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Abstract 

Atmospheric mercury (Hg) plays an important role in the biogeochemical Hg cycle. Hg 
species in the atmosphere are present in very low concentrations. While gaseous elemental 
mercury (GEM) is relatively inert, gaseous oxidized (GOM) and particulate-bound (PBM) 
mercury are highly reactive. These characteristics of atmospheric Hg species make the 
speciation measurements challenging, and instruments measuring atmospheric Hg species 
have been shown to be subject to bias and uncertainty. Most of the challenges originate 
from the sampling and calibration of the measurement instrumentation. Different sampling 
and calibration methods exist for atmospheric Hg, but their validation is often lacking or 
non-existent at ambient concentration levels. Additionally, the results obtained by different 
methods are commonly not comparable due to the lack of measurement traceability and 
uncertainty evaluation.  

Traceability of GEM calibration has previously been established, though researchers 
still often use non-traceable GEM calibrations. Our first objective was to compare three 
different GEM calibration approaches: primary gas standard, calibration via reference 
material, and bell-jar calibration. The first two calibrations were traceable to the 
International System of Units (SI) and gave comparable results, while the latter calibration 
was not traceable to SI and gave statistically different results. Bell-jar calibration was 
shown to give 8% underestimated results compared to the SI traceable primary gas 
standard. 

 Sampling and calibration are the most challenging for reactive Hg species: GOM and 
PBM. Our second objective was to validate GOM sampling with KCl sorbent traps and 
KCl impinging solutions and an evaporative calibrator for GOM; validation was focused 
on ambient GOM concentration levels. Validation experiments at ambient concentration 
levels were mostly performed with the 197Hg radiotracer. The results showed that KCl 
sorbent traps are feasible for ambient GOM sampling, showing low HgII losses (under 5%) 
and high specificity (negligible retention of Hg0) under simulated sampling conditions. On 
the other hand, KCl impinging solutions were found to be unsuitable for ambient GOM 
sampling due to low specificity originating from Hg0 solubility and oxidation in the solution. 
The evaporative calibrator was not accurate and precise; its HgII output was concentration- 
and time-dependent; near-ambient HgII concentrations were the most problematic due to 
HgII adsorption. At the lowest HgCl2 concentration tested (5.90 ng m−3), the calibrator 
recovery (accuracy measure) was as low as 39.4%. 

The results indicated that new GOM calibration methods are needed for ambient GOM 
concentrations. In our final work, we developed a calibration approach based on nonthermal 
plasma (NTP) oxidation of Hg0 to HgII species in the presence of a reaction gas. Validation 
work was done using the 197Hg radiotracer. The obtained oxidation efficiencies with the 
corresponding expanded standard uncertainty values were 100.5 ± 4.7% (k = 2) for 100 pg 
of HgO, 96.8 ± 7.3% (k = 2) for 250 pg of HgCl2, and 77.3 ± 9.4% (k = 2) for 250 pg of 
HgBr2. The presence of each species was confirmed by temperature-programmed desorption 
quadrupole mass spectrometry (TPD-QMS). Since mercury analyzers detect mercury in 
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elemental form, we thermally reduced the produced HgII species to Hg0. The quantitative 
thermal reduction was achieved with the Al2O3 catalyst.   

The 197Hg radiotracer was successfully applied for our work and was used for the first 
time for studies of atmospheric Hg. Radiotracer has been shown to be a more suitable 
validation tool than stable isotopes and isotope dilution methods due to its unique 
characteristics that allow validation for reactive Hg species at ambient concentration levels.
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Povzetek 

Atmosfersko živo srebro (Hg) ima pomembno vlogo v biogeokemičnem Hg ciklu. Specije 
Hg so v atmosferi prisotne v zelo nizkih koncentracijah. Medtem ko je plinasto elementarno 
živo srebro (GEM) relativno inertno, sta plinasto oksidirano živo srebro (GOM) in živo 
srebro, vezano na delce (PBM), zelo reaktivna. Zaradi teh značilnosti atmosferskih Hg 
specij so meritve speciacije zahtevne in dokazano je, da so instrumenti za merjenje 
atmosferskih Hg specij podvrženi pristranskosti in negotovosti. Večina izzivov izvira iz 
vzorčenja in kalibracije merilnih instrumentov. Obstajajo različne metode vzorčenja in 
umerjanja za atmosfersko Hg, vendar je njihova validacija pogosto pomanjkljiva ali sploh 
ne obstaja na ravneh koncentracije v okolju. Poleg tega rezultati, pridobljeni z različnimi 
metodami, običajno niso primerljivi zaradi pomanjkanja sledljivosti meritev in ocene 
merske negotovosti. 

Sledljivost kalibracije za GEM je bila že vzpostavljena, a raziskovalci še vedno pogosto 
uporabljajo GEM kalibracije, ki niso sledljive. Naš prvi cilj je bil primerjati tri različne 
pristope za kalibracijo GEM: primarni plinski standard, kalibracijo prek referenčnega 
materiala in kalibracijo s t. i. “bell-jar” kalibratorjem. Prvi dve kalibraciji sta bili sledljivi 
do Mednarodnega sistema enot (SI) in sta dali primerljive rezultate, medtem ko slednja ni 
bila sledljiva do SI in je dala statistično različne rezultate. Pokazalo se je, da je bell-jar 
kalibracija dala 8 % podcenjene rezultate v primerjavi s SI sledljivim primarnim plinskim 
standardom. 

Vzorčenje in kalibracija sta najzahtevnejša za reaktivne vrste Hg: GOM in PBM. Naš 
drugi cilj je bil validirati vzorčenje GOM s pastmi iz KCl sorbentov in raztopinami KCl 
ter evaporativni kalibrator za GOM; validacija je bila osredotočena na koncentracije GOM 
v okolju. Validacijski poskusi pri koncentraciji GOM v okolju so bili večinoma izvedeni s 
197Hg radioaktivnim sledilcem. Rezultati so pokazali, da so pasti iz KCl sorbentov primerne 
za vzorčenje GOM v okolju, saj kažejo nizke izgube HgII (pod 5 %) in visoko specifičnost 
(zanemarljivo zadrževanje Hg0) v simuliranih pogojih vzorčenja. Po drugi strani pa je bilo 
ugotovljeno, da so raztopine KCl neprimerne za vzorčenje GOM v okolju zaradi nizke 
specifičnosti, ki izvira iz topnosti in oksidacije Hg0 v raztopini. Evaporativni kalibrator ni 
bil točen in natančen, izhodna koncentracija HgII iz kalibratorja je bila odvisna od 
koncentracije in časa; koncentracije HgII v bližini koncentracijskih nivojev v okolju so bile 
najbolj problematične zaradi adsorpcije HgII. Pri najnižji testirani koncentraciji HgCl2 (5,90 
ng m−3) je bil izkoristek kalibratorja (mera točnosti) le 39,4 %. 

Zgoraj omenjeni rezultati so pokazali, da so potrebne nove metode umerjanja GOM za 
koncentracije GOM v okolju. V našem zaključnem delu smo razvili kalibracijski pristop, ki 
temelji na oksidaciji Hg0 v HgII specije s pomočjo »netermalne plazme« (NTP) v prisotnosti 
reakcijskega plina. Validacijsko delo je bilo opravljeno z uporabo 197Hg radioaktivnega 
sledilca. Dobljeni oksidacijski izkoristki s pripadajočimi razširjenimi standardnimi 
negotovostmi so bili 100,5 ± 4,7 % (k = 2) za 100 pg HgO, 96,8 ± 7,3 % (k = 2) za 250 
pg HgCl2 in 77,3 ± 9,4 % (k = 2) za 250 pg HgBr2. Prisotnost vsake specije je bila potrjena 
s temperaturno programirano desorpcijo, povezano s kvadrupolno masno spektrometrijo 
(TPD-QMS). Ker analizatorji živega srebra zaznavajo živo srebro v elementarni obliki, smo 
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proizvedene HgII specije termično reducirali do Hg0. Kvantitativno termično redukcijo smo 
dosegli z Al2O3 katalizatorjem. 

197Hg radioaktivni sledilec je bil uspešno uporabljen v našem delu in se je nasploh prvič 
uporabil za atmosferske študije Hg. Izkazal se je kot primernejše validacijsko orodje od 
stabilnih izotopov in metod izotopskega redčenja zaradi svojih edinstvenih značilnosti, ki 
omogočajo validacijo za reaktivne zvrsti Hg pri ravneh koncentracije v okolju. 
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Chapter 1 

1 Introduction 

Mercury (Hg) is a naturally occurring element that has been used in many applications for 
centuries. Human activities have led to a steady increase in Hg concentrations in the 
environment in recent decades. Due to its elevated concentrations and exposure to health 
risks, Hg is nowadays widely regarded as a pollutant of global concern. Therefore, the 
knowledge of the global Hg cycle is crucial for mitigating human impact and enforcing 
appropriate legislation (UN Environment, 2019). The biogeochemical Hg cycle begins with 
the emission of Hg into the atmosphere, where it exists in three main operationally defined 
species: gaseous elemental (Hg0, GEM), gaseous oxidized (HgII, GOM) and particulate-
bound (Hg-p, PBM) mercury. The fate of emitted species depends on their atmospheric 
lifetime: GEM persists in the atmosphere long enough for global transport before 
deposition, while GOM and PBM with short atmospheric lifetimes are deposited locally 
(Seth N. Lyman, Cheng, et al., 2020). Through deposition, Hg enters aquatic and terrestrial 
ecosystems, where it can enter the food web. The species of greatest concern in terms of 
entering the food web is methylmercury (MeHg) due to its bioaccumulation and 
neurotoxicity (UN Environment, 2019). 

Although aquatic and terrestrial environments are where most of the neurotoxic MeHg 
is formed, the source of major perturbance to the natural Hg cycle comes from 
anthropogenic Hg emissions to the atmosphere. Anthropogenic Hg is most commonly 
emitted from fuel combustion, followed by processes such as cement and metal production.  
Due to the elevated Hg emissions, the slow natural process of sediment and soil burial does 
not have sufficient Hg removal capacity to counteract the increased Hg concentrations 
(Selin, 2009). The importance of atmospheric Hg is well recognized, but its species, 
reactions, transformations and deposition (shown in Figure 1.1) are still not well 
understood. Knowledge gaps often stem from the lack of adequate metrological 
infrastructure for atmospheric Hg speciation. Problems with the metrology of atmospheric 
Hg species have been highlighted by a number of scientific papers and authors. Most 
problems were found at the sampling/preconcentration (M. S. Gustin et al., 2015; Seth N. 
Lyman, Cheng, et al., 2020; Lynam & Keeler, 2002; McClure et al., 2014) or calibration 
(Dumarey et al., 2010; M. Gustin & Jaffe, 2010; Huber et al., 2006) of analytical procedures. 
Therefore, the focus of this thesis was on improving the metrology of atmospheric Hg and 
its speciation. 
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Figure 1.1: Atmospheric mercury and its diverse transformation and deposition pathways, 
through which Hg enters the terrestrial and aquatic systems. Adapted from Lyman et al., 
2020. 

