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Abstract. The determination of gaseous oxidized mercury (GOM, Hg") in the atmosphere at ultra-trace levels necessitates a
preconcentration step. KCI-coated denuders and cation exchange membranes (CEMs) are widely used preconcentration methods
10 for sampling Hg". Sampling losses during preconcentration could result in measurement biases. This study evaluated the
performance of denuders and CEMs in retaining Hg'"", to accurately estimate biases through a precise mass balance approach using
17Hg radiotracer and generation of specific Hg" species by non-thermal plasma oxidation of Hg? in the presence of reactant gases.
The results showed that recovery of Hg" by thermal decomposition from freshly prepared denuders were approximately 100%.
The retention of Hg" on denuders during sampling period was much poorer compared to CEMs. Freshly prepared denuders lost up
15  to 61.5% of Hg", while reused denuders lost up to 79.7% after 2 hours of ambient air exposure. CEMs exhibited much lower losses
over 72 hours: on average, 16.7% for HgO, 2.7% for HgCl,, and 3.8% for HgBr.. The standard digestion procedure for CEMs by
BrCl digestion was found to be incomplete, with a few residual amounts detected on CEMs post-digestion (5.3% on average).
Additionally, the overall mass distribution within the CEM filter pack cartridges revealed that some Hg'" was retained on their
inner Teflon parts. These findings underscore the critical importance of addressing biases in methods adopted for Hg'"
20 measurements, to improve the accuracy and reliability of atmospheric Hg data, an integral component in evaluating Hg model

outputs for Minamata convention effectiveness evaluation.

Graphical abstract.
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1 Introduction

Mercury (Hg) is a volatile toxic element globally distributed in atmospheric, terrestrial, and aquatic environments. Hg is emitted
into the atmosphere from various natural and anthropogenic sources (Kocman et al., 2013; Outridge et al., 2018; Pacyna et al.,
2006; Peter Mason et al., 2024; Pirrone et al., 2009; Selin, 2009). Once emitted into the atmosphere, Hg undergoes complex
30 chemical transformations, regional and global transport, dry and wet deposition to terrestrial and aquatic environments, and
remission (Driscoll et al., 2013; Gonzalez-Raymat et al., 2017; Lyman et al., 2020a; Ryaboshapko et al., 2002; Xu et al., 2013;
Zhang et al., 2012). Atmospheric Hg commonly exists in 0 and +2 oxidation states (Schroeder and Munthe, 1998; Si and Ariya,
2018). However, based on sampling protocols, they are operationally defined as gaseous elemental Hg (GEM, Hg®), gaseous
oxidized Hg (GOM, Hg"), and particulate-bound Hg (PBM, PHg") (Ariya et al., 2015; Gustin et al., 2015; Zhang et al., 2021).

35 Measurement of oxidized Hg fractions is quite challenging due to their high chemical reactivity and ultra-trace level presence in
the ambient air. The exact chemical composition of Hg'" in not precisely known in real-time and Hg" species are collectively
sampled and reported as GOM fraction (Gustin and Jaffe, 2010; Huang et al., 2017). For the past few decades, atmospheric Hg"
measurements have mostly been performed using commercially available Tekran 2537/1130 unit, based on preconcentrating Hg'"
(1-2 hours) on KCl-coated denuders followed by thermal decomposition and subsequent detection as Hg® by the means of cold

40 vapor atomic fluorescence spectrometry (CVAFS) (Landis et al., 2002). Alternatively, cation exchange membranes (CEMs) are
used as a preconcentration media, specifically for Hg" or reactive mercury (RM: Hg'"+PHg'"), where the sampling period generally
lasts from 1 to 2 weeks. Post-sampling recovery of Hg'" from the CEM for analysis is based on overnight digestion in BrClI solution
and detection is commonly performed by CVAFS (Gustin et al., 2019; Luippold et al., 2020; Miller et al., 2019).

The primary pathway of delivery of Hg from atmosphere to terrestrial and aquatic environments is the oxidation of Hg? to Hg'" and
45 subsequent deposition processes (Jaffe et al., 2014). Hg'" thus offers a crucial connection between anthropogenic Hg emissions and
ecological exposure. Current models predicting Hg distribution and deposition suffer from biased low Hg' measurements (Cheng
and Zhang, 2017; Dastoor et al., 2022; Travnikov et al., 2017). These biases arise from two primary sources. Firstly, insufficient
information on emission sources hinders accurate modeling due to the lack of detailed knowledge about the specific Hg species
being emitted, and secondly, measurement biases leading to significant underestimation of Hg" concentrations. Measurement
50 biases originate from both calibration and sampling methods (Davis and Lu, 2022). Traditional methods, such as using KCl-coated
denuders or CEMs, have shown significant discrepancies in measured Hg'" concentrations. These methods were previously reported
to suffer from biases and interferences from humidity and ozone (Dunham-Cheatham et al., 2023; Gustin et al., 2019; Huang et
al., 2013; Huang and Gustin, 2015; Lyman et al., 2010; McClure et al., 2014). Such measurement biases, driven by the high
reactivity and chemical nature of Hg'", lead to significant underestimation of ambient air Hg" concentrations. This results in
55 inaccuracies in model outputs, potentially affecting our understanding of Hg transport, transformation, and deposition processes
in the atmosphere. Therefore, accurate Hg'' measurements are vital for understanding and modeling Hg deposition patterns, and

