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            Abstract
          
        

        
          In this study, a passive sampler for gaseous elemental mercury (GEM) was developed and applied to field monitoring. Three Radiello® diffusive bodies with iodine-impregnated activated carbon (I-IAC) as a Hg adsorbent were placed in an opaque acrylic external shield with a stainless steel lid. The performance of the passive sampler was evaluated at seven monitoring sites in South Korea. Hg uptake mass by the passive sampler linearly increased as the deployment time increased up to four months. The reproducibility of the sampler uptake mass for the different deployment periods was also good, and the average relative standard deviation calculated for the three adsorbents in one passive sampler was 9%. Using the Hg concentration measured by an active sampler, an experimental sampling rate (SR) of 0.082 m3 day-1 was obtained. It was shown that the experimental SR was significantly affected by meteorological parameters, and a calibration equation was successfully derived based on wind speed, temperature, and relative humidity. With the calibrated SRs, there was a significant correlation between the active and passive Hg concentrations. When the passive samplers were deployed in an industrial district, the GEM concentration showed very large spatial variation, suggesting its potential for application in future field monitoring.
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      1. INTRODUCTION
      Mercury (Hg) has been categorized as a toxic substance by US Environmental Protection Agency (EPA). It exists as various compounds in environmental media, and methyl Hg, the most toxic form, readily accumulates in the food chain, causing potential adverse health effects in humans and wildlife (Wan et al., 2009). Since Hg is the only heavy metal existing as a liquid under standard conditions, it can also exist as a gaseous form, resulting in active circulation between environmental media (Han et al., 2004). The most common forms of atmospheric Hg are inorganic in nature, including gaseous elemental (GEM), gaseous oxidized (GOM), and particulate bound mercury (PBM). Due to its low reactivity and low dry and wet deposition velocities, GEM has a long residence time of 0.5-2 years (Gonzalez-Raymat et al., 2017; Driscoll et al., 2013; Lin and Pehkonen, 1999), making it the predominant Hg form in the atmosphere. On the other hand, GOM, including HgCl2, HgBr2, HgO, HgSO4, Hg(NO2)2, and Hg(OH)2 (Gustin et al., 2013; Hynes et al., 2009), is considered to have high dry and wet deposition velocities, which results in a short atmospheric residence time of only a few days (Lin and Pehkonen, 1999). The sum of GEM and GOM is often referred to as total gaseous mercury (TGM).

      According to the global mercury assessment by UNEP (2018), the atmospheric emission rate of Hg from anthropogenic sources in the United States and Europe is decreasing; although it continues to increase in Asia. In 2015, 49% of the 2,220 tons of global Hg emissions was emitted from Asia, with China contributing approximately 75% of Asia’s total emissions (UNEP, 2018). Because Korea is situated in close proximity to China, the long-range transport of Hg from China is likely to be significant owing to predominantly westerly winds. There is also a need to assess the impact of recently applied regulatory policies on Hg emissions; therefore, it is necessary to develop an effective Hg monitoring system at the national level in Korea. Currently, there are 12 national monitoring sites for TGM in South Korea, with active samplers using cold vapor atomic fluorescence spectrometers. High temporal resolution of an active sampler is beneficial for identifying the possible sources and formation pathways, as well as tracking atmospheric conversion and transport mechanisms. However, an active sampler is expensive and requires electricity, a carrier gas, a relatively large space, and stringent management; therefore, it is difficult to operate at elevated mountain sites and/or very remote islands. On the other hand, passive samplers, having low manpower and easy management requirements, can be deployed at a fine spatial resolution (Vuong et al., 2020; Carmichael et al., 2003; Grosjean and Hisham, 1992), and have been widely used for persistent organic pollutants and carbon dioxide (Choi et al., 2007; Harner et al., 2004). Several studies have attempted to develop a passive sampler for atmospheric gaseous Hg (Zhang et al., 2012; McLagan et al., 2016a, b; Huang et al., 2014), and various adsorbents such as gold (Brown et al., 2012; Gustin et al., 2011; Scott and Ottaway, 1981), silver (Gustin et al., 2011), and sulfur-impregnated carbon (McLagan et al., 2016b) have been used. Our group developed a passive sampler for GEM, consisting of three Radiello® diffusive bodies with gold-coated beads as the adsorbent installed in an acrylic external shield (Jeon et al., 2019). Although there was a good relative standard deviation between three adsorbents, and the experimental sampling rate (SR) showed a good correlation with theoretical SR, the uptake rates were not correlated with the active Hg measurements in that previous study. In addition, the maximum deployment time was not sufficiently long, indicating that the sampler could not be applied for more than eight weeks, with an average gaseous Hg concentration of 2 ng m-3. Some previous studies have also suggested a decrease in the uptake rate of gold with repeated use (McLagan et al., 2016a; Huang et al., 2012).

