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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 gold-coated beads as Hg adsorbent
were installed in an acrylic external shield. Hg uptake mass linearly increased as the deployment
time increased until 8 weeks with an average gaseous Hg concentration of 2 ng m−3. The average
of the experimental sampling rate (SR) was 0.083 m3 day−1 and showed a good correlation with
theoretical SRs, indicating that a major adsorption mechanism was molecular diffusion. Nonetheless,
the experimental SR was approximately 33% lower than the modeled SR, which could be associated
with inefficient uptake of GEM in the sampler or uncertainty in constraining model parameters.
It was shown that the experimental SR was statistically affected by temperature and wind speed
but the calibration equation for the SR by meteorological variables should be obtained with a wider
range of variables in further investigation. When the uptake rates were compared to the active Hg
measurements, the correlation was not significant because the passive sampler was not sufficiently
adept at detecting a small difference in the GEM concentration of from 1.8 to 2.0 ng m−3. However,
the results for spatial Hg concentrations measured near cement plants in Korea suggest a possible
application in field monitoring. Future research is needed to fully employ the developed passive
sampler in quantitative assessment of Hg concentrations.

Keywords: gaseous elemental mercury; passive sampler; gold-coated beads; sampling rate;
spatial variation

1. Introduction

Mercury (Hg) is the only metal that can exist as a gaseous phase in environmental compartments,
resulting in dynamic circulation between compartments after emission. Because Hg pollution is a global
problem, the Minamata Convention on Mercury, a multilateral environmental agreement, was entered
into force in 2017 to address specific human activities contributing to widespread mercury pollution
and aid in reducing global Hg pollution. The Convention includes provisions for technical assistance,
information exchange, public awareness, and research and monitoring as well as for phasing-out Hg
use in products. As the ninth greatest Hg-emitting country in the world, South Korea is obligated to
monitor Hg levels in the environment.

Atmospheric Hg mostly exists in three major inorganic forms: gaseous elemental mercury (GEM),
gaseous oxidized mercury (GOM), and particulate bound mercury (PBM). GEM, whose atmospheric
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residence time is approximately 0.5 to 1 yr [1], typically contributes greater than 90% of the total Hg in
ambient air and can also be considered as a transboundary pollutant transporting over a long-range.
However, though the concentrations of GOM and PBM are much lower than GEM, their effect on dry
and wet deposition is significant because of high solubility, high deposition velocity, and high mass
transfer coefficient [2]. In the atmosphere, Hg species can be interconverted through various reactions,
which have been introduced in detail in two recent articles [3,4].

In Korea, Hg research studies have been extensively performed especially in the area of
biomonitoring and anthropogenic emissions; however, the history of atmospheric Hg measurement is
relatively short. In the national Hg monitoring network operated since 2012, total gaseous mercury
(TGM), the sum of GEM and GOM, has been measured at 12 monitoring sites using an automatic cold
vapor atomic fluorescence spectrometer (Tekran 2537, Tekran Inc., Toronto, ON, Canada). An active
sampler such as a Tekran 2537 instrument is expensive and requires electricity, a carrier gas, and stringent
management; therefore, it is practically difficult to install and operate in remote areas such as in coastal
and mountainous areas. However, it is necessary to measure GEM concentration at remote background
sites and high-elevation sites to identify the effect of long-range transport particularly in Korea because
of its proximity to China, the largest contributor to the global Hg budget [5,6]. This requires the
development of a passive sampler that is inexpensive, easily deployed, and does not need electricity.