for the effectiveness evaluation of Minamata convention (UNEP, 2021).

Most measurements of Hg", including those made with CEMs, lack proper calibration to the Sl traceability, thus making it difficult
to assess their validity. A few groups have investigated methods to quantitatively calibrate Hg' measurements, and progress is
60 noticeable in recent years (Dunham-Cheatham et al., 2023; Feng et al., 2003; Ga¢nik et al., 2021b, 2022a; Lyman et al., 2016,
2020b; Sari et al., 2020; Vijayakumaran Nair et al., 2024). A recent review assessed that permeation tube-based systems are
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currently the best candidate for calibrating ambient Hg" measurements in field settings, as they provide a continuous traceable

quantity of Hg" (Gustin et al., 2024). Moreover, the calibration approach using cold plasma for quantitative oxidation of traceable

HgP vapor has shown great promise as well (Ga¢nik et al., 2022a; Vijayakumaran Nair et al., 2024). Both methods were compared
65 inarecent study (Elgiar et al., 2024).

Recent recommendations have highlighted the need for improved Hg' measurement techniques to address these biases (Gustin et
al., 2024). These recommendations emphasized developing methods that minimize calibration and sampling errors to enhance the
accuracy of atmospheric Hg models. Based on that, this study aims to address the critical issue of biased low Hg'" measurements.
Unlike previous studies that relied on sublimation sources (permeation tubes) for the stable production of Hg", our approach
70 utilized non-thermal plasma (NTP) oxidation of Hg® for controlled generation of various Hg'" species (Ga¢nik et al., 2022b;
Vijayakumaran Nair et al., 2024). This approach helps validate how the methods behave to different Hg'" species, as the plasma
source provides a unigque opportunity to study different Hg" species generated using a single calibration source. The application of
Hg radiotracer (**"Hg) further enhances experimental precision by eliminating concerns regarding blanks and contamination.
Laboratory experiments, implemented at environmentally relevant concentrations, utilized the *¥’Hg to provide a precise mass

75  balance budget, enabling accurate quantification of biases in Hg'" measurement methods.

The primary objective of this study was to quantify biases occurring from pre-concentration methods commonly used for sampling
Hg" in air. This includes the evaluation of the performance of KCI-coated denuders and CEMs at retaining Hg" species during pre-
concentration when exposed to ambient air. The goals of this work were to perform laboratory experiments to i) evaluate denuder
performance for Hg' retention during pre-concentration, ii) quantify Hg'" losses from CEM during the pre-concentration period,

80 and iii) assess Hg" recovery efficiency from denuders and CEMs.
2 Materials and methods
2.1 Production of *”Hg radiotracer

The production of **"Hg radiotracer was previously described elsewhere (Ali et al., 2024; Gaénik et al., 2021b, 2022b). Hg stock

solution enriched to 51.58% in '*Hg isotope (0.15% natural abundance) was used for the production of '°’Hg radiotracer. The
85 sealed ampoule filled with enriched **Hg stock was irradiated in a strong neutron flux for 12 hours in the central channel of the

250 kW TRIGA Mark I research reactor at the Jozef Stefan Institute in Slovenia. This results in the formation of **"Hg (t12= 2.671

days) based on a neutron capture reaction (n, y). Irradiated ampoule was carefully opened, and the solution was transferred in

separate vial for storage. Intermediate working standard solutions in 5% v/v HNO3 were prepared from the main irradiated stock

solution (*%"Hg?*) with the concentration 100 ug mL™. The concentration of stock solution was previously determined by using
90 CV-AAS (Model HG-201 semi-automated Hg analyzer) calibrated against NIST SRM 3133.

2.2 Loading denuder and CEM with Hg'"
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Figure 1: Schematic representation of steps involved in loading KCl-coated denuders and CEMs with known amount of Hg'' by NTP-
assisted oxidation of Hg® vapour. Reactant gases used were O, Clz, and Brz, to generate oxidized species HgO, HgClz, and HgBr2,
95 respectively.