      In this study, the adsorbent was changed to an iodine-impregnated activated carbon (I-IAC, Ohio Lumex Co., Cleveland, OH, USA)) in the same passive sampler design, and experimental evaluations of the sampler performance, including recovery tests and linearity tests, with deployment time were conducted. The developed I-IAC passive samplers were deployed at various locations to provide experimental SRs and for comparison with active Hg measurements. An empirical SR equation, calibrated with meteorological parameters, is also presented. The passive sampler was deployed in an industrial complex to determine the spatial variation of GEM concentrations.

    

    

  
    
      2. EXPERIMENTS
      
        2. 1 Theory
        A passive sampler uses a diffusion mechanism to collect pollutants, which can be explained by Fick’s first law:
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        where J indicates the flux (mass·length-2·time-1), D (length2·time-1) indicates the diffusion coefficient of a pollutant, and dC/dx (mass·length-4) indicates the concentration gradient over a distance, x. In other words, the transported mass (flux J) is determined by the diffusivity of the pollutant (D), the diffusion layer length (L), and the concentration difference within a layer (dC). The diffusion layer length (L) and mass transfer coefficient (k) can be either theoretically or empirically estimated. The adsorption of a pollutant by laminar diffusion increases linearly with time, before gradually becoming curvilinear and ultimately no longer changing when an equilibrium is reached (McLagan et al., 2016b; Bartkow et al., 2005; Wania et al., 2003). In order to accurately calculate the concentration using a passive sampler, it should be applied to the initial phase of this process, where the adsorption amount increases linearly.

        Using a passive sampler, Hg concentration (ng m-3) is calculated using the sorbed mass on the adsorbent (m in unit of ng), the deployment time of the passive sampler (t in unit of day), and the sampling rate (SR in unit of m3 day-1) (Eq. 2); therefore, it is critical to use an accurate SR.
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        SR can be theoretically calculated by the product of the mass transfer coefficient (k in Eq. 1) and the area over which diffusion occurs. However, many studies have provided experimental SRs instead of using theoretical SRs when developing a passive sampler because (i) it is difficult to estimate a diffusive layer thickness and (ii) turbulence (as well as laminar diffusion) affects the adsorption in practical application (Jeon et al., 2019; McLagan et al., 2018; Guo et al., 2014; Peterson et al., 2012). To develop an experimental SR, the uptake amount (m) of a passive sampler should be compared with the concentration measured by a reliable active sampler (Cact) (Eq. 3).
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        2. 2 Sampler Preparation
        The passive sampler consisted of an adsorbent, diffusive body, and external shield. I-IAC was used as the adsorbent and Radiello® (Sigma-Aldrich) having a 25-μm pore size was used as the diffusive body. Inside a HDPE opaque acrylic body, three Radiello® bodies containing 0.50±0.025 g of I-IAC were connected to the top of the inside of the external shield. To protect the sampler from small insects, rain, wind, and dust, the bottom of the external shield was covered with stainless steel. A detailed description of the passive sampler design can be found in our previous study (Jeon et al., 2019). There is unpublished data showing that GOM rarely passes through the Radiello diffusive body (Stupple et al., 2019); therefore, Hg collected by the passive sampler was regarded as GEM in this study. Before sampling, I-IAC was heated at 150°C for 4 h to remove any residual Hg. The Radiello® was cleaned with detergent and ultrapure water using an ultrasonic bath, dried on a clean bench, and triple sealed in zipper bags until usage. After being cleaned with detergent and ultrapure water, the external shield was soaked in a 1% HCl solution at 60°C for 36 h and dried on a clean bench.

