	
0.18

	
0.05

	
0.18

	
0.03

	
0.07




	
o-Xylene

	
0.61

	
0.87

	
0.67

	
0.83

	
0.29

	
0.45

	
0.15

	
0.19

	
0.18

	
0.30




	
4-Ethyltoluene

	
0.05

	
0.07

	
0.04

	
0.07

	
0.02

	
0.04

	
0.01

	
0.02

	
0.02

	
0.03




	
1,3,5-Trimethylbenzene

	
0.06

	
0.08

	
0.05

	
0.07

	
0.03

	
0.04

	
0.02

	
0.02

	
0.02

	
0.03




	
1,2,4-Trimethylbenzene

	
0.22

	
0.28

	
0.19

	
0.28

	
0.12

	
0.15

	
0.07

	
0.09

	
0.08

	
0.12




	
Naphthalene

	
0.02

	
0.03

	
0.02

	
0.02

	
0.04

	
0.05

	
0.03

	
0.04

	
0.03

	
0.04




	
Formaldehyde

	
2.63

	
1.22

	
4.49

	
3.10

	
3.32

	
2.49

	
3.66

	
3.25

	
3.37

	
3.35




	
Acetaldehyde

	
1.41

	
0.52

	
2.79

	
2.14

	
1.60

	
1.16

	
1.88

	
1.75

	
1.49

	
1.43




	
Acetone

	
3.85

	
2.57

	
3.50

	
1.48

	
3.08

	
1.56

	
3.18

	
1.43

	
2.95

	
1.30




	
Propionaldehyde

	
0.04

	
0.12

	
0.04

	
0.10

	
0.05

	
0.13

	
0.05

	
0.14

	
0.03

	
0.10




	
2-Butanone

	
3.08

	
4.49

	
1.50

	
1.42

	
1.29

	
1.29

	
1.31

	
1.27

	
1.13

	
1.28








Note: Amount of data for carbonyl compounds are 91 for Sites A and E and 90 for Sites B, C, and D. Otherwise, the amount of data for each sites is 192.
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Table 3. Summary of atmospheric concentrations (ng/m3) of PAHs, phthalates, and HMs in industrial and residential areas of Ulsan.
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Compound

	
Industrial Area

	
Residential Area




	
Site A

	
Site B

	
Site C

	
Site D

	
Site E




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD






	
Naphthalene

	
0.30

	
0.19

	
0.26

	
0.17

	
0.23

	
0.15

	
0.26

	
0.18

	
0.45

	
0.38




	
Biphenyl

	
0.13

	
0.08

	
0.12

	
0.07

	
0.09

	
0.06

	
0.10

	
0.08

	
0.15

	
0.16




	
Acenaphthylene

	
0.04

	
0.07

	
0.03

	
0.05

	
0.03

	
0.05

	
0.04

	
0.06

	
0.08

	
0.10




	
Acenaphthene

	
0.09

	
0.10

	
0.05

	
0.07

	
0.06

	
0.07

	
0.07

	
0.09

	
0.08

	
0.09




	
Fluorene

	
0.17

	
0.20

	
0.12

	
0.13

	
0.08

	
0.09

	
0.09

	
0.10

	
0.17

	
0.22




	
Phenanthrene

	
0.62

	
0.66

	
0.49

	
0.46

	
0.50

	
0.56

	
0.56

	
0.55

	
0.88

	
0.84




	
Anthracene

	
0.06

	
0.08

	
0.04

	
0.04

	
0.03

	
0.04

	
0.05

	
0.06

	
0.11

	
0.13




	
Fluoranthene

	
0.83

	
0.95

	
0.67

	
0.58

	
0.74

	
0.71

	
0.84

	
0.72

	
1.14

	
0.98




	
Pyrene

	
0.78

	
0.75

	
0.64

	
0.49

	
0.68

	
0.54

	
0.76

	
0.61

	
1.08

	
0.87




	
Benzo[c]phenanthrene

	
0.08

	
0.09

	
0.07

	
0.08

	
0.07

	
0.07

	
0.07

	
0.07

	
0.10

	
0.09




	
BghiF (a) + CcdP (b)