First, we investigated calibration for GEM at different concentration levels and using 
different calibration approaches. Concentration levels ranging from ambient (2 ng m−3) to 
emission (1 µg m−3) concentrations were tested for SI-traceable calibration, calibration 
based on reference material, and calibration based on an empirical equation. The results 
are available in our article entitled “Comparability of calibration strategies for measuring 
mercury concentrations in gas emission sources and the atmosphere” (De Krom et al., 
2021). Since most of the problems related to atmospheric Hg speciation are connected with 
GOM and PBM rather than GEM, the rest of our work was focused on GOM metrology. 
We began by investigating a promising commercially available calibration unit for GOM. 
Its performance was evaluated from the standpoint of validity and measurement 
uncertainty with emphasis on the use of concentration levels close to ambient 
concentrations. The results are presented in our article “Validating an Evaporative 
Calibrator for Gaseous Oxidized Mercury” (Gačnik, Živković, Ribeiro Guevara, Jaćimović, 
Kotnik, & Horvat, 2021). Since GOM sampling methods are known to introduce bias into 
the atmospheric Hg speciation measurements (Huang & Gustin, 2015a), we also tested 
sampling methods for GOM speciation. The GOM sampling methods tested in our work 
have not been previously reviewed, particularly for ambient air sampling. The results are 
summarized in our article “Behaviour of KCl sorbent traps and KCl trapping solutions 
used for atmospheric mercury speciation: stability and specificity” (Gačnik, Živković, 
Ribeiro Guevara, Jaćimović, Kotnik, De Feo, et al., 2021). Finally, we tried to solve the 
issues related to GOM calibration by developing a new calibration method. Repeatable 
amounts of HgII species (HgO, HgCl2 and HgBr2) were produced by oxidation of a known 
amount of Hg0 using a nonthermal plasma in the presence of trace amounts of the reaction 
gas. The novel procedure and its potential for traceable GOM calibration are described in 
our work “Calibration Approach for Gaseous Oxidized Mercury Based on Nonthermal 
Plasma Oxidation of Elemental Mercury” (Gačnik et al., 2022).  

The structure of the thesis will be presented in the following sequential order: the article 
on GEM calibration approaches in Section 0, followed by articles focused on the validation 
and performance of the commercially available GOM calibration (Section 3.2) and GOM 
sampling (Section 3.3). Since the article on our development of a novel GOM calibration 
was a product of knowledge gained from our previous work on the metrology of atmospheric 
Hg speciation, it is presented last in Section 0. 
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1.1 Atmospheric Mercury 
Mercury is emitted to the atmosphere from natural and anthropogenic sources in the form 
of operationally defined GEM, GOM and PBM. Even though this is the commonly used 
division of species in the literature, the actual chemical composition of GOM and PBM 
remains unknown and subject to debate. Experimental observations using thermal 
desorption (Huang et al., 2017), studies of atmospheric mercury depletion events (Steffen 
et al., 2010) and modelling (Holmes et al., 2010; Holmes et al., 2009) indicate the presence 
of HgCl2, HgBr2, and to a lesser extent HgO and other species (e.g. mixed mercury halides 
and oxo complexes), but there is no universally accepted composition of GOM and PBM. 
The most abundant atmospheric Hg species is GEM, which comprises more than 95% of 
Hg in ambient air. It is relatively inert, which allows it to be transported over long 
distances. In contrast, GOM and PBM represent highly reactive species that are deposited 
locally rather than globally. Because GOM and PBM differ from GEM in their reactivity 
and characteristics, they are often considered together as reactive mercury (RM) (Ariya et 
al., 2015a). Organic species such as dimethyl mercury may be present in the atmosphere, 
but have not been experimentally confirmed and discussed as often as other species due to 
their rather short-lived nature due to rapid oxidation (Schroeder & Munthe, 1998). In the 
atmosphere, Hg undergoes a number of chemical and physical processes, which will be 
described in the following subsections. 

Mercury enters the atmosphere through emission, undergoes chemical and physical 
interactions, and exits the atmosphere through a deposition. Therefore, the next 
subsections will be devoted to describing atmospheric Hg processes in the same sequence. 

1.1.1 Mercury emission and reemission 
Hg emissions are of natural or anthropogenic origin and can be further divided into primary 
and secondary emission sources. Primary emission sources transfer Hg from the lithosphere 
to the atmosphere, while secondary emission sources represent the reemission of Hg that 
was previously deposited to surface reservoirs (aquatic and terrestrial environments). While 
primary emissions increase the global Hg pool, secondary emissions serve as an exchange 
of Hg between the surface reservoirs and the atmosphere (Driscoll et al., 2013).  

Natural sources of Hg emissions are volcanoes and geothermal sources, while the largest 
anthropogenic sources of Hg emissions originate from the combustion of fossil fuels (e.g. 
coal and biomass), ferrous and non-ferrous metal production, municipal waste incinerators, 
cement plants, chemical production plants (Pirrone et al., 2010), and artisanal-scale gold 
minining (Veiga et al., 2014). China is the largest contributor to anthropogenic emissions 
in the world due to the large extent of fossil fuel combustion resulting from its dramatic 
industrial growth (Fu et al., 2015). In general, anthropogenic activity contributing to Hg 
emissions is greater in the Northern Hemisphere than in the Southern Hemisphere. The 
combination of anthropogenic activity in the Northern Hemisphere and limited air 
exchange between the two hemispheres results in higher Hg concentrations in the Northern 
Hemisphere than in the Southern Hemisphere (Driscoll et al., 2013). Nevertheless, recent 
research in mountainous areas of South America suggests that a certain degree of air mass 
mixing between the hemispheres is possible (Koenig et al., 2022). 

Secondary emission or re-emission results from Hg evasion from surface water, land, 
and vegetation. Model results showed that the majority of present-day Hg deposition is 
actually re-emitted surface Hg of anthropogenic origin, highlighting the importance of 
secondary emissions (Helen M. Amos et al., 2013). Re-emission of Hg to the atmosphere 
undergoes in the elemental form of Hg (GEM). The starting point for Hg re-emission from 
the surface water is the photochemical (Saiz-Lopez et al., 2018) and biotic (Lamborg et al., 
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2021) reduction of divalent Hg forms to dissolved gaseous mercury (DGM) (Živković et al., 
2022). Once DGM is produced, it can be emitted to the atmosphere. Similarly, mercury in 
soil and vegetation is reduced to elemental mercury before re-emission. Reduction in soil 
depends on Hg concentration, soil temperature, moisture, redox potential, and organic 
matter (C. D. Holmes et al., 2010; C. J. Lin et al., 2010; Moore & Castro, 2012). Reduction 
in vegetation is mostly due to photochemical reduction of divalent Hg complexes in leaves 
(Y. Liu et al., 2021; Yuan et al., 2019), though evidence of non-photochemical reduction 
at night has also been presented in the literature. However, the cause of the non-
photochemical reduction and nocturnal evasion of Hg is still not known. In general, re-
emission of Hg from vegetation depends on plant species and activities, atmospheric Hg 
concentration, and meteorological conditions (e.g. temperature, solar irradiation and 
relative humidity) (Y. Liu et al., 2021). 

1.1.2 Chemical and physical interactions 
The complexity of the processes that Hg undergoes in the atmosphere is shown in Error! 
Reference source not found.. Redox processes, partitioning between different phases, 
and adsorption/desorption have all been identified as processes affecting atmospheric Hg 
chemistry, but uncertainties remain for many of these processes, particularly those 
highlighted by the red text in Error! Reference source not found. (Si & Ariya, 2018). 
Compared to the illustration in the work of Si & Ariya (2018), we added the gas phase 
reduction of HgII due to the fact that more recent work demonstrated its importance (de 
Foy et al., 2016; Saiz-Lopez et al., 2018, 2019).  

 

 

Figure 1.2: Complex chemical and physical interactions of atmospheric Hg. Red text 
indicates significant knowledge gaps. Adapted and modified from Si & Ariya (2018). 

1.1.2.1 Gas phase redox processes 

The gas phase oxidation of elemental mercury dictates its lifetime in the atmosphere since 
it serves as a mercury sink. The oxidation product of Hg0, HgII, is water-soluble and can 
be deposited. As deposition is the exit of mercury from the atmosphere, the conversion of 
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Hg0 to HgII and the knowledge of the conversion mechanism play a crucial role in 
understanding the biogeochemical Hg cycle (Seth N. Lyman, Cheng, et al., 2020). 

In the field of atmospheric mercury redox chemistry, the accepted opinion regarding 
the predominant mechanism for Hg0 to HgII oxidation has changed in recent decades. The 
once presumed dominant mechanism driven by ozone (O3) (Engle et al., 2005; Sprovieri et 
al., 2005) and hydroxyl (OH) radical (Pal & Ariya, 2004) has been replaced by the halogen 
radical (chlorine and bromine) driven oxidation (Schmidt et al., 2016). The first evidence 
of oxidation initiated by halogen radicals was observed in atmospheric mercury depletion 
events (AMDEs) in polar regions (Ralf Ebinghaus et al., 2002; Lindberg et al., 2002; 
Sprovieri et al., 2005). Hg0 concentrations were found to decrease significantly after the 
polar sunrise. During AMDEs, Hg0 and O3 concentrations were correlated – decreasing 
simultaneously. The reason for the depletion came from the oxidation of Hg0 to HgII species 
by Br/Cl and BrO/ClO radicals. Though more evidence points towards oxidation 
mechanisms involving bromine, mechanisms involving chlorine and other complex and 
mixed oxo complexes have never been ruled out (Steffen et al., 2010). As in the Arctic, 
reactive halogen species (Laurier et al., 2003), most commonly Br (Yu et al., 2020), are 
thought to be the dominant oxidant for Hg0 in the marine boundary layer. The marine 
boundary layer is a large reaction vessel for atmospheric mercury due to aerosols and high 
relative humidity, sunlight, and atmospheric oxidants (UN Environment, 2019). A common 
theme seems to be that although the prevalent oxidation mechanisms have been 
demonstrated in various experimental works and models, the dominant oxidants driving 
the Hg0 oxidation are highly dependent on the altitude (atmospheric layer), region, and 
time of the day in question. Bieser et al. (2017) studied the effect of changing altitude on 
the composition of atmospheric Hg. The findings show that even though oxidation by Br 
is dominant in the upper troposphere, models cannot reproduce the experimental results 
in the lower troposphere without including OH and O3 chemistry (Bieser et al., 2017). 
Similarly, recent atmospheric mercury models as well as stable isotope studies mostly 
incorporate both O3/OH and halogen pathways for Hg0 oxidation (Travnikov et al., 2017; 
Yu et al., 2020). Regional variability of dominant oxidation was demonstrated by 
comparing results obtained from marine, coastal, and inland areas (Ye et al., 2016). While 
at the marine site, the Hg0 oxidation was dominated by Br, at the coastal and inland sites 
the oxidation was dominated by OH and O3. Additionally, the authors attributed the 
diurnal variation of HgII concentration to changes in the dominant oxidation pathway (Ye 
et al., 2016). Articles focusing on the oxidants Br/Cl and O3/OH are in the vast majority, 
but other oxidants such as hydrogen peroxide (H2O2) (Ye et al., 2016) and nitrite (NO3) 
(Peleg et al., 2015) radicals were also proposed. These two radicals are especially important 
in the second step of the two-stage oxidation of Hg0, where the first step is oxidation to 
HgBr (Horowitz et al., 2017).  