        To identify the adsorption efficiency of the I-IAC, a recovery test was conducted by injecting different volumes of Hg0-saturated vapor (using mercury ≥99.99%, trace metal basis, Sigma-Aldrich) into a closed 40-mL glass vial containing the same amount of I-IAC (0.5 g) as was used in the passive sampler. After injecting Hg0-saturated vapor using a gas-tight syringe (MicroliterTM#725, HAMILTON CO., Reno, NV, USA), the vials were left on a clean bench for 7 days to facilitate adsorption before the analysis. The injected amounts were 3.2, 6.4, 9.6, 12.9, and 16.1 ng of Hg0.

      

      
        2. 3 Outdoor Sampling for Performance Evaluation
        The passive sampler was deployed on the roof of a four-story building at Kangwon National University, Chuncheon, Korea for evaluation purposes. From Aug. 3, 2018 to Jan. 1, 2019, seven sets of passive samplers were deployed with different mounting periods from 24 to 92 days (Table 1). In addition, eight sets of passive samplers were initially deployed simultaneously on May 1, 2019, with one sampler randomly retrieved every week or every month and analyzed to measure the Hg uptake amount from week 1 to week 17 (Table 1). During the second period of sampling in 2019, atmospheric TGM concentrations were simultaneously measured using an active sampler (Tekran 2537X., Toronto, Canada), which is the most widely used type of active sampler (Jeon et al., 2019; Slemr et al., 2003). The Tekran 2537X includes two gold traps alternately collecting and thermally desorbing Hg every 5 min; it then quantifies TGM using a cold vapor atomic fluorescence spectrometer (CVAFS). Auto-calibration was performed using an internal permeating source every 24 h. Although the Hg species that the Tekran 2537X measured was TGM, many studies have shown that most of the TGM exists as GEM in ambient air (>97%) in Korea, as well as in other areas (Jeon et al., 2019; Lee et al., 2016; Han et al., 2014; Valente et al., 2007; Aspmo et al., 2006; Poissant et al., 2005; Gabriel et al., 2005; Schroeder and Munthe, 1998; Slemr et al., 1985); hence, the experimental sampling rate was calculated using the Tekran TGM data in Eq. 3. Reproducibility was calculated from the three Radiello bodies with I-IAC contained in one sampler.

        
          Table 1. 
				
          

          
            Summarization of the outdoor sampling for performance evaluation. 
          
          

        

        
          
            
              	Location
              	Deployment
time
              	Period
              	No. of
sets
            

          
          
            	Chuncheon
            	24~92 days
            	2018.08.03~2019.01.01
            	7
          

          
            	7~119 days
            	2019.05.01~2019.08.28
            	8
          

          
            	Imsil
            	27~56 days
            	2018.06.22~2018.12.17
            	9
          

          
            	14~28 days
            	2019.06.13~2019.07.11
            	3
          

          
            	Bulgwang
            	27~56 days
            	2018.06.22~2018.12.06
            	9
          

          
            	Ulsan
            	28~56 days
            	2018.06.25~2018.12.11
            	4
          

          
            	Deokjeok Island
            	28~56 days
            	2018.06.25~2018.11.12
            	7
          

          
            	Taean
            	13~28 days
            	2019.05.15~2019.06.12
            	3
          

          
            	Gwangyang
            	13~41 days
            	2019.07.11~2019.08.21
            	3
          

        

        

        In addition to Chuncheon, 38 sets of the passive samplers were deployed at six different sites in South Korea during the years 2018 and 2019 to identify the spatial variation in GEM uptake (Table 1, Fig. 1). The Tekran 2537X samplers were deployed at the same locations in 2019 to determine the experimental SR and to compare between the passive and active concentrations. An automatic weather station (Vintage Pro2, DAVIS Instruments, Hayward, CA, USA) was also installed at the sampling locations to obtain meteorological data, including temperature, humidity, wind speed, and wind direction at sites in Chuncheon, Imsil, Taean, and Gwangyang in 2019. However, it was not possible to obtain both meteorological data and Tekran TGM measurements at the sampling locations in 2018.