The detailed procedure for coating denuders with KCI was previously described (Landis et al., 2002; Vijayakumaran Nair et al.,
2024). Loading denuders and CEMs with "Hg" was performed in two steps (Figure 1). The amount of *’Hg used for loading
denuders ranged between 250 pg to 6.2 ng, while experiments on CEMs were conducted using *’Hg standards ranging from 2.5
ng to 30 ng. The first step involved the complete chemical reduction of known concentrations of Hg (**’Hg?* radiotracer) standard

100 solution spiked in an impinger continuously purged with N at a flowrate of 1400 mL min~! in the presence of 5 mL SnCl, solution
(10% SnCl;, (w/v) prepared in 10% HCI (v/v)). **"Hg?* ions in solution reduced by SnCl; to **"HgP vapor was trapped in a primary
gold (Au) trap through amalgamation after drying in a soda lime trap kept upstream of the Au trap. This primary Au trap with
known amount of *%"Hg® (measured in a coaxial type HPGe detector) was then used in the second step for loading denuders and
CEMs by NTP-assisted oxidation of Hg° to generate Hg". Here, O, directly obtained from a gas cylinder (99.999% purity) was

105 used as the reactant gas to produce HgO for loading denuders. Experiments were performed using dielectric barrier discharge
(DBD)-NTP generated by applying high voltage to a pair of copper strips (acting as electrodes) attached on the denuder surface
(quartz tube acting as a dielectric barrier). A pair of copper electrodes, 1 mm in thickness, 12 mm wide, and 135 mm in length,
were attached on opposite sides of the collection area of the denuder. Upon igniting the NTP, the primary Au trap was heated to
approximately 400 °C to release Hg® which was transferred into the plasma via primary tubing, while the reactant gas was

110 introduced through secondary tubing. Helium gas was utilized both to generate plasma and as the carrier gas for Hg® and reactant
gases. NTP generated °"Hg" was retained on the denuder whereas breakthrough (**’HgP) was captured in a secondary Au trap kept
downstream of the denuder outlet.

Reactant gases used for loading CEMs were O, Clz, and Br,. The Cl. gas was produced in the laboratory based on the reaction
between calcium hypochlorite with HCI, whereas Br, gas was generated from the reaction between hydrobromic acid and N-
115 bromosuccinimide. The method used for the production of Cl, and Br; gas in this study was different from previous studies, (Ga¢nik

et al., 2022a; Vijayakumaran Nair et al., 2024) as the present method was less time-consuming, more efficient, and had better
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reproducibility. CEMs (Pall Corporation - Mustang MSTGS3R) cut off into standard diameter (47 mm) was used for all

experiments. The CEM filter pack cartridge was used both as a dielectric barrier for plasma generation and a reactor vessel for

NTP oxidation of *”"Hg° to 1*"Hg". A pair of copper electrode was attached around the outer surface of the CEM filter pack, leaving

120 behind approximately 20 mm gap between both electrodes.

To check the efficiency of NTP oxidation for loading CEM with °"Hg", mass balance was checked by taking into consideration

of the breakthrough during loading, CEM digestate for *"Hg", CEM leftover for any residual **’Hg" post-digestion, and *"Hg"

attached to the inner Teflon parts of the filter pack cartridge by acid-washing. For denuders, mass balance was checked by

considering breakthrough during loading and '°"Hg" retained on the denuder (measured by thermal decomposition and collection

125 onan Au trap).

2.3 Quantification of Hg'" losses from denuders and CEM

The activity of "Hg was measured either using a well-type or coaxial-type HPGe detector depending on the sample collection

matrix. "Hg activity on Au traps and KCI traps were measured in the coaxial-type HPGe detector whereas solutions in the well-

type HPGe detector. Information on the determination of *”Hg activity (both samples and standards) using an HPGe detector was
130 previously described (Ali et al., 2024; Ga¢nik et al., 2021b, a, 2022b; Ribeiro Guevara et al., 2007). Peak area comparison of the
sample and standard activity for the characteristic doublet peaks of y-ray and X-ray emissions (67.0 + 68.8 and 77.3 + 78.1 keV)

was performed using Genie 2000 Gamma analysis software. To account for measurements made at different times, the peak areas

of samples and standard activities were corrected for nuclear decay relative to a reference time, defined as the start of the experiment

(Ribeiro Guevara et al., 2007). Standards for solid samples (Au traps) were prepared the same way described above (section 2.2)