Evidence for the opposite reaction, the gas phase reduction of HgII to Hg0, was also 
theoretically confirmed. In their work, Saiz-Lopez et al. (2018) showed that 
photochemically induced reduction of HgII can significantly alter atmospheric Hg dynamics 
(Saiz-Lopez et al., 2018). Moreover, the same can be said for the reduction of monovalent 
mercury (HgI) to Hg0, as recent work has shown that HgBr radicals can undergo 
photoreduction to Hg0. In general, the reduction of HgII/HgI leads to an extended lifetime 
of atmospheric mercury and should be considered in addition to the Hg0 oxidation (Saiz-
Lopez et al., 2019). De Foy et al. (2016) performed field measurements in remote Tibet 
and found that their results are best reproduced by theoretical models when gas phase 
photoreduction of HgII is included.    

In summary, the above examples illustrate how the generalization and notion of only 
one global atmospheric Hg0 oxidation pathway is questionable. There are too many 
influencing factors such as seasonality, diurnal variations, vertical variability, and other 
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regional influences to treat Hg0 oxidation uniformly across the planet. Br radicals might 
dictate the oxidation at the marine boundary level, upper troposphere, and polar regions, 
but this might not be the case at the continental boundary level and lower troposphere, 
where O3 and OH radicals become important. Another factor that contributes to the 
uncertainty of redox pathways are the highly uncertain kinetics of chemical reactions (Seth 
N. Lyman, Cheng, et al., 2020). Also, the conditions under which the kinetic parameters 
were experimentally obtained are often not comparable to real atmospheric conditions (e.g. 
experimentally used Hg concentrations that are orders of magnitude higher than ambient 
Hg concentrations) (Ariya et al., 2015b; Subir et al., 2011). 

 

1.1.2.2 Aqueous phase redox processes 

In the category of aqueous phase redox processes we will take into account the research 
that was done on aerosols, clouds, and fog. Even though aerosols, clouds, and fog represent 
the aqueous phase, surfaces exist there. Consequently, the studies that include surface 
chemistry will be discussed under heterogeneous processes (Section 1.1.2.3) rather than in 
this subsection. 

Oxidation of Hg0 in the aqueous phase can potentially proceed via O3 and OH radicals, 
similar to the gas phase oxidation (Gårdfeldt et al., 2001; John Munthe, 1992). In contrast 
to gas phase oxidation, aqueous Br is not believed to be the predominant oxidant of Hg0 
due to small kinetic rate constants (Z. Wang & Pehkonen, 2004). Aqueous Cl (HOCl/OCl−) 
showed the potential to oxidize Hg0, especially when the pH of atmospheric droplets is 
relatively high (above 5.0). Such conditions are realistic at night in the marine troposphere 
(C. Lin & Pehkonen, 1998). Hg0 has poor solubility and high volatility, making it less 
susceptible to aqueous scavenging. Nonetheless, aqueous phase Hg0 oxidation rates are 
higher than gas phase Hg0 oxidation rates, indicating that aqueous oxidation should not be 
neglected and should be incorporated into atmospheric models (Subir et al., 2011).  

More data are available on the aqueous reduction of HgII than on the aqueous oxidation 
of Hg0. The reported reduction pathways can be divided into sulphite-driven reduction and 
photoreduction. The reduction of HgII by sulfite is believed to be an important process for 
atmospheric droplets. Such reduction can occur in the pH of 1-7 (Feinberg et al., 2015; 
Van Loon et al., 2000) and is independent of the composition of aqueous HgII species 
(Feinberg et al., 2015). Photoreduction of HgII as a consequence of HO2 radical was 
previously reported (Pehkonen & Lin, 1998), but the same reduction mechanism was later 
shown to be unlikely under normal environmental conditions (Gårdfeldt & Jonsson, 2003). 
The emphasis in the identification of the photoreduction mechanism was shifted to organic 
compounds. Dicarboxylic acids and alkanethiols have been investigated for the 
photoreduction of HgII (Bash et al., 2014; Si & Ariya, 2011). A model using dicarboxylic 
acid photoreduction mechanisms better described the empirical results than using the HO2 
radical mechanism (Bash et al., 2014). In addition to dicarboxylic acids, HgII 
photoreduction by alkanethiols has been shown to be a plausible aqueous phase reduction 
mechanism. The photoreduction was mediated by the formation of organic HgII-thiol 
complexes (Si & Ariya, 2011). Recently, Yang et al. (2019) investigated the photoreduction 
of HgII in rainwater in the presence of halides and dissolved organic carbon (DOC). Even 
though halides form stable aqueous complexes, their work on equilibrium calculations 
showed that HgII forms HgII-DOC complexes rather than Hg-halide complexes after 
partitioning into aerosols. The reduction of HgII-DOC was observed, but it was too slow to 
be relevant. Additionally, halides have been shown to inhibit HgII-DOC reduction (Yang 
et al., 2019). There is some disagreement as to whether photoreduction of HgII occurs in 
the aqueous or gas phase. Saiz-Lopez et al. (2018) demonstrated that rainwater irradiation 
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experiments did not support aqueous phase Hg0 reduction. In response to research showing 
the opposite results, the authors argued that data obtained from experiments conducted 
on aquatic systems are not applicable to atmospheric water (Saiz-Lopez et al., 2018). 
 

1.1.2.3 Heterogeneous processes 

Encyclopaedia Britannica defines heterogeneous reactions as “any of a class of chemical 
reactions in which the reactants are components of two or more phases (solid and gas, solid 
and liquid, two immiscible liquids) or in which one or more reactants undergo a chemical 
change at an interface” (Britanica, 1998). Although the definition is straightforward, the 
boundary between homogenous or heterogeneous processes in atmospheric mercury 
chemistry is often blurred. This is due to the fact that it is often difficult to distinguish 
whether a particular reaction pathway takes place in the gas/aqueous/particulate phase or 
in fact on the surfaces between these phases. The importance of heterogeneous processes 
was first highlighted in the review articles by Subir et al. (2012) and Ariya et al. (2015a), 
though some experimental work that indicated the presence of heterogeneous chemistry 
had been done prior to that (Calvert & Lindberg, 2005; Engle et al., 2005). The 
heterogeneous chemistry of atmospheric Hg begins with the adsorption of mercury species 
on atmospheric surfaces. After adsorption, mercury species may desorb, dissolve, or 
undergo surface-enhanced reactions. Because of their large surface area, aerosols are 
commonly used as examples of atmospheric surfaces. An aerosol is defined as “sol (a 
colloidal fluid system of two or more components) in which the dispersed phase is a solid, 
a liquid or a mixture of both and the continuous phase is a gas (usually air)” (IUPAC, 
1997). Understanding the surface chemistry of Hg is complicated due to the large number 
of parameters that can influence aerosols (i.e. concentration, size distribution and 
meteorological conditions) (Si & Ariya, 2018). In the following paragraphs, the 
heterogeneous redox processes are discussed first, followed by gas-particle phase 
partitioning processes. 

Initial work on heterogeneous redox processes focused on heterogeneous oxidation 
pathways. Calvert & Lindberg (2005) hypothesised that the oxidation of Hg0 by O3 can be 
heterogeneous and that the oxidation end-products can be dictated by aerosol composition 
(Calvert & Lindberg, 2005). Later, the hypothesis was confirmed experimentally by 
simulating atmospheric conditions in a reaction chamber. Using a reaction chamber, the 
authors observed oxidation of Hg0 in the presence of organic aerosols (A. P. Rutter et al., 
2012). The reverse redox process, reduction of HgII, was studied by Tong et al. (2013, 2014). 
The authors used a controlled laboratory reactor to study the heterogeneous reduction of 
HgII. Firstly, they examined the role of light (dark, UV, visible, and simulated solar 
radiation) and the composition of NaCl (changing the presence of iron complexes). Rather 
than the wavelength of light, the irradiance (power) of the light source was found to be 
the factor influencing the reduction of HgII. For the aerosol composition, Fe(III) showed 
the strongest inhibition of HgII reduction, most likely due to its ability to scavenge the 
available electrons that are required for HgII reduction (Tong et al., 2013). Secondly, they 
examined the influence of native fly ash composition (low/high carbon/sulfate content) 
and synthetic aerosol composition (analogous to fly ash substrates), again under different 
lighting conditions. In contrast to their first study, the authors found some statistically 
significant dependence of HgII reduction on the wavelength of light. Aerosol composition 
affected the HgII reduction rates: low carbon/sulfate content exhibited the fastest reduction 
rates among native fly ash aerosols (Tong et al., 2014). Further work on the heterogeneous 
HgII reduction was done by Deng et al. (2019), who demonstrated that the reduction is 
driven by light, positively correlated (promoted) with increased aerosol water content, and 
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negatively correlated (inhibited) with the presence of oxidative metal ions (Deng et al., 
2019). Complementary to experimental data, work has been done using computational 
methods to elucidate the mechanism of heterogeneous HgII reduction (Tacey et al., 2016, 
2018). Using density functional theory (DFT) calculations, the authors investigated the 
reduction pathways for different HgII species on iron and sodium chloride surfaces. The 
results indicated that many HgII species could be reduced to Hg0 on iron and sodium 
chloride surfaces, though the connection to the effect of light and photochemistry was not 
clear (Tacey et al., 2016). The role of photons in the reduction mechanism was further 
looked into for the example of an environmentally relevant iron oxide surface: α-
Fe2O3(0001). Based on DFT calculations, photons play a role in the breaking of the Hg-X 
bond (X=Cl/Br) and in the desorption of the produced Hg0 from the aerosol surface. 
However, in addition to photon energy, thermal energy assistance is required to enable 
bond breaking steps (Tacey et al., 2018). Overall, the increased amount of work on the 
heterogeneous HgII reduction in recent years demonstrates that this process should not be 
neglected in future models for atmospheric mercury cycling. 