        
          
          

          Fig. 1. 
				
          

          
            The sampling sites for the performance evaluation in South Korea (left) and in the Onsan national industrial district in Ulsan (right). Note that the meteorological data were obtained from BM1 and M2. 
          
          

          

        

      

      
        2. 4 Field Application to Industrial District
        The passive samplers were deployed in the Onsan national industrial district in Ulsan where zinc smelters, chemical plants, and a hazardous waste landfill site are located. According to a previous study in which the air-soil Hg exchange flux in the landfill area in this industrial district was measured (Kim et al., 2013), atmospheric Hg concentrations were anticipated to be very high. Seventeen sets of passive samplers were placed at intervals of about 1 km (Fig. 1). Since the Hg concentrations were anticipated to be very high in this area, the passive samplers were deployed for only four days, from Aug. 22 to 26, 2019. Among the industries located in the Onsan national district, the zinc smelters are considered to be the largest Hg emitters (Fig. 1). Meteorological data were obtained at the BM1 and M2 sites. The BM1, B2, and B3 sites were regarded as background sites.

      

      
        2. 5 Analysis
        The I-IAC adsorbents were analyzed using a cold vapor atomic absorption spectrometer (DMA-80, Milestone, Italy). Before the analysis, an empty boat was heated to remove all residual Hg and a Hg standard solution (SRM 3133, NIST) was used to produce a calibration curve (r2 should be greater than 0.99). A standard reference material (SRM, MESS-3, marine sediment reference material) was analyzed every six samples to check the analytical precision, and the relative standard deviation was 6.3%. Each I-IAC adsorbent was then analyzed at least three times in about 0.02-0.1 g aliquots, and the average RSD was 7.8±3.9%. Field blanks were treated in the same manner as the samples, including air exposure during sampler deployment and retrieval. The average Hg mass of the field blanks was 0.18±0.22 ng·g-1-IAC (n=12), which was much lower than that in the samples. All data shown in the following sections were field blank corrected.

      

    

    

  
    
      3. RESULTS AND DISCUSSION
      
        3. 1 Blank and Recovery Test
        When 0.5 g of I-IAC, the same amount used in the passive sampler, was analyzed without any treatment, the Hg mass was 1.0-1.2 ng. When I-IAC was pre-heated at 150°C for 4 h, the blank value was less than the analytical detection limit. The recovery rate, identified by injecting different volumes of Hg0-saturated vapor into a vial containing 0.5 g of I-IAC, ranged from 72 to 147% (Fig. 2). The r2 value for the correlation between the injection amount and the recovered amount was 0.95, but the slope was only 0.76 because the recovery rate somewhat decreased as the injection amount increased (Fig. 2). A low recovery rate at a high injection amount was possibly a result of the injection amount exceeding the I-IAC adsorption capacity of 0.5 g. However, the linearity between the injection amounts and the recovery rates was good and consistent, and there was no critical point at which the recovery rate dropped dramatically (Fig. 2); therefore, it was unlikely a result of breakthrough from the I-IAC. The adsorption capacity of the I-IAC was also tested in the field (results shown in following section). The lower recovery rate at the higher injection amount was possibly derived from either (i) an increase in Hg adsorption onto the surface of the glass vial or (ii) insufficient time for Hg adsorption onto the I-IAC. Further study is required to accurately determine the recovery rate and the adsorption efficiency of I-IAC; Teflon, rather than glass, vials should be used to prevent Hg adsorption and to allow sufficient time for an Hg-adsorption equilibrium to develop between I-IAC and air in the vial.

        
          
          

          Fig. 2. 
				