Because a passive sampler is able to identify concentrations at a fine spatial resolution, it has
been widely used for certain pollutants including persistent organic pollutants and carbon dioxide [7];
however, nearly all Hg research studies have relied on an active sampler until recently. Many previous
studies using an Hg passive sampler did not provide satisfactory results [7], and only a few groups
suggested the reliable data [8–12]. For an Hg passive sampler, a diffusive body including radial [10,13],
axial [8], box [14], and two-bowl [15] types has been tested. As an adsorbent for Hg collection, gold [16],
silver [17], and impregnated activated carbon [8,10] have been used. Because gold is very stable even
at high temperature it can be re-used and obtain a very low blank value. Sulfur-impregnated activated
carbon was used for an Hg passive sampler by the research group at Peking University [8] and the
University of Toronto [10]. Sulfur and the halogen elements significantly shorten the lifetime of the
catalyst in the analytical instrument [18,19], whereas the addition of powdered Na2CO3 substantially
increases the catalyst’s life [20]. Most previous studies found that the uptake rate by a Hg passive
sampler was affected by meteorological factors including temperature and wind speed [8,21]; however,
how they affected was different for each study. This study was initiated to develop and to apply a
passive sampler for GEM, and the limitations of the passive sampler were identified.

2. Experiments

2.1. Theory

A passive sampler uses a diffusion mechanism to collect gaseous pollutants, as shown in Fick’s
Law (Equation (1)). The mass transported (J, unit = mass·time−1

·length−2) is proportional to a diffusion
coefficient (D, unit = length2

·time−1) and a concentration gradient over a distance (dC/dx, unit =

mass·length−3
·length−1).

J = −D
dC
dx

= k · dC =
D
L
· dC (1)

The flux can also be presented as the product of a concentration gradient, dC and a mass transfer
coefficient, k (unit = length·time−1) in Equation (1). L, a diffusion layer length (unit = length), is often
theoretically or empirically estimated. In a passive sampler, the adsorption amount of contaminants
through laminar diffusion linearly increases during the early stage, then changes to a curve, and finally
no longer changes when an equilibrium status is reached [9,22–24]. To accurately calculate the
concentration using a passive sampler, it should be applied to the initial section where the adsorption
amount linearly increases.

Using a passive sampler, Hg concentration is calculated as in Equation (2).
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Conc.
(
ng ·m3

)
=

sorbed mass (ng)

deployment time (day) × sampling rate
(
m3 · day−1

) (2)

When developing a passive sampler, it is critical to provide an accurate sampling rate (SR).
Theoretically, SR is estimated by the product of k (shown in Equation (1)) and the area at which diffusion
occurs; therefore, it is strongly dependent on the characteristics of the pollutant and the design of the
sampler. In practical application, not only laminar diffusion but also turbulence affect the adsorption;
therefore, an experimental SR is generally suggested using the concentration measured by an active
sampler as shown in Equation (3).

SR
(
m3
· day−1

)
=

sorbed mass (ng)
deployment time (day) × conc. by active sampler (ng ·m−3)

(3)

2.2. Sampling and Analysis

2.2.1. Design of Sampler

A passive sampler consists of an adsorbent, diffusive body, and external shield. In this study,
Radiello® (Sigma-Aldrich, Seoul, Korea) having a 25 µm pore size was used as a diffusive body and
has also been used in other studies [10,13,17]. The Radiello® was re-used after being cleaned by
ultrapure water. A cylindrical external shield was manufactured with an opaque acrylic body and
three Radiello® diffusive bodies were connected to the top of the inside of the external shield through
threaded nuts (Figure 1, Figure S1). Inside the Radiello® diffusive body, the adsorbent was placed
in a stainless steel container (300 mesh) and both ends were sealed with glass wool. The amount
of adsorbent in an adsorbent container was 0.95 ± 0.05 g. To protect the sampler from rain, wind,
dust, and small insects, the bottom of the external shield was covered by stainless steel (300 mesh).
In this study, gold-coated borosilicate glass beads (Brooks Rand Instruments, Seattle, WA, USA) and
I-impregnated activated carbon (Ohio Lumex Co., Cleveland, OH, USA) were initially tested for the
adsorbents of the Hg passive sampler; however, I-impregnated activated carbon was soon excluded
because the catalyst of the analytical instrument was quickly damaged. The size of old beads varied,
but their diameter appeared to be about 1 mm. Before the sampling, gold-coated beads and stainless
steel containers were heated at 550 ◦C to exclude any residual Hg.
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2.2.2. Sampling