Gas-particulate partition is the consequence of the sorption processes of mercury to 
particles. Since adsorption of Hg0 is assumed to be negligible, partitioning occurs mostly 
for HgII species (Seth N. Lyman, Cheng, et al., 2020). Amos et al. (2012) also studied gas-
particle partitioning and showed that in cold environments with high aerosol levels, more 
than 90% of HgII was in the particulate fraction. In cold environments, less than 10% of 
HgII was in the particulate fraction (H. M. Amos et al., 2012). Similarly, the temperature 
dependence of HgII partitioning was observed at a majority of the sampling locations of the 
Atmospheric Mercury Network sites in North America (I. Cheng & Zhang, 2017). Gas-
particle partitioning ratios have also been used as an indicator of local or regional Hg origin 
(G. S. Lee et al., 2016). In addition to the temperature dependence, the composition of 
aerosols also dictates their Hg chemistry. A study that used synthetic aerosols with 
different compositions showed that the chemical composition of the aerosol had a 
significant impact on the gas-particle partitioning of HgII. Aerosols containing NaNO3, KCl 
and NaCl caused HgII to partition towards the particulate phase, while (NH4)2SO4 and 
organic levoglucosan/adipic acid caused HgII to partition towards the gas phase (Andrew 
P. Rutter & Schauer, 2007). Malcolm et al. (2009) used denuders coated with KCl and 
NaCl for partitioning studies simulating the behaviour of sea salt aerosols. Both KCl- and 
NaCl-coated denuders retained similar HgII amounts, indicating that sea salt aerosols are 
effective scavengers of atmospheric HgII (Malcolm et al., 2009). Mao et al. (2021) used 
(NH4)2SO4 and NH4NO3 to represent fine urban aerosols, while they used NaCl and Na2SO4 
to represent sea salt aerosols in their HgII partitioning experiments. The authors used HgII 
uptake coefficients to estimate the reactivity of aerosol surfaces. Simulated sea salt aerosols 
were found to be more reactive than urban aerosols, with the highest HgII uptakes (N. Mao 
et al., 2021). In addition to the gas-particle phase partitioning, the presence of the aqueous 
phase can alter the partitioning of Hg species. After Mao et al. (2021) exposed dry surfaces 
to high relative humidity, the uptake of HgII increased due to the newly formed aqueous 
phase. Holmes et al. (2009) showed theoretically that HgII above the ocean partitions into 
sea salt aerosols rather than into the gas phase. With this, the authors concluded that sea 
salt aerosols are responsible for 95% of the rapid losses of HgII in the marine-boundary 
layer. The processes that can occur after uptake of HgII into the aqueous phase of aerosols 
are described in Section 1.1.2.2. 
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1.1.3 Mercury deposition 
Mercury deposition is a major sink of atmospheric Hg, transferring Hg from the 
atmospheric reservoir to terrestrial and aquatic environments. There are two pathways for 
Hg deposition: dry and wet deposition. While a wet deposition is mostly associated with 
the deposition of oxidized and particulate-bound Hg species (Seth N. Lyman, Cheng, et al., 
2020), all atmospheric Hg species can be deposited by dry deposition (Enrico et al., 2016).  

1.1.3.1 Mercury wet deposition 

Methods for evaluating wet deposition of mercury are generally simpler than those for dry 
deposition of mercury. Most commonly, Hg wet deposition is assessed by collecting 
precipitation and analyzing it using well-established spectrometric methods (X. Zhang et 
al., 2012).  

Globally, the extent of wet deposition varies and is greater in the Northern Hemisphere 
and lower in the Southern Hemisphere and the Arctic (Sprovieri et al., 2017). Recent wet 
deposition data suggests that global wet deposition of Hg is decreasing (Y. Tang et al., 
2018). The decrease is most likely due to the improved emission controls and the phase-
out of commercial Hg products, leading to a decrease in anthropogenic Hg emissions (Y. 
Zhang et al., 2016). In the work of Weiss-Penzias et al. (2016), the concentration of SO4

− 
in precipitation was used as an indicator of the level of anthropogenic emissions. Since the 
trends of analyzed Hg and SO4

− in precipitation showed a temporal decrease in their 
concentration, this confirmed the linkage between the decrease in Hg wet precipitation and 
the decrease of anthropogenic emissions (Weiss-Penzias et al., 2016). Regionally, there are 
differences between urban and rural locations; wet Hg deposition tends to be higher in 
urban than rural sampling sites (Lynam et al., 2016; Zhou et al., 2018). Large variability 
in the amount of wet Hg deposition may indicate strong local influences from emissions 
(Lynam et al., 2016). Some researchers (Brunke et al., 2016; Zhou et al., 2018) observed a 
correlation between high total gaseous mercury concentration and elevated wet Hg 
deposition, while others did not (H. Mao et al., 2017). This suggests that HgII concentration 
could be a better predictor of Hg wet deposition (Bu et al., 2018). 

In addition to global and regional differences, Hg wet deposition varies with the amount 
of precipitation. An increase in the precipitation can lead to high Hg wet deposition. As 
high precipitation events often occur at similar time periods of the year, this also introduces 
a seasonal dependence of Hg wet deposition (Chen et al., 2018). Warm seasons generally 
have more precipitation, leading to high Hg wet deposition (Chen et al., 2018; Lynam et 
al., 2016). However, this is not the only factor affecting seasonality since the availability 
of HgII species (Lynam et al., 2016) and the greater HgII removal efficiency of rain relative 
to snow (White et al., 2013) also increase the warm-season Hg wet precipitation. In 
contrast, some wet deposition monitoring studies have shown high winter and spring Hg 
wet precipitation (Ahn et al., 2011), indicating that the seasonal behaviour of Hg wet 
precipitation cannot be generalized to all areas.  

 

1.1.3.2 Mercury dry deposition 

Dry deposition is thought to contribute significantly to the global Hg cycle, but its 
magnitude is difficult to assess due to slow deposition rates and reemission (Mae Sexauer 
Gustin, 2011). Hg dry deposition is usually estimated using micrometeorological 
approaches, dynamic gas flux chambers, and surrogate surface approaches (Paige Wright 
et al., 2016). Micrometeorological approaches measure the vertical gradient of Hg species 
and then use a theoretical relation to describe the air-surface exchange of Hg (Paige Wright 



10 Chapter 1. Introduction  

et al., 2016). Air-surface Hg flux can also be estimated by placing dynamic gas flux 
chambers (sometimes called gas exchange chambers) over the surface of interest. The 
difference in Hg concentration between the inlet and outlet air for the chamber is used to 
estimate the Hg dry deposition flux (Millhollen et al., 2006; Stamenkovic & Gustin, 2009). 
Approaches for Hg dry deposition measurement using surrogate surface approaches can be 
divided into i) water/solution-based surfaces (Marsik et al., 2007; Sakata & Marumoto, 
2004), ii) filter-based surfaces (Lai et al., 2011), iii) membrane-based surfaces (Huang & 
Gustin, 2015b; Lai et al., 2011), and iv) turf-based surrogate surfaces (Hall et al., 2017; 
Lynam et al., 2015). 

The fact that there is a broad array of methods used for the estimation of Hg dry 
deposition creates uncertainty and comparability issues, which is manifested in frequent 
disagreements between measured and modelled data. It is also hard to draw clear 
conclusions about the factors influencing Hg dry deposition (L. Zhang et al., 2019). Since 
Hg dry deposition occurs predominantly as Hg0 (Paige Wright et al., 2016), the majority 
of data are available for Hg0 rather than HgII and particulate-bound Hg. Hg0 dry deposition 
depends on the soil and vegetation type and the Hg0 concentration. Studies conducted for 
tundra (Obrist et al., 2017), peat bog system (Enrico et al., 2016), and forest canopies 
(Paige Wright et al., 2016) have shown that Hg0 is indeed the prevailing form of Hg that 
undergoes dry deposition. As for the oceans, reemission of Hg strongly outweighs dry Hg 
deposition and is therefore not often discussed (Ariya et al., 2015a).  

 

1.2 Atmospheric Mercury Measurement Techniques 
In the early years of atmospheric Hg research, most sampling and analysis for atmospheric 
Hg was done for gaseous elemental mercury (GEM), without knowing about the existence 
of other forms. Indications that precipitation Hg concentrations could not be described by 
GEM solubility implied that other atmospheric Hg species must exist (Fitzgerald & Gill, 
1979), which started the field of atmospheric Hg speciation (Mae Sexauer Gustin, Dunham-
Cheatham, Huang, et al., 2021). The three major atmospheric Hg forms - GEM, GOM and 
PBM - are operationally defined. The actual composition of the species that make up GOM 
and PBM is unknown.  

The paragraphs follow the sequential order as the atmospheric Hg speciation steps: 
atmospheric mercury sampling, secondary sample treatment, and mercury detection. 
Problems of atmospheric mercury measurements and improvement attempts will be 
discussed in Section 1.3. 

1.2.1 Atmospheric mercury sampling 
Firstly, mercury species must be collected from the air and accumulated in a suitable 
medium that is compatible with further sample analysis. Since Hg species are present in 
the atmosphere at very low concentrations (especially for GOM and PBM), a pre-
concentration step is required to accumulate a sufficiently large quantity of the species. 
This is a mandatory step to obtain mercury quantities that are above the limit of detection.  

1.2.1.1 TGM sampling  

TGM can be sampled manually or by automated sampling methods. Manual collection of 
TGM is achieved by drawing air through different types of quartz traps filled with sorbent 
materials at a known and fixed flow rate. Most often, sorbent is a type of gold material. 
The main goal of different gold materials is to provide a large gold surface area for the 
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collection of Hg through amalgamation. This unique property of Hg to form amalgams with 
certain transition metals is exploited for TGM collection. Variations of gold materials 
include coiled gold wire, gold nanostructures and high surface-area substrate coated with 
gold. The decision for a specific variation of the gold material depends mainly on the mass 
of mercury that is expected to be collected. The gold-wire approach is mostly used for short 
collection times (<1 h), while high surface area gold-coated substrates are used when 
extended periods of sampling (over 1 week) are required (Pandey et al., 2011; United States 
Environmental Protection Agency (U.S. EPA), 1999). An alternative to gold sorbent 
materials are sorbents based on impregnated activated carbon (AC) (Electric Power 
Research Institute (EPRI), 2015; Živković et al., 2020). In contrast to gold materials, AC 
does not suffer from the passivation of surfaces and is more durable. AC is often used for 
the removal of GEM from flue gas (S. J. Lee et al., 2004; Presto & Granite, 2007), but can 
also be used to sample more challenging air matrices. Many other materials can be used as 
sorbents for TGM, but their development and application has so far been mostly oriented 
toward Hg removal from flue gases (W. Liu et al., 2019; Xie et al., 2013; H. Xu et al., 
2015). Nonetheless, gold materials remain the most commonly used sorbents, especially for 
ambient air TGM sampling. 