          

          
            Recovered Hg mass with each injected mass (left), and the linear regression between injected and recovered mass (right). The red rectangular points indicate the recovery rates in the left panel. 
          
          

          

        

      

      
        3. 2 Linearity with Deployment Time
        In order to evaluate performance, a passive sampler was deployed for 63 days from Aug. 3 to Jan. 1, 2019 and for about four months from May 1 to Aug. 28, 2019 in Chuncheon. Using all data obtained over two years, the Hg uptake mass was seen to linearly increase as deployment time increased, and the coefficient of determination (r2) and the slope were 0.935 and 0.16 (ng day-1), respectively (Fig. 3). When the y-intercept was forced through zero, the slope slightly increased to 0.17. The TGM concentration measured by the active sampler (Tekran 2537X, cold vapor atomic fluorescence spectrometry) during 2019 was relatively consistent, ranging from 2.1 to 2.5 ng m-3 (average=2.3 ng m-3) throughout the sampling period. The linearity shown in Fig. 3 indicates that the uptake capacity of the passive sampler was likely to be more than four months (equal to 21.7 ng of Hg uptake mass), with a typical atmospheric Hg concentration of about 2 ng m-3. Compared with a previous study using gold-coated beads as an adsorbent at the same location (Chuncheon), the uptake rates were similar between the gold beads and I-IAC at similar TGM concentrations (Jeon et al., 2019), showing that both adsorbents provided an effective adsorptive surface for GEM in the passive sampler. However, the amount of Hg adsorbed per mass of adsorbent was about two times higher for the I-IAC (0.32 ng-Hg·g-1-IAC) than for the gold beads (0.17 ng·g-1-gold). In addition, Hg uptake mass increased linearly up to four months in this study, whereas it increased only up to eight weeks when using the gold-coated beads (Jeon et al., 2019), indicating that the maximum adsorption capacity of the I-IAC was much higher than that of the gold-beads.

        
          
          

          Fig. 3. 
				
          

          
            Increase of Hg uptake mass with the increase of deployment time at the Chuncheon site. The red dash lines indicate the 95% of confidence intervals for the regression. 
          
          

          

        

        The samplers were also deployed at seven different sites in 2018 and 2019 (Table 1) to determine the spatial variation of the uptake rate and to evaluate the reproducibility over different deployment periods. Two samplers were deployed at each site for one month each (or for 2 weeks each in Taean) and one other sampler was deployed for two consecutive months (or for two consecutive 2-week periods in Taean). The two uptake masses were compared. If the sum of the adsorption amounts of the two samplers deployed for one month each (or for 2 weeks each) was the same as the adsorption amount of the sampler deployed for two consecutive months (or for two consecutive 2-weeks), the uptake mass was considered to have increased linearly with deployment time. In Fig. 4, the orange and the blue bars represent the Hg uptake mass of the passive sampler deployed for one month each (or for 2 weeks each), and the grey bar represents the Hg mass for two consecutive months (or for two consecutive 2-week periods). Among the 13 sets, two sets showed quite large differences between the two Hg amounts (one each in Bulkwang and Ulsan), and all other sets showed similar uptake masses. The average relative difference was 14%; however, this was 9% when the two sets having large variation were excluded. These results indicate that the Hg adsorption amount increased linearly for about two months and that the reproducibility of the sampler uptake amount for the different deployment periods was also good. In Chuncheon, the sampler was also deployed for three consecutive months and compared with three samplers deployed for one month each. Here, the uptake mass for the three consecutive months (13.7 ng) was almost identical to the sum of the uptake amounts of the three one-month samplers (13.0 ng).

        
          
          

          Fig. 4. 
				
          

          
            Reproducibility of the passive sampler for different deployment periods. 
          
          

          

        

        The sampler consists of three diffusive bodies containing I-IAC. Therefore, the relative standard deviation (RSD) can be calculated for the three uptake masses; the average and median RSD were 9.0% and 6.5%, respectively. Some previous studies have shown good RSD results from collocated Hg passive samplers. McLagan et al. (2018) and Zhang et al. (2012) presented RSD values of 4% and 12%, respectively, for replicates from samplers using sulfur-impregnated activated carbon. Skov et al. (2007) used gold-beads as the adsorbent in their Hg passive sampler, reporting an RSD value of 7.7%. In study, the overall precision from two collocated samplers was not evaluated, and an evaluation of the relevant QA/QC is required.