135 for loading primary Au trap. For well-type detector, standards were prepared in triplicates by spiking radiolabeled solution (desired

concentrations) into MQ with 5% HNO3z (v/v) for desired concentrations. 8 mL of each standards were transferred into separate

vials for measurements in the well-type HPGe detector similar to the analysis of all sample solutions.
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Figure 2: Quantification of Hg'" losses from A) denuders and B) CEM, pre-loaded with known amount of **"Hg", exposed to ambient air

140 flow. Au trap was used to capture Hg'" losses in reduced form (Hg®), while a KCI trap was kept upstream of the Au trap to capture losses

in the form of Hg". Mass balance was determined at the end of each experiment.
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The quantification of losses ’Hg" from the denuder was based on the exposure of KCI-coated denuders loaded with known
amounts of **"HgO to different airflows under dark and light conditions. Denuders were exposed to ambient air and N, flow for 2
hours at 1 L min flow rate with losses measured every 30 minutes. Denuders were exposed to light and dark conditions to examine
145 the influence of light on sampling losses from denuders. As air was pulled through denuder inlet, an Au trap was placed on the
other end of the denuder to capture losses for quantification. A KCl-trap was also plugged before the Au trap to check whether the
losses are in the form of Hg" or Hg® (Gacnik et al., 2021a). Losses were quantified by measuring the activity of **’Hg collected on
Au traps and KCI traps in a coaxial-type HPGe detector. Measured activity was then compared with the known activity of the

standard used for initially loading the denuder.

150 In contrast to denuders, CEMs loaded with *¥’Hg" (HgO, HgCl,, HgBr,) were exposed to ambient air flow for longer duration (72
hours) to imitate the common sampling procedure when using CEMs (Gustin et al., 2019). Pumps were used to draw ambient air
through the CEM filter pack at the flow rate of 1 L min. Au traps were used to collect **"Hg losses from the CEM. A KCI trap
was also used to capture any losses in the form of Hg' itself. Losses were quantified by measuring those Au and KCI traps in a
coaxial-type HPGe detector. For the determination of complete mass balance, CEMs after the whole exposure period was digested

155 overnight in BrCl solution following the standard procedure described elsewhere (Gustin et al., 2019). From the digestate, 8 mL
was used for quantification in a well-type HPGe detector. Following the CEM digestion, each CEMs were rinsed thoroughly with
MQ water, dried, and analyzed for any leftovers in the Coaxial type HPGe detector. The Filter pack cartridges were leached with
15 mL of acid washing solution (10% HNOs: 5% HCI v/v) to quantify 1%’Hg'" remaining on their inner Teflon parts. Similar to
denuders, Au traps and KCI traps were compared with the activity of Au trap standard. Meanwhile, **"Hg activity in sample

160 solutions were compared with their corresponding standards prepared for well-type HPGe detector described above.
2.4 Data analysis

Data analyses and visualizations were performed using SigmaPlot v14.0. Comparisons between two variables were made using
paired t-tests, while for comparisons involving more than two variables, one-way ANOVA was employed. Pearson's correlation

test was used to assess the relationship between variables. All statistical tests were conducted at a 95% confidence interval.
165 3 Results and discussion

3.1 NTP loading and recovery efficiency

The NTP oxidation efficiency for loading denuders with "Hg" is shown in Figure 3. In general, NTP loading efficiency ranged
between 86.2-96.1%, with an average efficiency of 94.2% (+ 1.9% SD, n=3), 88.7% (+ 1.6% SD, n=3), 89.5% (+ 3.5% SD, n=3)
for denuders A, B, and C respectively. Differences in the loading efficiency between the denuders were not statistically significant

170 (P =0.072). The breakthrough during loadings were averaged at 6.5% (+ 2.3% SD, n=3), 10.6% (+ 1.3% SD, n=3), and 10.4% (+
2.1% SD, n=3) for denuders A, B, and C respectively. To obtain a quantitative mass balance, in addition to breakthroughs, plasma
GOM (*"Hg") loaded on denuders was recovered by heating denuders in a portable oven unit (Lindberg/Blue M Tube Furnace,
Model Number: TF55030C-1) at 500 °C for 15 minutes under the stream of N gas and collected on Au traps kept downstream of
denuders. The average Hg'" recovery efficiency from denuders by thermal decomposition was 101% (+ 2.1% SD, n=9).
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Figure 3: Mass balance for plasma oxidation of 1*"HgP to 1*”"Hg" performed on denuders. “Plasma GOM?” refers to °’"Hg'' retained on
denuders, generated by the NTP oxidation method whereas “Breakthrough” refers to unoxidized **’Hg° collected on the breakthrough
Au trap.