For an evaluation purpose, the passive samplers were deployed on the four-story building of the
Kangwon National University (KNU) in Chuncheon, South Korea during three intensive measurement
periods (Figure 2, Table 1). During the 1st measurement period (11 July–8 August 2017), four passive
samplers were initially deployed at once and one sampler was randomly retrieved every week
and analyzed to investigate the Hg adsorption amount from 1 week to 4 weeks. During the 2nd
measurement period (9–30 August 2017), three passive samplers were initially installed and one
sampler was retrieved each week. During the 3rd measurement period (12 September 2017–5 December
2017), in total eight samplers were initially deployed to allow the sampler to collect Hg for up to 12
weeks. Reproducibility was tested as three Radiello® diffusive bodies with adsorbents were installed
in one sampler.
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Figure 2. Sampling sites in Korea. The passive sampler was evaluated at Kangwon National
University (the blue diamond) in Chuncheon (blue area), Korea during three intensive sampling
periods. After intensive sampling, the samplers were applied near six cement production facilities
(red circles) in Korea.

Table 1. Description of measurement periods and locations in this study.

Purpose Location Period Deployment Time No. of Samples

Intensive
measurements

1st period at KNU 11 July–8 August 2017 1–4 weeks 4 sets
2nd period at KNU 9 August–30 2017 1–3 weeks 3 sets

3rd period at KNU 12 September–5
December 2017 1–4, 6, 8, 10, 12 weeks 8 sets

Field
application

Near cement plants 23 March–18 April 2018 26 days 6 sets
Chuncheon 23 March–18 April 2018 26 days 10 sets

To identify the experimental SR and evaluate the performance of the passive sampler,
TGM concentration was measured using the Tekran 2537X (Tekran Inc., Toronto, ON, Canada),
an active sampler at the same location during the study period. Tekran 2537X is an automated
measuring instrument for Hg that measures every 5 min. Outdoor air was continuously transported at
a flow rate of 1.0 L min−1 through a heated Teflon line into the analyzer. Two gold traps alternately
collected and thermally desorbed TGM which was quantified using a cold vapor atomic fluorescence
spectrometer (CVAFS). Auto-calibration was performed by an internal permeation source every 24 h.
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In previous studies performed at the same sampling location, GOM contribution to TGM was very low
(less than 3%) [25]. There is unpublished data showing that GOM rarely passes through the Radiello®

diffusive boday [26]; hence, Hg collected by the passive sampler was considered as GEM in this study.
Meteorological data, including temperature, humidity, wind speed, and wind direction, were obtained
from the automatic weather station (Vintage Pro2, DAVIS Instruments, Hayward, CA, USA) at the
sampling site.

After three intensive measurements at KNU in Chuncheon, Korea, the samplers were deployed at
six monitoring sites near large cement production facilities over 26 days from 23 March to 18 April 2018,
to test the passive sampler in identifying spatial variation (Figure 2, Table 1). The passive samplers
were deployed at approximately 1.5 m above the ground and approximately 140~1100 m away from
the cement plant. In addition, 10 passive samplers were deployed and collected at various locations in
Chuncheon during the same period, and the GEM concentrations were compared to those obtained
near the cement production facilities.

2.2.3. Analysis

After sampling, the gold-coated beads were heated at 550 ◦C in a tube furnace and the Hg
adsorbed was analyzed using a CVAFS (Tekran 2537X). For 14 samples, Hg adsorbed onto the stainless
steel container was also analyzed to identify whether the adsorption amount on the container was
negligible or not. Stainless-steel container was also analyzed in the same manner as gold-coated beads.
It was heated at 550 ◦C in a tube furnace and the Hg adsorbed analyzed using a CVAFS.