      

      
        3. 3 Uptake Rate
        Uptake rate (ng day-1) is calculated by uptake mass divided by deployment time. The uptake rate significantly varied among the sites, ranging from 0.21 ng day-1 at the Chuncheon site to 0.30 ng day-1 at the Taean site. When the uptake rates were compared with the TGM concentrations measured by the Tekran 2537X at each site, they tended to follow the TGM concentration relatively well, despite small differences in TGM concentration (Fig. 5). The correlations between uptake rate and TGM concentration were good at the Imsil, Taean, and Gwangyang sites, whereas the r2 value was only about 0.48 at the Chuncheon site. At the Chuncheon site, the white point in Fig. 5, which did not well reflect the TGM concentration, represents the uptake rate of the passive sampler deployed only for 1 week. There is a possibility that one-week deployment was not sufficiently long to infer the atmospheric Hg concentration; in future, it is necessary to study the minimum required deployment period of the passive sampler. Although the correlations between the uptake rates of the passive sampler and the TGM concentrations were relatively good at each site, such a tendency was not observed when plotting all data from all sites, probably because the SR varied under different meteorological conditions (McLagan et al., 2017; Huang et al., 2014).

        
          
          

          Fig. 5. 
				
          

          
            Correlation between Tekran TGM concentration and the uptake rate of the passive sampler at each site. The white point observed in the graph for Chuncheon (the upper right graph) indicates the uptake rate of the passive sampler deployed for 1 week. 
          
          

          

        

      

      
        3. 4 Sampling Rate
        The SR is required to calculate concentration when using a passive sampler. Although SR can be theoretically calculated using Eq. 3, it is difficult to estimate the diffusive lengths, which are affected by sampler design (McLagan et al., 2016b; Armitage et al., 2013; Fuller et al., 1966). In addition, a passive sampler is intentionally or unintentionally dependent on meteorological parameters (Jeon et al., 2019; McLagan et al., 2017; Skov et al., 2007). Therefore, many studies have provided experimental SRs using the concentrations measured by an active sampler (Jeon et al., 2019; McLagan et al., 2018; Guo et al., 2014; Peterson et al., 2012). Average SRs were 0.14±0.05, 0.09±0.02, 0.18±002, and 0.08±0.01 m3 day-1 at the Imsil, Chuncheon, Taean, and Gwangyang sites, respectively, resulting in an overall average of 0.114±0.05 m3 day-1 across all data (Fig. 6).

        
          
          

          Fig. 6. 
				
          

          
            The experimental SRs at each sampling location (left) and a SR obtained from a linear regression (right). 
          
          

          

        

        McLagan et al. (2018) provided an experimental SR using linear regression, as shown in Eq. 3. When a linear regression using the uptake mass (m), Tekran TGM concentration (Ca), and deployment time of the passive sampler (t) was performed, the slope (which is the SR) was 0.082 m3 day-1, and the correlation between two variables was very good (Pearson r=0.92) (Fig. 6). Compared with the SR (0.135±0.003 m3 day-1) suggested by McLagan et al. (2018) using a similar passive sampler design, the SRs observed in the present study are relatively low. Although there was a significant regression between Ca×t and m, as shown in Fig. 6, the SR varied significantly among the samples across all sites because the uptake mass of the passive sampler was susceptible not only to the concentration of pollutant but also to parameters such as temperature and wind speed (McLagan et al., 2017; Guo et al., 2014).