The NTP oxidation efficiencies for loading CEMs with different Hg'" species (HgO, HgCl,, and HgBr>) are illustrated in Figure 4.
180 The NTP oxidation efficiency for generating Hg' within the CEM filter pack (as a dielectric barrier reactor vessel) ranged from

90.2-102% for HgO, 94.2-98.0% for HgCl,, and 92.2-98.2% for HgBr.. The average breakthrough was below 1% for HgCl, and

HgBr, while for HgO, it was 4.6% (+ 1.7% SD, n=5). Regarding the overall mass balance during "Hg" loading, the average Hg"

collected on CEMs was 87.3% (+ 5.6% SD, n=5) for HgO, 92.9% (+ 2.4% SD, n=6) for HgCl,, and 87.4% (+ 7.0% SD, n=6) for

HgBr,. Meanwhile, an average of 6.5% (+ 1.8% SD, n=5), 4.3% (+ 3.0% SD, n=6), and 7.7% (+ 5.6% SD, n=6) Hg" was retained
185 on the inner Teflon walls of the filter pack for HgO, HgCl., and HgBr», respectively.

The mass balance analysis revealed that not all Hg" generated by NTP within the filter pack cartridge was collected on CEMs, but
a considerable amount was distributed on the inner Teflon surface of the filter pack cartridges. This distribution pattern was similar
for all Hg" species studied. When considering the percentage of total Hg" generated by NTP within the filter pack cartridges
(excluding breakthroughs), an average of 93.0% of the total generated HgO was collected on the CEM, while the remaining 7.0%
190 was collected on the inner Teflon components of the filter pack cartridge. For HgCl», the respective retentions were 95.6% and
3.6%, and for HgBr, they were 94.1% and 5.9%, respectively. Following this, the recovery of Hg" from CEMs through BrCl
digestion ranged from 92.1% to 97.1% for all Hg" species, with average recoveries of 94.8% (+ 2.1% SD, n=5), 94.0% (+ 1.7%
SD, n=6), and 93.5% (+ 0.7% SD, n=6) for HgO, HgCl,, and HgBr», respectively. Post-digestion measurements on digested CEM
revealed that CEMs retained a small fraction of Hg" as residuals, averaging 5.5% (+ 2.4% SD, n=5), 6.4% (+ 2.0% SD, n=6), and
195  6.9% (+ 0.8% SD, n=6) for HgO, HgCl,, and HgBr, respectively. Discussions on implication of Hg" recovery as digestion leftover

residuals and from Teflon parts are discussed later.
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Figure 4: Plasma oxidation of Hg® to Hg'"' performed on CEMs for the production of HgO, HgClz, and HgBr2. Overall mass balances for
NTP-Hg'" loading are represented here, as the sum of Hg'' recovered from CEMs by digestion, residual leftover in CEMs post-digestion,
200 Hg'" recovered from the inner Teflon walls of the filter pack (FP) cartridge, and breakthrough collected on the Au trap during loading.
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Figure 5: Denuder stability (Hg" sample losses) at different conditions when exposed to various airflows. Mass balances are shown here
205 as sum of "Hg'" losses quantified at each exposure period (4 x 0.5 hours), based on the initially loaded *°*"Hg'"" on the denuders, and the
197Hg" finally recovered from the denuders at the end of the exposure period through thermal decomposition, referred to as the

"Measured” fraction.
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Efficiency of Hg" retention on freshly prepared denuders under various conditions is summarized in Figure 5, along with the
corresponding mass balances obtained after the exposure period. Detailed information on losses measured at each exposure interval
210 isprovided in Table S3 in the supplementary material. Our findings from this study for denuders are similar to those losses reported
by Lyman et al. (2010) for Hg halides (29-55%). The mass balance from these experiments indicates good recoveries of remaining
Hg" from denuders after the exposure period to ambient air, with the average mass balance quantified at 100.7% (+ 1.8%, SD, n =
18). The average Hg" losses from denuders were observed to be minimal when exposed to N> flow (7.1 + 5.3% SD, n=9), where
maximum losses were observed within the first half hour of the exposure period (Table S3 in the supplementary material). In
215 contrast to the N, flow, denuders exhibited poor Hg'" retention when exposed to the ambient air flow, both in dark and light
conditions. Cumulative Hg" losses from denuders averaged 33.9% (+ 17.8% SD, n = 9) under dark conditions, with a maximum
loss of 61.5%, while under ambient light, losses averaged 21.4% (+ 7.2% SD, n = 9) with a maximum of 33.7%. There was no
statistically significant difference in Hg" losses observed between denuders A, B, and C (p > 0.05). Although the differences in
Hg" losses between light and dark conditions are not clearly understood, they have been attributed to variations in relative humidity
220 (RH%), supported by a strong positive correlation between Hg" losses and RH (Reorr = 0.977; P <0.001). Depending on the RH
levels in the ambient air during exposure periods, denuders retained only between 39.5% and 89.8% of the initially loaded Hg'".
Throughout these experiments, no observable *"Hg activity was detected on KCI traps placed downstream of denuders, indicating

that all Hg" losses captured on Au traps from denuders were in the form of Hg® (GEM).