The adsorption capacity and recovery rate of the gold-coated beads were also tested.
Approximately 0.95 g (the same amount used in the passive sampler) of gold-coated beads were
placed in the quartz vial with septa, and a certain volume of Hg0-saturated vapor was withdrawn
via a gas-tight syringe and injected into the quartz vial. Hg0-saturated air was provided in a closed
120 mL flask containing approximately 2–3 mL of metallic Hg. The flask was maintained at 24.9 ◦C via
immersion in a temperature regulated water bath. The injected volumes were 50 µL (0.991 ng), 200 µL
(3.965 ng), 400 µL (7.961 ng), and 600 µL (11.896 ng of Hg), respectively. After waiting for 1 day to allow
the gold-coated beads to fully sorb Hg-saturated air, they were then analyzed using the Tekran 2537X.

2.2.4. Cleaning and Others

All adsorbents and diffusive bodies were triple sealed with zipper bags and stored in a freezer
before and after sampling. The external shield was first cleaned by detergent, acetone, and ultrapure
water and then soaked in a 1% HCl solution at 60 ◦C for 36 h to remove any residual Hg. Finally,
it was cleaned with ultrapure water and dried in a clean bench. The used Radiello® was cleaned
with detergent and ultrapure water using an ultrasonic bath, dried on a clean bench, and triple sealed
with zipper bags until next usage. Field blanks were treated like the samples including air exposure
during the sampler deployment and retrieval. They were also triple-sealed with zipper bags and stored
in a freezer until analyzed. Overall, six field blanks were tested and yielded uptake amounts from
0.44–0.66 ng of Hg. The average uptake amount of the field blank was 0.55 ± 0.09 ng of Hg. All data
shown in the following sections were field blank corrected. Method detection limit (MDL) and limit of
quantification (LOQ) were calculated as 3 times and 10 times the standard deviation of the field blanks,
respectively, and they were 0.27 ng and 0.90 ng.

2.2.5. Theoretical SR

SR can be theoretically calculated using Equation (4) as used in a previous study [10] which also
used Radiello® sampler as a diffusive body, as follows:

SR = D×
2πh[

ln
(

ra
rd−out

)
+ ϑ−1.33 × ln

( rd−out
rd−in

)
+ ln

( rd−in
rs

)] (4)
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where D is the molecular diffusion coefficient of Hg0 in air, which is a function of temperature and
pressure, h is the height of the diffusive barrier; and ra, rd-out, rd-in, and rs are the radii corresponding to
the outside of the air-side boundary layer, the diffusive barrier, the internal air space, and the sorbent
cylinder, respectively (Figure 1). Equation (4) is the adjusted equation to account for the tortuous path
pursued through the diffusive barrier. The diffusion coefficient, D, was corrected for the temperature
and the pressure obtained during the sampling period using Equation (5) [27], as follows:

D(T, P) = D(T0, P0) ×
(P0

P

)
×

(
T
T0

)1.81

(5)

where T and P indicate ambient temperature (K) and atmospheric pressure, respectively. T0 and P0 are
293 K and 1 atm, respectively, and D(T0, P0) is a diffusion coefficient of Hg0 at T0 and P0, which is
0.112 cm2 s−1 [27].