        To evaluate the effects of meteorological factors, the relationship between SR and meteorological variables was identified. During the sampling period, air temperature ranged from 16.9°C to 28.6°C, wind speed (WS) ranged from 0.5 to 3.2 m s-1, and relative humidity (RH) ranged from 42.6 to 81.8%. The experimental SRs showed a negative relationship with temperature (p-value=0.02, Pearson r=-0.557), but there was no statistically significant correlation with RH or WS. The negative correlation with temperature was not anticipated because diffusion coefficient theoretically increases as temperature increases, hence increasing SR. Also, there have been some previous studies suggesting that SR was positively affected by WS (Jeon et al., 2019; McLagan et al., 2018, 2017), indicating that turbulence affected mass transport from the atmosphere to the adsorbent. In this study, it was also observed that the SR decreased with an increase in TGM concentration. TGM concentration also increased with temperature increase, possibly because GEM was emitted from the soil and/or water surfaces under intense sunlight and high temperature (Park et al., 2014; Poissant et al., 2000); this positive correlation between temperature and TGM concentration possibly caused the negative relationship between SR and TGM concentration. Whether a decrease in SR was caused directly by an increase in TGM concentration or indirectly by the interrelationship between TGM concentration and temperature was not clear. Because of the non-linear interactions between uptake rate and other parameters, it is difficult to derive the calibration equation of the SR.

        In order to calibrate SR with the meteorological factors, a multi-linear regression was performed after all variables were normalized by the averages. We found a statistically significant multiple linear relationship between SR, temperature, and RH:
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        The multiple linear equation fits the data well (p-value<0.001) and both variables of Ta (p-value<0.001) and RH (p-value=0.001) and the constant (p-value=0.003) were statistically significant. When WS exceeded or was equal to 1.0 m s-1, it was included as a significant positive variable for SR, giving the following equation:
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        All variables were statistically significant (p-values were <0.001, 0.006, 0.018, and<0.001 for Ta, WS, RH, and the constant, respectively). The better fit of Eq. 5 than that of Eq. 4 suggests that the effect of WS on SR was not consistent, and only wind speed above a certain level (1 m s-1 in this study) positively affected the SR, probably due to a turbulence effect.

      

      
        3. 5 Comparison with Active Sampler
        Many previous studies have used a constant SR to convert uptake mass to a concentration unit (Gouin et al., 2005a; Pozo et al., 2004; Shoeib and Harner, 2002). However, SR is in fact affected by meteorological parameters such as WS, sampler design, and even the mounting height of the sampler (Huang et al., 2014; Gustin et al., 2011; Fan et al., 2006); therefore, it is necessary to infer the concentration using a calibrated SR. When using a constant SR, i.e., 0.082 m3 day-1 from Fig. 6, there was no correlation between the Tekran TGM concentration and the passive Hg concentration (left panel of Fig. 7). However, the concentrations obtained using the calibrated SR (from Eqs. 4 and 5) were significantly correlated with the Tekran TGM concentration, and most data points converged on the 1:1 line (Fig. 7). The average relative difference between the passive and active (Tekran 2537X) concentrations was 31% and 15% when using the constant SR and calibrated SRs, respectively. The two graphs in Fig. 7 strongly suggest that the calibrated SR should be used when calculating concentrations using the passive sampler developed in this study. Fig. 7 was obtained from the data collected from four different sites, indicating that one calibration equation for SR can provide a reliable Hg concentration, even at different locations.

        
          
          

          Fig. 7. 
				
          

          
            Comparison between the passive and the active Hg concentration using a constant SR (left) and the calibrated SRs (right). The blue dash line indicates the 1:1 line, and the red dash lines represent the 95% of confidence interval for the regression. 
          
          

          

        

      

      
        3. 6 Spatial GEM Distribution in the Industrial District
        In order to identify the spatial GEM concentration in a large Hg emission area, the passive samplers were deployed in the Onsan industrial district (Fig. 1). Since it was shown that the SR was significantly affected by meteorological parameters, the GEM concentrations were calculated using the SRs calibrated by Eq. 4 when WS was less than 1 m s-1 and by Eq. 5 when WS exceeded 1 m s-1. The meteorological data were obtained from two locations, BM1 and M2 (Fig. 1), and the WS showed a large difference at the two locations (average WS was 0.58 m s-1 and 1.77 m s-1 at BM1 and M2, respectively), whereas temperature and relative humidity were not significantly different between the two sites. The meteorological parameters obtained for the M2 site located by the East Sea were applied to calibrate the SRs for the sites B2, B3, S3, S7, S8, S11, S13, and S14, and those obtained from the BM1 site were used to calibrate the SRs for the sites BM1, S4, S5, S6, S9, and S10. The calibrated SRs averaged 0.110 m3 day-1 and 0.143 m3 day-1 for BM1 and M2, respectively.

