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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 sam-
pler linearly increased as the deployment time increased up to four months. The repro-
ducibility 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 sam-
pler, 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. 

KEY WORDS   Gaseous elemental mercury, Passive sampler, Iodine-activated carbon, Sam-
pling rate, Calibration equation

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 condi-
tions, it can also exist as a gaseous form, resulting in active circulation between 
environmental media (Han et al., 2004). The most common forms of atmospher-
ic Hg are inorganic in nature, including gaseous elemental (GEM), gaseous oxi-
dized (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 Peh-

Development and Field Application of a Passive Sampler for 
Atmospheric Mercury

Seung-Hwan Cha, Young-Ji Han*, Ji-Won Jeon†, Young-Hee Kim1), Hyuk Kim1), Seam Noh1), Myeong-Hee Kwon1)

Department of Environmental Science, 
Kangwon National University, 
Chuncheon, Gangwon-do 24341, 
Republic of Korea 
1)Chemicals Research Division, National 
Institute of Environmental Research, 
Incheon 22689, Republic of Korea 
†Current address: Center for 
Environmental Health and Welfare 
Research, Korea Institute of Science and 
Technology, 5 Hwarang-ro 14-gil, 
Seongbuk-gu, Seoul 02792, Republic of 
Korea

*Corresponding author.  
Tel: +82-33-250-8579  
E-mail: youngji@kangwon.ac.kr

Received: 17 February 2020 
Revised: 12 March 2020 
Accepted: 16 March 2020

www.asianjae.org

Vol. 14, No. 1, pp. 14-27, March 2020
doi: https://doi.org/10.5572/ajae.2020.14.1.014
ISSN (Online) 2287-1160, ISSN (Print) 1976-6912

Research Article

Copyright © 2020 by Asian Journal of Atmospheric Environment
This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.
org/licenses/by-nc/4.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is 
properly cited.

Open          Access

https://crossmark.crossref.org/dialog/?doi=10.5572/ajae.2020.14.1.014&domain=http://asianjae.org/&uri_scheme=http:&cm_version=v1.5


A Passive Sampler for Atmospheric Mercury

www.asianjae.org      15

konen, 1999), making it the predominant Hg form in 
the atmosphere. On the other hand, GOM, including 
Hg C l2,  Hg B r 2,  Hg O, Hg S O 4, Hg (N O2)2,  a n d 
Hg(OH)2

 (Gustin et al., 2013; Hynes et al., 2009), is 
considered to have high dry and wet deposition veloci-
ties, 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 gas-
eous 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 approxi-
mately 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 sys-
tem 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 car-
rier gas, a relatively large space, and stringent manage-
ment; 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 mea-
surements in that previous study. In addition, the maxi-
mum deployment time was not sufficiently long, indicat-
ing 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 per-
formance, including recovery tests and linearity tests, 
with deployment time were conducted. The developed 
I-IAC passive samplers were deployed at various loca-
tions to provide experimental SRs and for comparison 
with active Hg measurements. An empirical SR equation, 
calibrated with meteorological parameters, is also pre-
sented. The passive sampler was deployed in an industri-
al complex to determine the spatial variation of GEM 
concentrations. 

2. EXPERIMENTS

2. 1  Theory
A passive sampler uses a diffusion mechanism to col-

lect pollutants, which can be explained by Fick’s first 
law: 

 dC DJ =-D -----= k·dC =--	·dC (Eq. 1)
 dx L

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 lon-
ger changing when an equilibrium is reached (McLag-
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an et al., 2016b; Bartkow et al., 2005; Wania et al., 
2003). In order to accurately calculate the concentra-
tion 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. 

 mConc. = -------- (Eq. 2)
 t·SR

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 theo-
retical 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). 

 mSR = -------- (Eq. 3)
 t·Cact

2. 2  Sampler Preparation
The passive sampler consisted of an adsorbent, diffu-

sive 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 vol-
umes 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-satu-
rated 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 pas-
sive 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 

Table 1. Summarization of the outdoor sampling for performan 
ce 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
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collecting and thermally desorbing Hg every 5 min; it 
then quantifies TGM using a cold vapor atomic fluo-
rescence 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 cal-
culated using the Tekran TGM data in Eq. 3. Repro-
ducibility was calculated from the three Radiello bod-
ies with I-IAC contained in one sampler. 

In addition to Chuncheon, 38 sets of the passive sam-
plers 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 com-
pare 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. 

2. 4  Field Application to Industrial District
The passive samplers were deployed in the Onsan 

national industrial district in Ulsan where zinc smelt-
ers, 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 back-
ground sites. 