3. Results and Discussion

3.1. Sampler Performance

To identify the maximum adsorption capacity of the passive sampler developed in this study,
Hg0-saturated air was injected into the vial containing 0.95 g of gold-coated beads. The recovery rates
of the injected Hg ranged from 96.3% to 73.9% when the injected Hg amount varied from 0.99 ng
to 11.90 ng. The recovered Hg amounts were similar to or slightly higher than the injected amount
up to 8 ng (equal to 400 µL shown in Figure 3); however, the recovery rate decreased to 70% when
the injected amount increased to 11.9 ng, indicating that the passive sampler has a problem when
adsorbing greater than 8 ng of Hg.
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To evaluate the performance of the passive sampler, Hg uptake mass by the passive sampler was
shown as a function of deployment time for the outdoor studies (Figure 4). Hg uptake mass linearly
increased as deployment time increased (linear regression analysis, F-test, p-value ≤ 0.001) during the
1st and 2nd measurement periods (Figure 4). However, during the 3rd measurement period, Hg uptake
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mass linearly increased only until 8 weeks (regression analysis, F-test, p-value < 0.001) and thereafter
it did not show any statistically significant increase (Figure 4). This implicates that the maximum
deployment time for the passive sampler using 0.95 g of gold-coated beads as adsorbent is equal to or
less than 8 weeks when the Hg concentration is approximately 2 ng m−3. The Hg adsorbed amount
during 8 weeks ranged 6 to 7 ng, which was similar to the adsorption capacity result (Figure 3) of
injecting Hg-saturated air into the vial containing 0.95 g of gold-coated beads. Average uptake rate
was 0.16 ± 0.03 ng day−1, indicating that the deployment time should be at least 1.7 days and 5.6 days
to reach the MDL and the LOQ obtained in this study, respectively. The rather low adsorption capacity
of the sampler is likely associated with the selected adsorbent, the gold-coated beads. Previous studies
using the same diffusive body with S-impregnated activated carbon [12] revealed higher adsorption
capacities, for deployment of a year and above. Also, in Zhang et al. (2012) [8], the amount of Hg
adsorbed by the passive sampler using polyethylene diffusion tube with S-impregnated activated
carbon attained 22 ng.
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During the 1st, 2nd, and 3rd intensive measurement periods, the median relative standard
deviation (RSD) calculated from three Radiello® diffusive bodies installed in one external shield was
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7.6%, 8.9%, and 5.2%, respectively. Some previous studies revealed good RSD results. MaLagan
et al. (2018) [11] and Zhang et al. (2012) [8] provided 4% and 12% RSD, respectively, for replicates
from samplers using S-impregnated activated carbon. Skov et al. (2007) [13] provided and RSD of
7.7% for replicates from passive samplers using solid gold as the adsorbent. The whole precision
between the collocated external shields was not tested, and therefore assessment of the related QA/QC
is still required.

To identify whether GEM was adsorbed onto the stainless steel container or not, the container was
analyzed. It was found that the Hg adsorption amount on the container increased as the deployment
time increased, showing 0.017 ± 0.018 ng-Hg day−1. The high standard deviation in Hg uptake rates of
stainless-steel container was probably because it provides a less effective surface than the gold-coated
beads for GEM. The percentage of Hg adsorption amount on the container ranged from 9% of the Hg
adsorbed on gold-coated beads for 28 days of deployment time to 30% for 56 days. We also found that
the amount of Hg adsorbed onto the stainless-steel container as well as onto the gold-coated beads
linearly increased with the deployment time (Figure 5). This result shows that the Hg adsorption on
the container should not be ignored and may bring uncertainty in estimating SR particularly over a
long deployment time. However, the Hg adsorption on the stainless-steel container possibly attains
equilibrium early, and therefore, the equation showing Hg adsorption on the stainless-steel container
with deployment time (as proposed in Figure 5) may not be applicable after 8 weeks.
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confidence intervals.