Studies have previously reported that the performance of KCI-coated denuders for measuring Hg'" is significantly affected by
225 humidity (Huang et al., 2013; Huang and Gustin, 2015; McClure et al., 2014). Huang and Gustin (2015) have shown that the
efficiency for Hg" collection on KCl-coated denuders can decline by 4-60% during spikes of relative humidity (25 to 75%) (Huang
and Gustin, 2015). The reason for this loss of Hg" in KCI denuders under high humidity conditions is that the moisture can
hydrolyze the KCl-coated surface. This creates another layer for compounds to be transported from air to the collection surface,
potentially reducing the capture efficiency (Huang et al., 2013). Additionally, it has been suggested that under high-humidity
230 conditions, Hg" can be converted to GEM or detected as such (Gaénik et al., 2021a; McClure et al., 2014). In some cases, the KCI-
coated denuders were gradually passivated over time after additional humidity was applied (Huang and Gustin, 2015). In the
present study, while freshly prepared denuders lost upto 61.5% initially loaded Hg", re-used denuders that have previously exposed
to ambient air and undergone several heating cycles exhibited even poorer Hg'" retention capabilities (Supplementary material —
Table S4). Those denuders exhibited much higher Hg" losses, upto 79.7%, with an average loss of 51.0% (+ 18.6% SD, n=20).

235 Table 1: 7Hg" losses from CEM loaded with different 7Hg'" species (HgO, HgCl2, and HgBr2) when exposed to ambient air flow for a
total exposure period of 72 hours. Losses were measured every 24 hours, and their sum is represented here as a percentage of the actual

amount of 1’Hg'" initially loaded on CEMs.

Hg" losses from CEM (72 hours): HgO loaded on CEM

Amount CEM Losses CEM Digestate  CEM Leftover FP wash Mass balance
(ng) (%) (%) (%) (%) (%)
25 A 20.3 65.8 5.8 2.9 94.8
2.5 B 18.7 63.2 9.6 2.2 93.7
60 C 13.8 65.3 7.0 9.9 96.0
10 A 18.8 76.4 4.8 0.3 100.4
10 B 15.7 75.0 6.2 2.6 99.5
10 C 20.3 719 6.0 1.4 99.7
30 A 12.9 78.7 5.4 1.0 98.0
30 B 15.4 70.3 5.3 8.9 100.0
30 C 14.8 66.4 8.6 8.7 98.5

Average 16.7 70.3 6.5 4.2 97.8
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Hg" losses from CEM (72 hours): HgCl, loaded on CEM
Amount CEM Losses CEM Digestate  CEM Leftover FP wash Mass balance

2.5 A 3.0 85.5 4.4 2.8 95.7
2.5 B 24 87.5 4.9 3.1 97.8
2.5 C 4.0 85.2 7.5 3.0 99.7
10 A 2.3 87.2 4.7 0.6 94.9
10 B 2.7 87.9 5.3 0.5 96.4
10 C 4.0 86.6 1.9 6.3 98.8
30 A 2.6 94.1 4.8 0.4 101.9
30 B 2.4 88.8 4.8 0.7 96.7
30 C 13 88.9 5.5 2.6 98.3

Average 2.7 88.0 4.9 2.2 97.8

Hg'" losses from CEM (72 hours): HgBr2 loaded on CEM
Amount CEM Losses CEM Digestate  CEM Leftover FP wash Mass balance

25 A 3.7 93.1 3.6 0.4 100.8
2.5 B 1.1 91.8 54 2.3 100.5
2.5 c 4.5 92.4 51 0.2 102.3
10 A 5.2 84.8 3.3 4.9 98.2
10 B 5.6 85.5 4.2 3.4 98.7
10 cC 4.8 88.4 4.5 2.6 100.2
30 A 3.7 93.1 3.6 0.4 100.8
30 B 11 91.8 54 2.3 100.5
30 C 4.5 92.4 5.1 0.2 102.3