	
0.50

	
0.36

	
0.37

	
0.31

	
0.39

	
0.27

	
0.36

	
0.28

	
0.51

	
0.35




	
Benzo[a]anthracene

	
0.34

	
0.24

	
0.28

	
0.25

	
0.29

	
0.22

	
0.28

	
0.23

	
0.45

	
0.35




	
Triphenylene

	
0.17

	
0.12

	
0.16

	
0.12

	
0.13

	
0.08

	
0.13

	
0.09

	
0.15

	
0.10




	
Chrysene

	
0.48

	
0.37

	
0.47

	
0.40

	
0.45

	
0.33

	
0.44

	
0.35

	
0.57

	
0.44




	
Benzo[b+j]fluoranthene

	
0.74

	
0.48

	
0.74

	
0.63

	
0.72

	
0.45

	
0.68

	
0.48

	
0.86

	
0.62




	
Benzo[k]fluoranthene

	
0.18

	
0.15

	
0.18

	
0.19

	
0.17

	
0.14

	
0.16

	
0.15

	
0.20

	
0.18




	
Benzo[a]fluoranthene

	
0.09

	
0.08

	
0.07

	
0.09

	
0.09

	
0.08

	
0.08

	
0.08

	
0.13

	
0.13




	
Benzo[e]pyrene

	
0.38

	
0.24

	
0.35

	
0.31

	
0.34

	
0.22

	
0.31

	
0.24

	
0.38

	
0.31




	
Benzo[a]pyrene

	
0.32

	
0.25

	
0.29

	
0.31

	
0.31

	
0.27

	
0.29

	
0.27

	
0.42

	
0.40




	
Perylene

	
0.04

	
0.05

	
0.04

	
0.06

	
0.05

	
0.05

	
0.04

	
0.05

	
0.06

	
0.08




	
Indeno[1,2,3-cd]pyrene

	
0.30

	
0.20

	
0.27

	
0.28

	
0.27

	
0.21

	
0.23

	
0.20

	
0.29

	
0.28




	
Dibenz[a,h+a,c]anthracene

	
0.05

	
0.07

	
0.05

	
0.07

	
0.05

	
0.06

	
0.04

	
0.06

	
0.05

	
0.07




	
Benzo[g,h,i]perylene

	
0.65

	
0.42

	
0.46

	
0.43

	
0.44

	
0.31

	
0.38

	
0.32

	
0.48

	
0.44




	
Anthanthrene

	
0.08

	
0.12

	
0.06

	
0.09

	
0.06

	
0.09

	
0.06

	
0.08

	
0.09

	
0.13




	
Dibenzo[b,k]fluoranthene

	
0.04

	
0.07

	
0.04

	
0.07

	
0.04

	
0.05

	
0.03

	
0.06

	
0.03

	
0.06




	
Dibenzo[a,h]pyrene

	
0.04

	
0.07

	
0.04

	
0.07

	
0.02

	
0.05

	
0.02

	
0.05

	
0.02

	
0.06




	
Coronene

	
0.33

	
0.21

	
0.18

	
0.20

	
0.15

	
0.15

	
0.12

	
0.13

	
0.15

	
0.18




	
Dimethyl phthalate

	
0.40

	
0.65

	
0.28

	
0.62

	
0.36

	
0.70

	
0.38

	
0.69

	
0.44

	
0.72




	
Diethyl phthalate

	
4.74

	
3.08

	
4.17

	
2.72

	
7.95

	
3.65

	
9.60

	
6.15

	
14.34

	
10.06




	
Dibutyl phthalate

	
16.67

	
13.78

	
18.62

	
14.73

	
29.87

	
23.71

	
18.05

	
12.37

	
25.26

	
16.84




	
Butyl benzyl phthalate

	
0.33

	
0.44

	
0.28

	
0.27

	
0.62

	
0.57

	
0.45

	
0.48

	
3.15

	
2.22




	
Di(2-ethylhexyl)phthalate

	
71.27

	
62.03

	
46.16

	
24.97

	
109.27

	
69.18

	
53.02

	
33.02

	
79.77

	
52.14




	
Dioctyl phthalate

	
0.47

	
0.68

	
0.12

	
0.16

	
0.09

	
0.11

	
0.14

	
0.21

	
0.16

	
0.24




	
As

	
83.30

	
135.5

	
10.21

	
14.6

	
4.39

	
7.14

	
4.52

	
8.32

	
4.31

	
9.12




	
Cd

	
15.52

	
14.25

	
3.15

	
3.67

	
1.54

	
1.78

	
1.64

	
2.10

	
1.43

	
1.98




	
Co

	
2.06

	
1.10

	
2.28

	
1.64

	
1.12

	
1.20

	
1.32

	
1.25

	
1.22

	
1.23




	
Cr(VI)