3.2. Sampling Rate

Experimental SR was calculated using Equation (3). The average experimental SR was 0.083 ±
0.017 m3 day−1 during the whole intensive measurement period. During the 1st measurement period,
SR was relatively consistent, ranging from 0.088 to 0.108 m3 day−1 (Figure 6). The average SR during
the second measurement period was 0.083 m3 day−1, less than that for the 1st measurement period
probably because both the atmospheric temperature and wind speed were lower. Because a gaseous
diffusion coefficient is proportional to the 1.5 to 1.7 square of the temperature [28,29], the SR was
expected to increase as temperature increased. If the adsorption amount of contaminants in the passive
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sampler only occurs through laminar diffusion, wind speed does not necessarily affect SR. However,
in practical application, turbulence also affects adsorption; therefore, most passive samplers currently
used are susceptible to the influence of wind speed and even wind direction [21,30]. During the 3rd
measurement period, the average SR (0.077 ± 0.014 m3 day−1) was slightly lower than that during the
other two measurement periods, probably because the temperature was relatively low (on average
16.8 ◦C) while it was 27.1 ◦C and 24.5 ◦C during the 1st and 2nd periods, respectively. The average
wind speed (0.64 ± 0.06 m s−1) was similar to that of the other two periods (WS= 0.80 ± 0.11 and 0.55 ±
0.09 m s−1 for the 1st and the 2nd sampling periods, respectively). The SR exhibits a decreasing trend
(Figure 6) as the deployment time increased during the 3rd measurement period, probably because
the atmospheric temperature and wind speed generally decreased from 12 September to 5 December
2017, causing strong positive correlations of the SR with temperature and wind speed (Figure S2).
TGM concentrations that were relatively consistent during the sampling period (Figure 4) did not affect
the SR in this study.
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SR was also theoretically calculated using Equation (4). The v indicates the porosity of 0.496 ±
0.001 for the Radiello® diffusive barrier [10,31]. The height of the diffusive barrier (h) and ra, rd-out, rd-in,
and rs were determined by the design of the sampler (Figure 1). Various values of air-side boundary
layer thickness, ra were used in previous studies evaluating passive samplers. The results of Armitage
et al. (2016) [32] and McLagan et al. (2016) [10] agreed well with empirical data when assuming an
air-side boundary layer thickness ranging from 7.5 to 15 mm while Huang et al. (2018) [28] used
18 mm as the ra. In this study, 15 mm of ra was used. The average theoretical SR was calculated to be
0.127 ± 0.003 m3 day−1, which is higher than the experimental SR (0.055~0.110 m3 day−1), and there
was a significant correlation between the theoretical and empirical SRs (spearman rho = 0.74, p-value
< 0.001) (Figure 7). The theoretical SR was mainly affected by a gaseous diffusion coefficient (D) in
Equation (5), and other parameters were constants. Since D is proportional to 1.5 to 1.7 the square of
the Kelvin temperature in Equation (5), the theoretical SR is also significantly affected by temperature.
Therefore, a good correlation between the experimental and theoretical SRs is likely to indicate that the
major adsorption mechanism was molecular diffusion in the passive sampler. However, the range of
the empirical SR with the temperature change was shown to be relatively large (Figure 6), compared
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to the theoretical SR which ranged only from 0.122 to 0.130 m3 day−1 (Figure 7), suggesting that the
collection of Hg by the passive sampler was also influenced by other mechanisms (such as turbulence)
in addition to molecular diffusion. In the study of McLagan et al. [10], the modeled SR was only 3.5%
lower than the average of measured SRs based on >350 data. In this study, the experimental SR was
approximately 33% lower than the modeled SR. The higher theoretical SR was possibly derived either
by using uncertain variables including ra [9,16,17,33]. The lower experimental SR compared with the
modeled SR may also indicate the inability of the passive sampler to effectively collect Hg. Some Hg
was adsorbed on the stainless-steel container (Figure 5), with the possibility of further adsorption on
the external shield and glass wool, inhibiting Hg adsorption onto the gold-coated beads. In addition,
the external shield might act as an additional resistance increasing the diffusion layer thickness.
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3.3. Effect of Meteorological Factors

Because a passive sampler is intentionally or unintentionally dependent on meteorological factors,
studies were previously conducted to identify their effects on the SR; however, they often showed
different results. Guo et al. (2014) [30] and Skov et al. (2007) [13] found no effect of temperature on SR
while Gustin et al. (2011) [17] and McLagan et al. (2017) [21] found a significant effect. Some studies
did not observe the effect of relative humidity (RH) [21,30] while Huang et al. (2014) [7] did.