Average 3.8 90.4 4.5 1.9 100.5

The findings of tests on CEMs exposed to ambient air is summarized in Table 1. Overall mass balances observed for total Hg"
240 recovery of initially loaded Hg" on CEMs were on average 97.8% (+ 2.4% SD, n=9) of HgO, 97.8% ( 2.2%, n=9) for HgCl,, and
100.5% (* 1.4%, n=9) for HgBr,. For HgO, average of total sample losses from CEM was quantified at 16.7% (+ 2.8% SD, n=9).
In contrast to denuders, %"Hg activity was detected in KCI traps kept downstream between CEM and Au trap, indicating partial
losses in the form of Hg'", averaged at 2.7% (+ 2.4% SD, n=9). This could be due to weak retention of HgO on the inner Teflon
parts of the filter pack cartridge. To confirm this, freshly loaded CEMs were transferred to clean filter pack cartridges to check
245  whether there were losses from CEMs in the form of Hg'". However, in these cases, there was no **’Hg activity detected in the KCI
traps, indicating poor retention of HgO on the inner Teflon parts of the filter pack cartridge. In contrast to HgO, losses of HgCl»
and HgBr, from CEMs were very minimal, averaging at 2.7% (+ 0.8% SD, n=9) and 3.8% (+ 1.7% SD, n=9) respectively. The
average amount of Hg" lost from the filter pack cartridge in its original form (Hg") was negligible, <0.1% for HgCl, and HgBr;
were detected in KCI traps. The Hg' losses were negatively correlated with initial concentration of Hg'" loaded on CEMs for HgO
250 (Reorr = -0.78; P = 0.0123), but with no statistical significance for negative correlation observed for HgCl, and HgB (P > 0.050).
No statistically significant difference was observed between the losses quantified for HgCl, and HgBr.. However, both HgCl, and
HgBr» exhibited notable difference from losses observed for HgO, statistically significant at P < 0.050. Compared to HgCl, and
HgBr,, the higher losses observed for HgO (upto 20.3%) from membranes could be due to weak bonding of HgO (a basic oxide)
on CEM surface. Meanwhile, HgCl, and HgBr are Lewis acids (Sandstrom et al., 1990) which are strongly bonded with CEM

255  surface, thus exhibits very high retention of these compounds.

After 72 hours of exposure to ambient air, 81.0% (+ 4.0% SD, n=9) of the initially loaded HgO remained in the CEM setup, with
a maximum retention of 85.1%. Of this remaining Hg", 70.3% (+ 5.5% SD, n=9) was recovered in the BrCl digestate, 4.2% (+
3.8% SD, n=9) from the inner Teflon surface of the filter pack cartridge, and 6.5% (+ 1.6% SD, n=9) was retained as post-digestion
Hg" residuals on the CEMs. In contrast, HgCl, and HgBr, showed maximum retentions of 99.3% and 99.5%, respectively, with
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260 average retentions of 95.1% (* 2.1% SD, n=9) for HgCl, and 96.8% (* 2.4% SD, n=9) for HgBr.. From these, 88.0% (+ 2.6% SD,
n=9) of HgCl, and 90.4% (z 3.3% SD, n=9) of HgBr, were measured in the BrCl digestate, while residuals on CEMs were
quantified at 4.9% (z 1.4% SD, n=9) for HgCl, and 4.5% (+ 0.8% SD, n=9) for HgBr,. Post-digestion residuals on CEMs showed
no significant correlation with the initial concentrations of Hg" loaded, but HgO residuals differed significantly (P < 0.050)
compared to those of HgCl, and HgBr,. The remaining HgCl, (2.2% * 1.9% SD, n=9) and HgBr» (1.9% * 1.7% SD, n=9) were

265 recovered from the inner Teflon parts of the filter pack cartridges. Gaénik et al. (2021b) previously estimated the adsorption
enthalpy of HgCl on Teflon surface (AHags = —12.33 kJ mol™"), thus showing that the binding of mercury halogenides to Teflon is

energetically favorable and is especially significant at lower temperatures.

The presence of post-digestion Hg' residuals on CEMs indicates incomplete digestion with the BrCl method. While the residual
amounts were minimal, we attempted their recovery through overnight leaching with tetrabutylammonium solution, which is

270 commonly used for aqueous biphasic extraction of metal ions (Smirnova et al., 2021). This approach resulted in an additional (upto
3.5%) recovery, but residual traces were still detected on the leached CEM surfaces. In a further preliminary attempt to recover
residuals on CEM, we employed microwave digestion using strong acids (as described in Supplementary Material S5 and Table
S6). This approach successfully improved Hg" recovery from CEMs upto 100.4% (+ 0.4% SD, n=3). Further investigation is
required in future studies to assess its robustness and potential as a viable alternative to BrClI digestion method for Hg" recovery

275 from CEMs. Discussions from the paper on the current limitations and suggestions for atmospheric Hg measurements also
emphasized the need to develop new methods to enhance the accuracy of Hg" measurements (Gustin et al., 2024).