	
0.34

	
0.19

	
1.40

	
1.35

	
0.27

	
0.37

	
0.20

	
0.12

	
0.16

	
0.13




	
Mn

	
153.82

	
96.92

	
185.33

	
170.34

	
53.50

	
30.92

	
50.74

	
37.41

	
49.53

	
31.12




	
Ni

	
39.34

	
47.21

	
41.78

	
60.31

	
6.45

	
4.03

	
6.01

	
4.37

	
5.56

	
3.68




	
Pb

	
553.89

	
351.62

	
81.28

	
65.22

	
42.38

	
38.92

	
47.94

	
64.81

	
33.48

	
30.55




	
Se

	
61.22

	
90.40

	
54.78

	
71.20

	
4.42

	
12.80

	
7.63

	
18.04

	
2.42

	
7.61




	
SPM (μg/m3)

	
142.40

	
47.04

	
108.52

	
42.91

	
102.93

	
24.40

	
108.03

	
38.64

	
108.03

	
37.11








Note: (a) BghiF: Benzo[g,h,i]fluoranthene; (b) CcdP: Cyclopenta[cd]pyrene.
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Table 4. Summary of seasonal concentrations of subgroups of HAPs at each sampling site in Ulsan.






Table 4. Summary of seasonal concentrations of subgroups of HAPs at each sampling site in Ulsan.





	
HAP

Subgroup

	
Season

	
n

	
Industrial Area

	
Nonindustrial Area




	
Site A

	
Site B

	
Site C

	
Site D

	
Site E






	
∑66

VOCs (ppb)

	
Spring

	
240

	
10.46

	
87.46

	
4.09

	
5.71

	
8.03




	
Summer

	
240

	
30.70

	
288.84

	
9.28

	
6.56

	
5.84




	
Autumn

	
240

	
16.24

	
118.04

	
5.32

	
4.73

	
5.06




	
Winter

	
240

	
9.29

	
14.20

	
8.28

	
3.01

	
3.11




	
∑13Carbonyls

(ppb)

	
Spring

	
120

	
9.29

	
10.92

	
8.72

	
10.06

	
8.90




	
Summer

	
107

	
19.00

	
16.79

	
14.28

	
15.73

	
14.42




	
Autumn

	
120

	
10.22

	
13.19

	
9.48

	
8.88

	
7.60




	
Winter

	
105

	
7.68

	
11.05

	
7.20

	
8.79

	
7.27




	
∑36PAHs

(ng/m3)

	
Spring

	
40

	
4.14

	
4.00

	
4.16

	
3.60

	
5.10




	
Summer

	
40

	
3.62

	
1.21

	
1.68

	
1.09

	
1.54




	
Autumn

	
40

	
12.32

	
12.02

	
8.46

	
10.38

	
13.51




	
Winter

	
40

	
12.11

	
9.60

	
11.99

	
11.38

	
16.99




	
∑6Phthalates

(ng/m3)

	
Spring

	
40

	
43.91

	
60.08

	
123.24

	
69.89

	
86.19




	
Summer

	
40

	
169.57

	
82.21

	
286.15

	
110.73

	
203.01




	
Autumn

	
40

	
192.75

	
103.82

	
116.91

	
109.42

	
145.36




	
Winter

	
40

	
38.82

	
32.40

	
66.35

	
36.54

	
57.95




	
∑8HMs

(ng/m3)

	
Spring

	
40

	
796.74

	
398.27

	
113.96

	
85.25

	
87.63




	
Summer

	
40

	
1208.53

	
308.81

	
117.96

	
121.67

	
72.58




	
Autumn

	
40

	
777.47

	
528.35

	
126.13

	
157.09

	
139.92




	
Winter

	
40

	
671.49

	
123.24

	
84.34

	
92.57

	
84.90
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