In this study, wind speed (WS), atmospheric temperature (Ta), and relative humidity (RH) ranged
from 0.50 to 0.94 m s−1, 15.7 to 27.50 ◦C, and 71 to 83%, respectively, during the entire intensive
measurement period. The SR showed a positive relationship with WS (r2 = 0.37, p-value < 0.001)
despite of a small change in WS (Figure 8), indicating that the passive sampler was somewhat affected
by turbulence. The SR also showed a significant positive correlation with Ta (r2 = 0.40, p-value < 0.001,
Figure 8) because the diffusion coefficient increases as Ta increases. There was no relationship between
SR and RH (Figure S3 p-value= 0.234). The clear influence of meteorological variables on the SR
strongly suggests that it is necessary to calibrate the SR for the Ta and WS when applying the passive
sampler in field monitoring.
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To identify the calibration equation for SR, multiple linear regression was performed using WS,
Ta, and atmospheric water vapor concentration (H2O) as independent variables. A significant multiple
linear regression equation (Equation (6)) was found with all three variables (p-value < 0.001) and a
higher r2 was found compared to that of a simple regression analysis. All three variables of Ta (p-value
= 0.012), WS (p-value = 0.012), and H2O (p-value = 0.037) were statistically significant in the multiple
linear regression equation (note that a constant was statistically significant at a significance level of 0.1,
p-value = 0.056):

SR (m3 day−1) = (0.010 ± 0.004) Ta (oC) + (0.048 ± 0.018) WS (m s−1)
− (142,269.1 ± 65,337.114)H2O (mol cm−3) − (0.054 ± 0.027), r2 = 0.61

(6)

where H2O indicates the molar concentration of water vapor in the atmosphere. McLagan et al.
(2017) [21] reported a calibration equation for the SR based on laboratory experiments that quantified
the effect of WS (calm ~ 6 m sec−1) and found that the SR of the passive sampler with a protective
shield was most sensitive to a WS between 0 and 1 m s−1. The higher slope of SR against to that of
WS in this study compared to that of McLagan et al. (2017) [21] was possibly a result of the lower WS
found at the sampling site. A calibration equation (Equation (6)) was obtained from a relatively narrow
range of meteorological variables in this study; therefore, it is necessary to identify the change in SR
with a wide range of Ta, WS, and RH in future. Currently, the suggested equation (Equation (6)) has a
limitation in that the SR becomes negative when the temperature is below zero. When a multiple linear
regression was performed without a y-intercept, the statistically significant equation (p-value < 0.001)
was obtained using only two variables, T (p-value < 0.001) and WS (p-value < 0.001), as shown in
Equation (7) and Figure 9 (please note that for the non-intercept model, r2 measured the rate of change
in the dependent variable relative to the origin described in the regression; therefore, this cannot be
compared to the r2 of the model containing an intercept).

SR (m3 day−1) = (0.002 ± 0.000) Ta (◦C) + (0.060 ± 0.015) WS (m s−1) (7)

With a wide variation of factors, it is anticipated to obtain a more reasonable regression equation
and possibly a higher coefficient of determination (r2). It is clear that the SR was affected by WS and
temperature for the passive sampler used in this study.
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3.4. Comparison to Active Measurements