The study highlights the limitations of both denuder and CEM methods in accurately measuring Hg" as it is evident that these
methods do not retain all the loaded Hg" equally. However, CEM has demonstrated better retention of Hg'" species and stands out
as a more reliable alternative to KCI denuders for Hg'' measurements. Previous studies have reported that CEM systems measured
280 higher levels of Hg" compared to KCI denuders when both were used simultaneously. Upon comparing the uptake of specific Hg"
compounds by denuders, nylon membranes, and CEMs, Huang et al. (2013) reported different affinities for Hg" compounds on
the denuder surface. Additionally, their findings revealed large disparities between Hg'" measurements obtained by membranes
and denuders. Membrane-based measurements were reported to be from 1.3 to 3.7 times higher than denuder-based measurements,
both in field and laboratory experiments. Gustin et al. (2019) reported that RM measurements from the RMAS 2.0 (Reno-Reactive
285 Mercury Active Systems) were 3.7 times higher than those from the Tekran 2537/1130 system. Additionally, Tekran 1130 Hg"
measurements were correlated with Hg" data from the CEM in the RMAS+PTFE system. These findings indicate that while both
systems measure similar Hg''/RM concentrations, the values differ significantly in magnitude. It was suggested that if seasonal
RMAS data is available for a particular sampling location, it could be used to correct Hg" values obtained from the Tekran system
for improved accuracy (Gustin et al., 2019). A similar approach was proposed by Marusczak et al. (2017) to apply bias corrections
290 to Tekran-based RM and Hg" data. Their corrected dataset from Pic du Midi (2012-2014) showed that Hg'" and RM levels showed
strong agreement with both in-flight RM observations and model-based Hg" & RM estimates, highlighting the effectiveness of
such corrections in improving measurement accuracy (Marusczak et al., 2017). Additionally, Travnikov et al. (2024), highlighted
the importance of RM measurements for understanding atmospheric mercury processes and improving chemical transport models,
particularly for evaluating the Minamata Convention's effectiveness. They suggest that using historical RM observations with
295 corrected biases, caused by inaccuracies in KCl-coated denuder technology, for model evaluation can help identify additional
uncertainties, such as speciation of Hg anthropogenic emissions and near-ground RM redox and deposition processes, and improve

model estimates of mercury atmospheric transport and deposition to ecosystems (EMEP, 2024).
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4 Conclusions

This study systematically evaluated the performance of KCl-coated denuders and CEMs for the preconcentration of Hg" in
300 atmospheric measurements. Our findings highlight the significant biases associated with current measurement methods,
emphasizing the need for improvements to ensure accurate mercury measurements.

Both denuders and CEMs have limitations in retaining Hg" during the pre-concentration process. However, this study confirmed
that CEM-based measurements exhibit significantly lower losses of Hg'" compounds compared to denuders, consistent with
previous findings. While earlier studies have shown that CEMs typically yield higher Hg'" measurements than denuders, it is
305 important to acknowledge that CEMs may not uniformly collect all Hg" species with equal efficiency. Nevertheless, their superior
performance in retaining ionic Hg" species, such as mercury chloride and bromide—predominant in the atmosphere—underscores
their potential suitability for more accurate Hg'" measurement. Nonetheless, in the presence of neutral species such as HgO, CEMs
may not be the optimal sampling method as losses can be significant. The *’Hg" mass distribution within the CEM filter pack
cartridge demonstrated that not all Hg'" sampled from the air is necessarily captured on the CEM, a small amount (6.2% on average)
310 can also be captured on the inner Teflon parts of the filter pack cartridge. Therefore, careful consideration has to be made for
recovering all Hg" sampled by this method, in order to minimize additional biases that may arise due to sample treatment, beyond

those from pre-concentration.

Debates within the scientific community continue regarding the potential phasing out of denuder for Hg" measurements. However,

it is essential to recognize that both denuders and CEMs each have unique strengths and limitations. We suggest that with proper
315 calibration approaches, Tekran/1130 denuder-based Hg" measurements in conjunction with CEMs can still be used to monitor

trends in atmospheric Hg concentrations, leveraging the high time resolution of denuders, which CEM measurements lack. When

properly calibrated and with measurement uncertainties carefully accounted for, data from both systems can provide equivalent

results. However, biases must be quantified and reported accurately. Quantifying biases along with considering other ambient

factors could help in correcting historical Hg'/RM data to some extent. Future studies evaluating model outputs against available
320 Hg observation data should account for measurement biases to improve the accuracy and reliability of the model findings.

This study suggests a shift toward CEM-based methods, but optimizing digestion, calibration, and validation protocols is crucial
to ensure accurate long-term Hg monitoring. Future research should focus on refining sample recovery, improving calibration

traceability, and validating measurements under diverse atmospheric conditions.
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