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. 
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2. 5  Analysis
The I-IAC adsorbents were analyzed using a cold 

vapor atomic absorption spectrometer (DMA-80, Mile-
stone, 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 cali-
bration curve (r2 should be greater than 0.99). A stan-
dard reference material (SRM, MESS-3, marine sedi-
ment reference material) was analyzed every six samples 
to check the analytical precision, and the relative stan-
dard 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 fol-
lowing 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 pas-

sive 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 con-
taining 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) insuf-
ficient 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, rath-
er than glass, vials should be used to prevent Hg adsorp-
tion and to allow sufficient time for an Hg-adsorption 
equilibrium to develop between I-IAC and air in the vial. 

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 deploy-
ment time increased, and the coefficient of determina-
tion (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 spec-

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.
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trometry) 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 indi-
cates 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 concen-
tration 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 simi-
lar 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. 

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 reproduc-
ibility 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 deplo-
yed 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 consid-
ered 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 repre-
sents 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 rel-
ative 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 reproducibili-

Fig. 3. Increase of Hg uptake mass with the increase of deploy-
ment time at the Chuncheon site. The red dash lines indicate the 
95% of confidence intervals for the regression.

Fig. 4. Reproducibility of the passive sampler for different deployment periods.
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ty of the sampler uptake amount for the different deploy-
ment 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).
The sampler consists of three diffusive bodies contain-

ing 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%, respec-
tively. 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 pas-
sive 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 significant-

ly 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 rela-
tively well, despite small differences in TGM concentra-
tion (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 dif-
ferent meteorological conditions (McLagan et al., 2017; 
Huang et al., 2014).

3. 4  Sampling Rate
The SR is required to calculate concentration when 

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. 
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using a passive sampler. Although SR can be theoretical-
ly calculated using Eq. 3, it is difficult to estimate the dif-
fusive 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 param-
eters ( Jeon et al., 2019; McLagan et al., 2017; Skov et al., 
2007). Therefore, many studies have provided experi-
mental 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). 

McLagan et al. (2018) provided an experimental SR 
using linear regression, as shown in Eq. 3. When a lin-
ear regression using the uptake mass (m), Tekran TGM 
concentration (Ca), and deployment time of the pas-
sive 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) sug-
gested 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 pollut-
ant 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 tempera-
ture 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-val-
ue = 0.02, Pearson r =-0.557), but there was no statisti-
cally significant correlation with RH or WS. The nega-
tive 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 cor-
relation 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 con-
centration and temperature was not clear. Because of the 
non-linear interactions between uptake rate and other 
parameters, it is difficult to derive the calibration equa-
tion of the SR. 

In order to calibrate SR with the meteorological fac-
tors, a multi-linear regression was performed after all 
variables were normalized by the averages. We found a 

Fig. 6. The experimental SRs at each sampling location (left) and a SR obtained from a linear regression (right).
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statistically significant multiple linear relationship 
between SR, temperature, and RH: 

SR(m3 day-1) =- (0.209±0.044) Ta/Tavg

 + (0.146±0.037) RH/RHavg
 + (0.177±0.048), r2 = 0.68 
  (Eq. 4)

The multiple linear equation fits the data well (p-val-
ue<0.001) and both variables of Ta

 (p-value<0.001) 
and RH (p-value = 0.001) and the constant (p-val-
ue = 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: 

SR(m3 day-1) =- (0.214±0.023) Ta/Tavg

 + (0.038±0.011) WS/WSavg
 + (0.077±0.027) RH/RHavg
 + (0.204±0.026), r2 = 0.92   

 (Eq. 5)

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 con-

vert 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 param-
eters 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). How-
ever, 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. 

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 exceed-
ed 1 m s-1. The meteorological data were obtained from 

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. 
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two locations, BM1 and M2 (Fig. 1), and the WS show-
ed 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, respec-
tively), 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. 

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 concentra-
tions 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 devel-
oped and applied in field monitoring. Based on the sam-
pler 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 sam-
plers were initially deployed and one sampler was ran-
domly 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 atmo-
spheric 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 deploy-
ment 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 

WIND SPEED
(m/s)

≧3.6
2.1~3.6
0.5~2.1

Calms: 65.70%

Fig. 8. Spatial variation of the GEM concentration measured by the passive sampler and the wind rose plots in the Onsan national industrial 
complex. 
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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 deploy-
ment 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 posi-
tively correlated with RH and WS (only when WS 
exceeded 1 m s-1) and negatively correlated with temper-
ature. This unexpected negative relationship between 
temperature and SR was possibly caused by the interact-
ing 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 experi-
ments. 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 con-
stant experimental SR; however, the passive GEM con-
centrations were significantly correlated with the active 
Hg concentrations when using the calibrated SRs; the 
percent difference was 15%. In order to identify the spa-
tial variation in GEM concentration in a large Hg emis-
sion 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 calibra-
tion 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 condi-
tions prevalent in this study. In addition, the maximum 
deployment time for the passive sampler should be 
investigated since the outdoor experiments were con-
ducted only up to four months in this study. However, 
the good correlation between the uptake rates of the pas-
sive sampler and the Hg concentrations at each sampling 
site suggest a possible application in future field moni-
toring studies. 
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