        
          
          

          Fig. 8. 
				
          

          
            Spatial variation of the GEM concentration measured by the passive sampler and the wind rose plots in the Onsan national industrial complex. 
          
          

          

        

        The GEM concentrations showed a very large spatial variation in the industrial district, ranging from 0.6 to 118.8 ng m-3 (average=14.5 ng m-3). The highest GEM concentrations were observed at the S7 and S8 sites near the largest zinc smelter in Korea. According to the national report for the Hg content of hazardous wastes (Park et al., 2010), zinc smelters show the highest Hg content among waste sludge. The GEM concentration was also high at S12 (21.9 ng m-3), which was located northeast of a large hazardous waste landfill and near the zinc smelter. On the other hand, the GEM concentrations were relatively low at the background sites B2 (1.9 ng m-3) and B3 (1.8 ng m-3).

      

    

    

  
    
      4. CONCLUSION
      In this study, a passive sampler for GEM was developed and applied in field monitoring. Based on the sampler design used in a previous study (Jeon et al., 2019), the adsorbent was changed from gold-coated beads to I-IAC. In order to evaluate performance, the passive samplers were initially deployed and one sampler was randomly retrieved every week or every month. Hg uptake amount linearly increased up to four months. Compared with a previous study using gold-coated beads as the adsorbent at the same location, the uptake rates were similar for gold beads and I-IAC under similar atmospheric Hg concentrations. However, the amount of Hg adsorbed per mass of I-IAC was about two times higher than that of the gold-beads. When the samplers were deployed at seven monitoring sites, the reproducibility of the sampler uptake amount for the different deployment periods was also good.

      The uptake rates varied significantly among the sites, ranging from 0.21 ng day-1 to 0.30 ng day-1. There were good correlations between the uptake rates of the passive sampler and the Hg concentrations of the active sampler at each site. However, when the data obtained from all sites were plotted together, no relationship between uptake rate and Hg concentration was seen. There was a significant linear regression between the product of the Hg uptake mass of the passive sampler and the deployment time and Hg concentration of the active sampler; a slope (representing the SR) of 0.082 m3 day-1 was obtained. However, the experimental SRs obtained at various sampling locations showed large variation owing to the effects of meteorology. In this study, SR was positively correlated with RH and WS (only when WS exceeded 1 m s-1) and negatively correlated with temperature. This unexpected negative relationship between temperature and SR was possibly caused by the interacting effects of additional parameters. In future, in order to prevent such influences, only one variable should be adjusted while the others are held constant in lab experiments. A calibration equation for SR was presented, using the variables WS, temperature, and RH (r2=0.92 between the experimental SRs and the calibrated SRs). When the passive and active Hg concentrations were compared, there was no correlation when using a constant experimental SR; however, the passive GEM concentrations were significantly correlated with the active Hg concentrations when using the calibrated SRs; the percent difference was 15%. In order to identify the spatial variation in GEM concentration in a large Hg emission region, the passive samplers were deployed at a fine spatial resolution in the national industrial district. The GEM concentration varied significantly and the highest concentrations appeared near a large zinc smelter.

      This study has some limitations. Although a calibration equation for SR was derived, the data were obtained only from a field application; a lab study with precise control of affecting parameters was not performed. Therefore, the calibration equation can be only used within the ranges of the observed meteorological conditions prevalent in this study. In addition, the maximum deployment time for the passive sampler should be investigated since the outdoor experiments were conducted only up to four months in this study. However, the good correlation between the uptake rates of the passive sampler and the Hg concentrations at each sampling site suggest a possible application in future field monitoring studies.
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