Additionally, automated methods can be used for TGM sampling. At the end of the 
last century, different commercially available units emerged on the market. We will discuss 
only the units that are still used for TGM analysis in recent studies: the Tekran 2537 
analyzer, the PS Analytical (PSA) analyzer, the Gardis analyzer, and the Lumex Zeeman 
atomic absorption analyzer. Tekran 2537 is by far the most commonly used unit (Kamp et 
al., 2018; Karthik et al., 2017; Mason et al., 2017; Obrist et al., 2017; Spolaor et al., 2018). 
It uses pre-filtered air that is passed through two alternating gold traps that collect GEM. 
Mercury is analyzed by thermal desorption and cold-vapour atomic fluorescence 
spectrometry (CVAFS) measurement (Tekran Inc., 1998). The mercury analyzer developed 
by PSA can also be used for TGM measurements (Petrov et al., 2020; Sasmaz et al., 2012). 
The instrument uses gold-coated silica traps, thermal desorption and CVAFS detection, 
similar to the Tekran 2537. The Gardis instrument also uses gold amalgamation but detects 
Hg using cold-vapour atomic absorption (CVAAS) instead of CVAFS (Unagar et al., 2021; 
Urba et al., 1995). The Lumex mercury analyzer is the only listed analyzer that does not 
use preconcentration of TGM, but instead analyzes the air directly. The unit uses atomic 
absorption spectrometry and Zeeman correction for mercury detection (Kalinchuk et al., 
2018; Sprovieri et al., 2016). Since the Lumex analyzer can operate without a power supply 
and is portable, it can be considered a sensor-based method (Pandey et al., 2011). 

1.2.1.2 GOM sampling  

In the initial works, GOM was sampled with a high-flow refluxing chamber (mist chamber). 
High flow rates (15-20 L min−1) of air were passed through a nebulizer nozzle to produce a 
nebulized mist that absorbed and collected GOM. The droplets containing GOM were then 
drained into the scrubber solution, which was a 0.5% HCl solution (Stratton & Lindberg, 
1995). This type of GOM sampling is no longer used, so we will focus on the three main 
methods for GOM sampling shown in Figure 1.3: denuders, sorbent designs, and impinging 
solutions (impingers). 

Denuders are divided into two types: tubular and annular denuders. Tubular denuders 
are quartz tubes coated with KCl. Annular denuders consist of two tube fractions, one 
outer and one inner tube. The outer tube is coated with KCl from the inside and the inner 
tube from the outside. KCl coating is used to retain GOM from the ambient air. The 
denuder sampling system is heated to 45 °C to prevent vapour condensation (Pandey et 
al., 2011). The used airflow values can vary, but in general, tubular denuders are used with 
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1 L min−1, while annular denuders can be used with as high as 10 L min−1 airflow. The 
high airflow (higher sampled mass of GOM) and easier secondary treatment of annular 
than tubular denuders (thermal conversion versus liquid extraction) favoured the use of 
annular denuders (J. Munthe et al., 2001). Landis et al. (2002) developed and characterized 
annular denuders for GOM sampling in their work. Manual and automated sampling for 
GOM was developed (Landis et al., 2002); the automated system became the most widely 
used GOM sampling method in the following decades (Duan et al., 2017; B. Liu et al., 
2010; Moore & Castro, 2012; L. Xu et al., 2015). 

Sorbent designs can be trivially divided into i) designs using sorbent membranes 
enclosed in filter assemblies and ii) designs using sorbent materials enclosed in quartz traps 
(“sorbent traps”). Early use of sorbent membranes was reported by Ebinghaus et al. (1999) 
who used cation exchange membranes (CEM) and BrCl digestion to determine GOM in 
ambient air. More recently, the use of sorbent membranes has been promoted by the works 
of Mae Gustin and colleagues in their laboratories (Mae Sexauer Gustin et al., 2019; Mae 
Sexauer Gustin, Dunham-Cheatham, Zhang, et al., 2021; Huang & Gustin, 2015b). They 
have investigated the use of cation-exchange membranes, nylon membranes and other 
membrane materials (anion exchange, polyethersulfone, and polycarbonate materials) for 
GOM sampling (Dunham-Cheatham et al., 2020). Nylon membranes and especially cation 
exchange membranes remain the most commonly used membrane materials.  

In contrast to sorbent membranes, sorbent trap materials for selective GOM sampling 
have so far only been applied for sampling high concentrations of GOM in flue gases. 
Sorbent materials for sorbent traps are most commonly based on KCl. Guidelines for 
speciated mercury measurements from the Electric Power Research Institute suggest the 
use of KCl crystal (Electric Power Research Institute (EPRI), 2015), while the Mercury 
Speciation Adsorption (MESA) method suggests the use of KCl impregnated soda lime 
sorbent (Prestbo & Bloom, 1995). Alternative sorbent materials were suggested by Tang 
et al. (2017) who evaluated selective adsorption characteristics of CaO, MgO, NaCl, and 
KCl surfaces using theoretical DFT calculations. They suggested that CaO might be the 
most prominent tested material for capturing GOM due to its predicted selectivity for 
HgCl2 (H. Tang et al., 2017). The theoretical studies were further investigated with 
experimental tests for CaO sorbents. CaO synthesized via acetate monohydrate precursor 
(CaO-AcS) showed the most favourable results in terms of selectivity and adsorption 
capacity for HgCl2 (H. Tang et al., 2019). Švehla et al. (2019) tested quartz wool, SiC and 
raw aluminium oxide for flue gas GOM sampling. Raw aluminium oxide showed the best 
GOM retention, though all materials also retained a significant amount of GEM. 
Interestingly, even just an empty tube retained around 80% of GOM, which indicates the 
strong adsorption properties of GOM (Švehla et al., 2019). Though many new sorbent 
materials are emerging, all of the above materials have so far been used only for flue gas 
GOM concentrations: work on the evaluation of sorbent traps for ambient GOM sampling 
is still needed.  

Impinging solutions (impingers, also sometimes called “bubblers”) were first introduced 
by Ontario Hydro Technologies in 1994, and the method for Hg species determination is 
called Ontario Hydro (OH) method (ASTM International, 2008). In 2004, EPA recognized 
the OH method as suitable for Hg speciation for flue gases from coal-fired sources (Ryan 
& Keeney, 2004). The method is based on the use of a number of impinging solutions. The 
number of impingers and solutions used as impinging solutions depends on the intended 
use. Modifications of the OH method that use up to 8 have been used in the literature 
(ASTM International, 2008). Initially, impingers that selectively capture GOM typically 
included 10% H2O2 in 5% HNO3 (United States Environmental Protection Agency (U.S. 
EPA), 1996), but this impinging solution was later found to be insufficiently selective for 
GOM. 10% H2O2 in 5% HNO3 solution was replaced by KCl solutions of different molarities, 
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which showed better selectivity. Following GOM selective impingers, KMnO4 impingers 
are often used to capture GEM. The capturing system is usually completed with additional 
impingers that capture moisture and neutralize unwanted flue gasses, if necessary (Ippolito 
et al., 2011). 

 

 

Figure 1.3: Illustration of the commonly used gaseous oxidized mercury sampling methods 
that include denuders, impingers and different sorbent designs. 

1.2.1.3 PBM sampling  

As was also the case for GOM, large volumes of air must be sampled through the collection 
material to ensure a sufficient amount of PBM for further sample processing. The methods 
usually consist of an accumulation media, a gas-flow control device, and a vacuum pump 
(Pandey et al., 2011). The accumulation medium can be a filter or a multiple-stage 
impactor. The most commonly used PBM sampling method are filters, which can be quartz-
fiber, cellulose-acetate, glass-fibre and Teflon filters. Quartz-fiber filters are used for 
automated PBM sampling in the widely used Tekran speciation unit (Landis et al., 2002). 
PBM on filters can be digested by wet chemical methods or thermally reduced to Hg0 
before further analysis (Hui Zhang et al., 2019). Multiple-stage impactors sample PBM by 
particle size and can estimate the size distribution of PBM (Feddersen et al., 2012). Less 
commonly, gold-coated denuders are also used for PBM sampling (Lu & Schroeder, 1999).  

In general, PBM sampling is one of the most challenging aspects of atmospheric Hg 
speciation. Problems arise in the effective separation of GOM and PBM, since both have 
adsorptive properties and behave very similarly. GOM and PBM are often considered 
together as reactive mercury (RM) precisely because of their similar behaviour. Issues 
related to PBM sampling will be discussed further in Section 1.3.1. 

1.2.2 Secondary sample treatment 
Mercury can be quantitatively detected by conventional detection methods only as 
elemental Hg (detection methods discussed in Section 1.2.3). Consequently, additional 
sample treatment is needed for GOM and PBM analysis to convert these species to the 
elemental form of mercury. Two main approaches are used for secondary sample treatment: 
wet acid digestion and thermo-reductive methods. 

The wet acid digestion approach involves the use of a combination of acids and oxidants 
(including HCl, H2SO4, HNO3, and the oxidants H2O2 and BrCl) and high 
temperature/microwaves. The exact combination of acids and conditions used varies with 
the sampling medium. For example, the Ontario Hydro method uses HNO3 and H2O2 in 
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combination with conventional or microwave heating for the digestion of the GOM fraction 
in impinging solutions (ASTM International, 2008). Cation exchange membranes for GOM 
sampling are digested using BrCl, following the U.S. EPA method 1631 E (Huang et al., 
2013; U.S. Environmental Protection Agency, 2002). The same procedure is also used for 
PTFE membranes used for PBM sampling (Mae Sexauer Gustin et al., 2019). In general, 
many filter- and membrane-based sampling methods for GOM and PBM use some form of 
wet digestion (Hui Zhang et al., 2019), though this is not the case for all materials (i.e. 
silica, nylon membranes, quartz filters) . Sorbent traps for flue gas Hg speciation in the 
MESA method were initially also wet-digested with acids (Prestbo & Bloom, 1995), 
although thermal reduction is nowadays the preferred choice (Electric Power Research 
Institute (EPRI), 2015; Živković et al., 2020). After digestion, the mercury in the solution 
is generally reduced to elemental mercury by SnCl2 in a step often called the cold-vapour 
procedure. Elemental mercury is purged from the solution and can then be detected 
(Horvat et al., 1991). The wet digestion method is time-consuming, tedious and carries the 
risk of mercury loss through volatilization. It is also common to further dilute the resulting 
solution before the analysis, which lowers the sensitivity of the method (Pandey et al., 
2011). 