Hg passive samplers used in some previous studies [17,34,35] showed only weak or
indistinguishable linear relationships between uptake rates and active Hg measurements even with a
wide variation in Hg concentrations, while some others showed strong correlations [8,10,11]. When the
uptake rate by the passive sampler was compared to the active measurements (Tekran data) in this
study, the correlation coefficient was not statistically significant (Figure 10a. Spearman non-parametric
correlation test, p-value = 0.91). However, an insignificant correlation was mainly caused by the
narrow section of Hg concentration ranging from 1.8 to 2.0 ng m−3 measured by the Tekran 2537X
(Figure 10a), indicating that the passive sampler was not sufficiently sensitive to detect the small
difference in Hg concentration. An insufficient number of samples was also a possible reason resulting
in an insignificant correlation between uptake rate and active measurement. In addition, the uptake
rate was not corrected for meteorological variables which clearly influenced on the SR (Figures 8 and 9).
The passive sampler should be evaluated with a calibrated SR and a wide range of Hg concentrations
in future.Atmosphere 2019, 10, x FOR PEER REVIEW 13 of 15 
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Figure 10. (a) Correlation between the uptake rate by the passive sampler and the Hg concentration by
an active sampler (Tekran 2537X). (b) Relationship between the passive Hg concentration and cement
production amount at six locations near the cement plants.
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To identify whether the passive sampler is able to depict the spatial variation of the GEM
concentration, passive samplers were deployed near large anthropogenic Hg sources (Table 1). In Korea,
the largest anthropogenic source is cement production [36]; thus, the passive samplers were deployed
near six cement production facilities (Figure 2). Active Hg concentrations and meteorological variables
were not concurrently measured with the passive sampler deployment; therefore, Hg concentrations
measured by the passive samplers using an average empirical SR (0.083 ± 0.017 m3 day−1) were
compared to the cement production amount of each facility. Passive Hg concentrations ranged from
2.3 to 4.0 ng m−3, and showed a good correlation with cement production amount (Figure 10b).
Other factors possibly influencing passive Hg concentration such as emissions control for cement
production facilities, winds, physical characteristics of stack, and plant production output during
deployment were not considered in this study. The average passive Hg concentration at 10 sampling
locations in Chuncheon, a small residential city (Figure 2), was 1.7 ng m−3, ranging from 1.5 to
1.9 ng m−3, which were relatively lower than those measured near the cement production facilities.
Since measurements of the active sampler were not available to verify the spatial distribution of the
Hg concentrations, the passive Hg concentrations were only qualitatively compared with cement
production data in Figure 10b, and, therefore, the passive sampler requires further quantitative
evaluation with active Hg measurements.

4. Conclusions

In this study, a passive sampler for GEM was developed and applied for field monitoring in
Korea. Gold-coated beads, a Radiello®, and an acrylic body were used as an adsorbent, a diffusive
body, and an external shield, respectively. Hg uptake mass linearly increased as the deployment
time increased; however, the maximum deployment time was only approximately 8 weeks when the
TGM concentration was 2 ng m−3. The field blank uptake was sufficiently low to be able to measure
Hg even for a short period of 1 week. Using active Hg measurements, the average experimental SR
was 0.083 ± 0.017 m3 day−1. The variation in the SR was caused by the variation in the temperature,
WS, and molar concentration of the water vapor, as suggested by the statistically significant simple
and multiple linear regression equations. When the uptake rates were compared to the active Hg
measurements in this study, the correlation was not significant, particularly for the Hg concentration
ranging from 1.8 to 2.0 ng m−3, suggesting that the passive sampler was not sufficiently adept at
detecting such a small difference in the Hg concentration. When the passive samplers were deployed
near the large cement production plants, the uptake rates (and the concentration calculated using the
empirical SR) showed a good correlation with the cement production amount. However, no active
concentrations measurements were made and this assessment remains qualitative.

The passive sampler developed in this study has some limitations and it needs to be improved in
future. The experimental SR was approximately two-thirds of the theoretically calculated SR, possibly
indicating that Hg collection by the passive sampler was inhibited by the sampler design. Among the
possibilities is the adsorption of GEM on the stainless-steel container; it could have further influenced
the SR because the same material was used to cover the bottom of the external shield. In addition,
the maximum deployment time was not sufficiently long compared to that of other passive samplers.
Nonetheless, the relatively good RSD, a significant increase in uptake amount with deployment time,
and a promising result for spatial Hg concentration near the cement plants suggest that the passive
sampler can be used in field monitoring with an improvement through further investigation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/11/678/s1,
Figure S1: The photograph of the passive sampler, Figure S2: SR change with temperature and wind speed for the
3rd measurement period, Figure S3: Effect of relative humidity on the experimental SR.
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