Thermo-reductive methods employ high temperatures (>500 °C) to reduce all mercury 
species to the elemental form, followed by conventional detection methods. Thermal 
reduction is commonly used for the secondary treatment of GOM captured by denuders 
and PBM captured by quartz filters in the automated atmospheric Hg speciation unit 
developed by Tekran (Landis et al., 2002). Additionally, qualitative analysis of oxidized 
mercury species captured on nylon membranes can be done by thermal desorption and 
subsequent spectrometric detection (Dunham-Cheatham et al., 2020). Hg on sorbent traps 
for mercury speciation in flue gases is also most commonly thermally reduced (Electric 
Power Research Institute (EPRI), 2015; Stergaršek et al., 2008; H. Zhang et al., 2015; 
Živković et al., 2020), though as previously stated, wet digestion can also be used if 
necessary (C. M. Cheng et al., 2009; Prestbo & Bloom, 1995). Thermal reduction is a faster 
and simpler alternative to the wet-digestion procedure, which also eliminates the possibility 
of contamination and generation of hazardous waste. Nevertheless, thermo-reductive 
methods can sometimes lead to lower (Lynam & Keeler, 2002) or higher (C. M. Cheng et 
al., 2009) yields compared to reference methods, likely due to the effects of matrix 
interferences that can affect the amalgamation process (Lynam & Keeler, 2002). 

1.2.3 Detection of mercury 
In this subsection, we review in detail the detection methods that are commonly used to 
date (CVAAS, CVAFS and mass spectrometry), while only briefly discussing less common 
detection methods. 

1.2.3.1 Cold vapour atomic absorption/flouresence spectrometry 

Of all mercury detection techniques, cold vapour atomic absorption spectrometry and cold 
vapour atomic fluorescence spectrometry are the most widely used techniques. The first 
use of CVAAS for mercury detection was reported back in 1964 (Poluektov et al., 1964). 
While CVAAS methods use the absorption of light by the target analyte and subsequent 
measurement of absorbance, CVAFS methods measure the emitted radiation of the excited 
mercury atoms as they return to their ground state – this radiation process is called 
fluorescence (Pandey et al., 2011). Figure 1.4 depicts a simplified scheme of the CVAAS 
and CVAFS instruments. In these instruments, the Hg0 vapor obtained by the previously 
described processes (Section 1.2.2) is then transported to the detection cell. For Hg 
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determination, the CVAAS instrument measures absorbance at a wavelength of 253.7 nm, 
while the CVAFS instrument measures the emitted fluorescence at the same wavelength 
(Leopold et al., 2010). A comparison of the limits of detection (LODs) shows that CVAFS 
is advantageous to CVAAS (and also to the spectrometric methods discussed in the next 
paragraph), achieving up to one order of magnitude lower LOD values (Lasorsa et al., 
2012). Nevertheless, both methods were found to have sufficient LODs (in the low pg m−3 
range) for mercury measurements under normal ambient conditions (K. H. Kim & Kim, 
2002).  

 

Figure 1.4: Simplified scheme of a) cold vapour atomic fluorescence spectrometry and b) 
cold vapour atomic absorbance spectrometry. Modified from: http://www.uwm.edu.pl (last 
access 4 July 2022). 

1.2.3.2 Mass spectrometry 

Mass spectrometry (MS) is also a viable detection method for atmospheric mercury, albeit 
used less frequently for airborne mercury than for other Hg-containing environmental 
matrices. Attempts to quantify atmospheric Hg species by MS are usually performed with 
inductively coupled plasma MS (ICP-MS). Amouroux et al. (1999) used gas 
chromatography (GC) coupled with ICP-MS to quantify atmospheric Hg0. (Lynam et al., 
2013) used isotope dilution and ICP-MS coupled with thermal desorption to quantify PBM. 
They achieved comparable results to conventional CVAFS detection (Lynam et al., 2013). 
Recent improvements in the sensitivity of mass spectrometric methods have led to an 
increasing number of attempts to analyze HgII species directly rather than by prior 
transformation of Hg species to Hg0. Deeds et al. (2015) analyzed HgII species on particles 
by preconcentration and atmospheric pressure chemical ionization-mass spectrometry 
(APCI-MS). Using ACPI-MS, HgCl2 and HgBr2 species were identified in urban and indoor 
particulate mercury, though low temporal resolution and unwanted ion reactions limited 
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their work (Deeds et al., 2015). An improved APCI-MS methodology was also used for 
analysis and identification of HgII nanoparticles (Ghoshdastidar et al., 2020; Ghoshdastidar 
& Ariya, 2019). Gas chromatography coupled with mass spectrometry (GC-MS) was used 
by Jones et al. (2016) for the separation and identification of HgII species in ambient air. 
While mercury halides were successfully identified, this was not the case for other HgII 
species, such as Hg(NO3)2 and HgO (Jones et al., 2016). 

1.2.3.3 Other detection methods 

In the past, nuclear methods for the analysis of atmospheric mercury were mainly used for 
Hg bound to filter materials. Of nuclear methods, neutron activation analysis (Dams, 1992) 
and particle-included X-ray emission (Hacon et al., 1995) have been the most useful. Due 
to the higher LODs obtained with the aforementioned nuclear methods, these are used less 
commonly than CVAAS and CVAFS techniques for atmospheric Hg analysis (Pandey et 
al., 2011). Sensor-based atmospheric Hg detection methods have been available for a long 
time (Scheide & Taylor, 1975) but are not yet widely used. Sensor methods include 
piezoelectric sensors (Scheide & Taylor, 1975), nanomaterial-based sensors (Macagnano et 
al., 2017), coated printed circuit board sensors (Mazzolai et al., 2004), cavity ring-down 
spectrometry (Faïn et al., 2010), and more. 

1.2.4 Stable and radioactive isotopes as validation tools 
Due to the absence of certified reference material for airborne Hg species, measurement 
methodology is often validated using stable and radioactive isotopes as tracers. Stable Hg 
isotopes are also used to decipher the origin of atmospheric mercury and to trace Hg 
transformation processes that may occur in the atmosphere, but we will only discuss the 
use of stable isotopes as a validation tool. 

Work with stable isotopes for validation of Hg measurement methodology typically 
relies on the use of isotope dilution and ICP-MS detection. These methods use mercury 
enriched in a certain stable isotope (i.e. 202Hg) with a known isotopic composition. The 
enriched Hg material is then “diluted” with Hg from the sample (the isotopic composition 
is also known) and thus the amount of Hg from the sample can be determined. Isotope 
dilution ICP-MS has previously been successfully applied for validation of GEM calibrators 
(Long, Norris, Carney, Ryan, et al., 2020; Quétel et al., 2014, 2016). However, these 
validations were not performed at ambient GEM levels due to the high detection limits of 
the isotope dilution ICP-MS validation technique. 

Radioactive Hg isotopes also show promise as validation tools, though they have not 
been used for atmospheric Hg studies so far. Their use was limited to the aquatic (Bratkič 
et al., 2017; Koron et al., 2012) and terrestrial part of the Hg cycle (Pérez Catán et al., 
2007; Ribeiro Guevara et al., 2007). Since radioactive Hg isotopes do not occur naturally, 
they must be produced by irradiating natural Hg with neutrons. Irradiation is usually 
carried out with thermal neutrons in the nuclear reactor core. During irradiation, 197Hg and 
203Hg are the most important produced radioisotopes due to their high specific activity and 
characteristic energy of emitted radiation. 197Hg and 203Hg are formed by the neutron 
capture reaction from 196Hg and 202Hg, respectively. The combination of the very favourable 
reaction of 196Hg with neutrons and the use of 196Hg-enriched elemental Hg (51.58 % of 
196Hg) enables low detection limits, fitting for ambient Hg concentration studies. Therefore, 
the 197Hg radioisotope is more commonly used for validation studies than the 203Hg 
radioisotope. Both radioisotopes and their characteristic radiation energies are detected by 
high-purity germanium detectors (Ribeiro Guevara et al., 2004; Ribeiro Guevara & Horvat, 
2013). In comparison to stable isotopes and isotope dilution, radioactive isotopes have 
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certain advantages, such as: lower detection limits, straightforward detection methods, and 
the absence of blanks (no naturally occurring Hg radioisotopes). The most obvious 
disadvantage of radioisotopes is that they can only be produced with a nuclear reactor, 
which is often unavailable to researchers. 

1.3 Metrological Difficulties  

1.3.1 Atmospheric Hg species sampling  
Sampling is likely the largest source of bias and uncertainty for atmospheric Hg speciation. 
Regarding GEM measurements, there is some debate about what is actually being sampled: 
GEM or TGM (GEM+GOM) or TAM (GEM+GOM+PBM). The conventional Tekran 
2537 instrument is believed to measure TGM (Mae Sexauer Gustin et al., 2013). The same 
is true for the PSA 10.525 Sir Galahad, since both instruments operate on a similar 
principle, using a filter that removes particulates (Corns et al., 2009). TAM measurement 
requires a pyrolizer at the sample inlet, so that GOM and PBM both are converted to 
GEM (M. S. Gustin et al., 2015).  

The majority of the uncertainty and bias in atmospheric Hg sampling comes from GOM 
and PBM sampling. Denuders for GOM sampling, which are widely used for automated 
GOM sampling, have been shown to be biased by underestimating GOM (Huang et al., 
2013; McClure et al., 2014). Experimental work was conducted to study the effect of 
humidity (Huang & Gustin, 2015a; McClure et al., 2014) and ozone (S. N. Lyman et al., 
2010; McClure et al., 2014) on the GOM capture efficiency of KCl denuders. It was 
concluded that the capture efficiency of these denuders is greatly reduced under high 
humidity conditions. Using water vapour spikes, the collection efficiency of GOM on KCl 
denuders was very low, and the GEM concentrations were consequently enhanced. This 
finding clearly indicated that GOM can transform into GEM under high humidity 
conditions (Huang & Gustin, 2015a). Lyman et al. (2010) studied the effect of ozone on 
the release of mercury halides from KCl denuders. The authors showed that denuders 
loaded with HgCl2 and HgBr2 lost 29-55% of these compounds when exposed to ozone in 
the 12-200 µg m−3 range. GOM losses were positively correlated with ozone concentration. 
Such losses could lead to an overestimation of GEM in the presence of ozone for sampling 
systems that measure GEM downstream of the KCl denuder, since oxidized mercury species 
can be carried over from the denuders to the GEM collection part of the sampler. 
Additionally, the need to establish a traceable and stable calibration method for various 
oxidized Hg compounds has been pointed out (S. N. Lyman et al., 2010). In addition to 
the evidence of biased negative results, recent work has shown that there is a possibility 
for positive bias due to the binding of Hg-containing nanoparticles, which could present an 
artefact for GOM measurement (Ghoshdastidar et al., 2020). Another potential source of 
bias in the Tekran atmospheric Hg speciation system was shown by Feng et al. (2003), 
who observed approximately 30% losses of GOM surrogate (HgCl2) on the Tekran impactor 
which is designed to remove coarse particles. 

Alternatives to GOM sampling with denuders have been explored in an attempt to 
reduce sampling bias. A comparison between KCl-coated denuders, nylon membranes and 
CEM was done by Huang & Gustin (2015a). Similar findings for the inverse dependence of 
GOM yields on humidity and ozone concentrations were found for nylon membranes as for 
KCl-coated denuders, while CEM showed positive artefacts with increasing humidity 
(Huang & Gustin, 2015a). Nylon membranes are nowadays used predominantly in 
connection with thermal desorption and qualitative analysis of HgII species, since it has 
been proven that nylon membranes do not bind HgII species quantitatively. CEM are used 
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for quantitative analysis of HgII (Dunham-Cheatham et al., 2020). A combination of 
qualitative (nylon membranes) and quantitative (CEM) analysis was incorporated in the 
Reno-Reactive Mercury Active System (RMAS) (Mae Sexauer Gustin et al., 2016). Though 
the RMAS method of measuring reactive mercury species (GOM+PBM) has recently been 
updated and improved, the temporal resolution is still in the range of 1-2 weeks (Luippold 
et al., 2020), which is much lower than the conventional denuder method used in the 
Tekran instrument. Also, secondary sample treatment of cation exchange membranes 
requires wet digestion, which is tedious. Though RM sampling with cation exchange 
membranes has been a step forward in terms of more precise and accurate measurements, 
further development of materials is needed to enable simplification, automation and better 
temporal resolution of RM measurements. As such, sorbent trap materials that are 
thermally stable and enable thermal reduction of atmospheric HgII species could represent 
a feasible solution. Bu et al. (2018) demonstrated that capture efficiency for real samples 
was similar for CEM and different KCl-coated quartz sorbent traps, while denuders again 
showed significantly lower capture efficiency. Nevertheless, the use of sorbent trap 
materials has so far been aimed mostly at flue gas Hg determination (Švehla et al., 2019; 
H. Tang et al., 2017, 2019). 

PBM sampling in the Tekran speciation system was also associated with artefacts. 
Gustin et al. (2013) demonstrated that GOM can be retained on the Tekran quartz fiber 
filter designed to collect PBM. Talbot et al. (2011) compared a manual PBM sampling 
method that uses Teflon filters with the automated Tekran PBM sampling. They found 
that Tekran PBM was on average 20% lower than manually measured PBM (Talbot et al., 
2011). Wang et al. (2013) used three ways PBM sampling with quartz fiber filters: an open-
faced filter pack, a five-stage impactor, and a Tekran filter. Sampling methods did not 
behave similarly under all conditions. and artefacts were observed for all tested PBM 
sampling methods (S. Wang et al., 2013). Overall, accurate quantification of PBM has 
proven to be one of the most difficult tasks of atmospheric mercury speciation. Problems 
include: i) variations in the size and distribution of PBM due to meteorological conditions, 
adsorption, nucleation gas-particle partitioning, and other physical/chemical processes (P. 
R. Kim et al., 2012; Andrew P. Rutter & Schauer, 2007), ii) ultra-low PBM concentrations, 
iii) formation of artefacts during sampling (Malcolm & Keeler, 2007; S. Wang et al., 2013), 
and iv) losses of PBM during longer sampling periods (Malcolm & Keeler, 2007). 
  

1.3.2 Atmospheric Hg species calibration  
Challenges also stem from the calibration of the used instruments and the uncertainty of 
such calibration. GEM- and GOM-specific calibrations exist, while PBM-specific 
calibration does not; therefore, PBM calibration will not be discussed in the following 
subsections. This points towards the need for PBM-specific calibration of atmospheric Hg 
speciation measurements. 

1.3.2.1 GEM calibration 

In the last decades, the most commonly used GEM calibration unit has been the so-called 
“bell-jar”, which is a glass calibration vessel that contains saturated Hg vapor. In the 
calibration vessel, liquid mercury is kept at atmospheric pressure and controlled 
temperature. The equation for calculating the concentration of saturated Hg vapour was 
formulated using the measured Hg headspace concentration at different temperatures. The 
Hg headspace concentration was measured against certified reserence materials (CRMs) 
and Hg vapour produced from reduction of aqueous phase Hg standards. However, the 
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origin and validation of the equation were published much later than it was used (Dumarey 
et al., 2010). The predominant empirical equation used for the calculation of the saturated 
mercury vapour concentration goes as follows: 

𝛾(𝐻𝑔) =
𝐷

𝑇
= 10ି(஺ା

஻
்
) (1.3.2.1)

where: 𝛾(Hg) is the mass concentration of saturated mercury in the air inside the 
calibration vessel, in ng mL−1; T is the temperature of the air inside the calibration vessel, 
in K; A is a constant equal to −8.134459741; B is a constant equal to 3240.871534 K; D is 
a constant equal to 3216522.61 K ng mL−1. The above equation (Eq. 1.3.2.1) is also called 
the “Dumarey” equation (Dumarey et al., 2010). Calibration using this equation is based 
on injecting a known volume of mercury-saturated gas after the development of saturated 
mercury atmosphere in a glass calibration vessel. It is stated that approximately 2% 
uncertainty should be associated with the Dumarey equation (Dumarey et al., 2010). In 
contrast, the National Institute of Science and Technology (NIST) published a new Hg 
vapour pressure curve which differs from the Dumarey equation by 7% (Huber et al., 2006). 
The conclusions were that the Dumarey equation gives the best predictions at 1 atm air 
pressure (Gustin, 2010). De Krom et al. (2021) observed a 3.8% difference between their 
GEM calibrator and the bell-jar calibration. R. J. C. Brown & A. S. Brown (2008) 
investigated bell-jar thermodynamics using Hg vapour injections ranging from 0 to 12 ng 
over a temperature range of −5 °C to 35 °C. The kinetics were studied by using 
perturbations (removal of a large volume of Hg-saturated air) to the bell-jar apparatus. 
The conclusions were that without the application of corrections, large biases can be 
observed between the expected and actual mass concentrations of Hg-saturated injected 
air. These biases were explained by the temperature difference between the syringe and the 
vapour in the bell-jar. Since many users cool the bell jar to reduce the headspace Hg 
concentration thereby allowing larger syringe injection volumes, there can be large 
differences in the temperature of the bell-jar vapour and syringe, which leads to biases. On 
the other hand, kinetic factors have been found to be negligible if long enough time periods 
are used to re-establish equilibrium. A number of best practise guidiles for bell-jar use have 
been published (R. J. C. Brown & Brown, 2008), but will not be discussed here in detail. 

Ultimately, the bell-jar calibration is traceable to the Dumarey equation. There is often 
confusion and disagreements regarding the use of the appropriate empirical equation. To 
ensure stability, comparability, and coherence for mercury vapour measurements, different 
authors sought to establish System of Units (SI) traceability for these measurements. Those 
efforts are described in the following paragraph. 

A. S. Brown et al. (2008) used a dynamic mercury generator to accumulate a larger 
amount of mercury to provide a sufficient mass of mercury for weighing with a high-
accuracy balance. The mass output of the GEM generator was captured on the adsorption 
tubes, and the retained Hg was determined gravimetrically. Next, the authors dosed smaller 
masses of GEM from the generator and the bell-jar apparatus and compared the responses. 
Since the results were comparable, this demonstrated the traceability of the bell-jar output 
to SI units; the SI unit of traceability being mass. However, the results were associated 
with large uncertainties due to the delicate gravimetric process and the complex technical 
nature of the experiment (Brown et al., 2008). Similar work in terms of SI traceability to 
mass has been done by isotope-dilution ICP-MS (ID-ICP-MS) (Quétel et al., 2014). Known 
amounts of mercury vapor from the bell-jar were introduced into the CRM, which was a 
liquid solution enriched in the 202Hg isotope. Using a combination of the 202Hg-enriched 
liquid phase and the bell-jar GEM (with natural isotopic composition), isotope-dilution of 
CRM was achieved. The authors also presented the traceability routes for the entire 
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measurement procedure. The results had a low relative uncertainty (<3%, k = 2) and were 
not in agreement with the Dumarey equation. The discrepancy between the Dumarey 
equation and their work was similar to the results of Huber et al. (2006) (5.8% difference). 
A drawback was the lack of measurements at other temperatures since only room 
temperature measurements in the range of 20 °C to 21 °C were made (Quétel et al., 2014). 
Quétel et al. (2016) then used a modified experimental setup to expand the range of 
measurements to temperatures different from room temperature. The method was validated 
using different sample-to-spike ratios for isotope dilution experiments. Even though the 
experiments were successful, the authors observed Hg contamination from the ambient 
laboratory air and higher expanded uncertainties than in their previous work (5.9% 
compared to <3%), due to the temperature incubation chamber (Quétel et al., 2016). ID-
ICP-MS was also used for traceable calibration of the GEM generator developed by the 
National Institute of Standards and Technology (NIST). First, ID-ICP-MS itself was 
calibrated with SI traceable NIST standard reference material (SRM) 3133, and then the 
NIST GEM generator was calibrated with ID-ICP-MS, extending the SI traceability chain 
to the GEM generator (Long, Norris, Carney, & Ryan, 2020). In accompanying work (Long, 
Norris, Carney, Ryan, et al., 2020), secondary GEM generators intended for real-time 
calibration were calibrated with the NIST GEM generator. Thus, it was demonstrated that 
traceable calibrations of real-time measurements are possible. Both works used GEM 
concentrations ranging from 0.5 to 40 µg m−3, which is reasonable for flue gas Hg calibration 
but too high for ambient Hg concentration calibration. The authors suggested that an 
alternative robust laser absorption spectrometry (LAS) technique could simplify the 
calibration (Long, Norris, Carney, & Ryan, 2020; Long, Norris, Carney, Ryan, et al., 2020), 
and to that end, Srivastava & Hodges (2018) developed a new LAS technique. They used 
a high-resolution LAS method to achieve SI traceability for the NIST GEM generator. 
Traceability was achieved by modelling observations from first principles (ab initio) and 
from the overall low measurement uncertainty (Srivastava & Hodges, 2018). Finally, the 
ID-ICP-MS and LAS methods were compared: the agreement between the methods was 
good. LAS was less uncertain compared to ID-ICP-MS (0.4% vs. 0.9% relative combined 
standard uncertainty) for the tested GEM concentration range (41-287 µg m−3) (Srivastava 
et al., 2021). Another realization of SI traceability via gravimetry was done with a mercury 
vapour generator based on an improved diffusion method (Ent et al., 2014). Up to 18 
diffusion cells with characterized diffusion rates were filled with liquid Hg (approximately 
80 g) and kept in the same housing, each of them surrounded by a similar nitrogen flow 
pattern. The combined Hg vapor flow from these cells was guided from the Hg vapor 
generator through the “roof” of the housing. Mass differences before and after the outlet of 
Hg were measured with a high-resolution mass comparator. Even though this system 
enabled very stable and low Hg vapor levels, traceability to SI units was insufficient due 
to the high uncertainty of the gravimetric process (Ent et al., 2014). The uncertainty of 
the mercury vapor generator was reduced by de Krom et al. (2021), who improved diffusion 
cells and used an advanced mercury loss weighing procedure. Relative expanded 
uncertainties (k=2) amounted to 3% for 0.1-2.1 µg m−3 of Hg and 1.8% for 5-100 µg m−3 
of Hg (de Krom et al., 2021). It is worth noting that the concentration levels studied are 
still two orders of magnitude above the ambient Hg concentration.  

1.3.2.2 GOM calibration 

The calibration methods that were so far used for GOM calibration can be divided into 
two major groups: “wet-gas” and “dry-gas” calibration. Wet-gas calibration usually 
involves generation of humidified HgII gas by combining a nebulized aqueous HgII solution 
(commonly HgCl2 or HgBr2 solutions in acidic media) with a carrier gas (Saxholm et al., 
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2020). Dry-gas calibrations principally use the permeation of solid HgII salts (commonly 
solid HgCl2 or HgBr2) (S. Lyman et al., 2016). 

Schmäh (2007) patented a wet-gas calibration system (HovaCAL®, IAS GmbH) that 
generates a humidified gas from the chosen solution by vaporizing it and combining it with 
N2 gas (or other instrument-grade gases). By precise measurements of the liquid and gas 
flow, the concentration of HgII in the output calibration gas can be calculated (Schmäh, 
2007). The intended use of the HovaCAL unit is for the calibration of mercury continuous 
emission monitoring in flue gases (U.S. Environmental Protection Agency, 2017). The 
system requires very precise control of temperature and flowrate and is additionally prone 
to vibrations – all of which are difficult to control in field measurements. Moreover, 
impurities of Hg0 are a known problem that introduces uncertainty to such calibration 
(Dunham et al., 2010). A wet-gas calibration system similar to HovaCAL was developed 
by Optoseven Ltd. and VTT Ltd., and was described by Saxholm et al. (2020). The authors 
claim that the characteristics of the calibration unit are fast response time, wide use of 
concentration ranges, and minimal adsorption of HgII. The unit has shown promise for 
traceable GOM calibration but has so far only been fully validated for use at high 
concentrations (>1 µg m−3). Though some satisfactory linearity tests have been performed 
at near-ambient GOM concentrations (Petrov et al., 2020), this does not serve as a 
complete and sufficient validation of the calibration unit. Tekran also offers an oxidative 
gas generator (Tekran Model 3400-CAL, modified for HgCl2 generation) that uses the Hg0 
output of the Tekran 3400-CAL and combines it with nebulized HCl solution to oxidize 
Hg0 to HgCl2. Again, the unit is only intended for calibration at flue gas GOM 
concentration (Tekran, n.d.). 

The most common dry-gas methods for GOM calibration are permeation tube designs. 
A method for GOM generation using permeation tubes was first reported by Lyman et al. 
(2010), who modified the solid HgCl2 permeation vial setup used by Swartzendruber et al., 
(2009) to generate HgX2 (X=Cl/Br). Generally, solid HgX2 is placed in a Teflon tube and 
capped with Teflon plugs. The permeability (sublimation) of HgX2 is controlled by 
temperature or by adjusting the permeable area of the permeation tube (S. N. Lyman et 
al., 2010). After the initial use of permeation tubes for denuder validation tests (S. N. 
Lyman et al., 2010; McClure et al., 2014), attempts were also made to establish their use 
for GOM calibration. With the intent to use permeation tubes for GOM calibration, Lyman 
et al. (2016) developed a novel calibration unit for Hg atmospheric species using a special 
design of permeation oven. The permeation oven housed permeation tubes containing HgCl2 
and HgBr2. Permeation rates were determined using a pyrolysis unit by converting all of 
these species to Hg0 prior to CVAFS detection. The exhibited achieved stable permeation 
rates that were high enough to achieve gravimetric verification but also emitted relatively 
high amounts of Hg0 simultaneously with HgCl2 and HgBr2. Therefore, an independent, 
traceable, and reliable source of HgII compounds was not completely achieved (S. Lyman 
et al., 2016). Characterization of the permeation tube output was attempted by gravimetry 
to achieve SI traceability, but gravimetric results were highly variable not in agreement 
with results from GOM analyzers (Seth N. Lyman, Gratz, et al., 2020). Dry-gas calibration 
was also introduced by Thermo Fisher Scientific, who developed a Mercury Chloride 
Generator (Oxidizer) that generates HgCl2 by mixing Cl2 gas with Hg0 to produce HgCl2. 
For the Cl2 source, the unit uses a gas cylinder (900 ppm of Cl2 in N2), while the Hg0 comes 
from their own Model 81i elemental Hg generator (Thermo Fisher Scientific, 2014). No 
report on the validation work of the Thermo Fisher Scientific generator is available in the 
literature.





23 

Chapter 2 

2 Aims and Hypothesis 

Atmospheric mercury speciation is crucial to ensure better understanding of the processes 
that govern the biogeochemical Hg cycle. Knowledge of such processes is often limited by 
the highly uncertain and biased measurements of atmospheric Hg species. In this thesis, 
we first wanted to examine whether the currently used sampling and calibration methods 
for atmospheric Hg speciation are sufficiently accurate and precise. Furthermore, we aimed 
to contribute to the analytical infrastructure of atmospheric Hg measurements by 
developing new or improved sampling and calibration methods. 

Hg species are present in the atmosphere in very low concentrations, which is especially 
true for GOM and PBM. We hypothesized that the tested sampling and calibration 
methods might behave differently if examined under different meteorological conditions 
and concentration levels. We assumed that the use of the 197Hg radiotracer would enable 
experiments at ambient concentration levels, as it was previously shown that the 
radiotracer is highly selective and sensitive (Ribeiro Guevara et al., 2007). Since the current 
metrological infrastructure for atmospheric Hg speciation is known to be unreliable and 
inaccurate (Jaffe et al., 2014), we wanted to test new methods for GOM sampling and 
calibration. These include GOM sampling using sorbent trap designs or impinging solutions 
(not previously tested for ambient concentrations) and calibration based on nonthermal 
plasma oxidation of elemental Hg to HgII species. By developing new sampling and 
calibration methods, we intended to establish the foundation for SI traceable speciated 
measurements of atmospheric Hg. Only clear statements of measurement uncertainty can 
demonstrate traceability, so we aimed to thoroughly evaluate the measurement uncertainty 
of the developed methods.   
 
Hypotheses: 

i) 197Hg radiotracer can enable validation of existing calibrations and sampling 
procedures at ambient Hg concentration levels. 

ii) Losses and interconversions of Hg species during atmospheric sampling are largely 
dependent on sampling and atmospheric conditions. 

iii) Evaporative calibrator is not suitable for calibrations at ambient Hg concentrations. 
iv) Quantitative oxidation of elemental Hg by non-thermal plasma provides a good 

basis for the development of SI traceable calibration for GOM and enables lower 
measurement uncertainty as compared to conventional calibration techniques. 

v) Evaporative calibrators and non-thermal plasma calibration are suitable for loading 
sorbent traps with HgII of known isotopic composition, which can then be used to 
calibrate stable isotope measurements of HgII species in the atmosphere.  
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Chapter 2 

3 Scientific Publications 

This dissertation consists of four publications. The order in which they are presented is 
chronological and follows the general content of the dissertation. The first publication 
compares different GEM calibration strategies (0). The second (3.2) and third (3.3) 
publications focus on the evaluation of existing calibration and sampling methods for GOM, 
respectively. The last publication is a result of work on the development of a novel GOM 
calibration approach (0). 
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3.1 Manuscript 1: Comparability of Calibration Strategies 
for Measuring Mercury Concentrations in Gas Emission 
Sources and the Atmosphere 

De Krom I., Bavius W., Ziel R., McGhee E. A., Brown R. J. C, Živković I., Gačnik J., 
Fajon V., Kotnik J., Horvat M., Ent H. (2021). Atmospheric Measurement Techniques, 
14, 2317-2326. 
 
The most wide-spread calibration for gaseous elemental mercury in recent decades has been 
the bell-jar calibration. Calibration works on the principle of Hg0 vapor saturation. The 
concentration of Hg0 vapor that is drawn from the bell-jar for calibration is calculated using 
an equation that describes the dependence of Hg0 vapor on temperature. Since the used 
equations in the liteture are empirical, there are disagreements about which equation is 
correct (Huber et al., 2006; Quétel et al., 2016). Newly developed GEM calibrations exist, 
and comparative studies are needed for their evaluation and validation. 

In the presented study, we compared three different calibration strategies: i) bell-jar 
calibration, ii) gravimetrically verified calibration based on Hg0 diffusion, and iii) 
calibration based on NIST SRM 3133. The Hg0 permeation method was developed at the 
Van Swinden Laboratory (VSL), while the NIST SRM 3133 calibration is routinely used 
at the Jožef Stefan Institute (JSI). Both calibrations are traceable to SI units (VSL 
calibration directly, JSI calibration indirectly through generation of Hg0 from an aqueous 
solution), unlike bell-jar calibration. Since the output of the VSL Hg0 permeation calibrator 
(also called the primary gas standard) was previously well characterized (Ent et al., 2014), 
it was used as a reference value for comparisons. Mercury from different calibrations was 
sampled with sorbent traps (carbon and gold sorbent traps). Sorbent traps were chosen as 
a suitable medium for use as a transfer standard. Background and flue gas GEM amounts 
ranging from 2 to 1000 ng were used for comparison studies. 

The first comparison was for the 2-10 ng Hg range. Amasil™ (gold-impregnated silica) 
sorbent traps loaded with the primary gas standard were analyzed by VSL and also by the 
National Physics Laboratory (NPL). Both laboratories used a PSA Sir Galahad analyzer 
that was calibrated with the bell-jar. The second comparison was for the 10-1000 ng Hg 
range. Gold and carbon traps loaded with the primary gas standard were analyzed by JSI 
using a Lumex mercury analyzer. In this case, the analyzer was calibrated using NIST 
SRM 3133. 

The comparison results show that the bell-jar GEM output is approximately 8% lower 
than the output of the primary gas standard. The observed difference in our work is similar 
to that reported by Srivastava & Hodges (2018). The NIST 3133 calibration was in good 
agreement with the primary gas standard: only 1.3% discrepancies were found, which was 
within measurement uncertainty.  

Sorbent of the primary gas standard with sorbent traps was found to be suitable for 
obtaining transfer standards with a reproducibility standard deviation of 3%. The use of 
sorbent traps as transfer standards can be convenient for the establishment of metrological 
traceability of mercury equipment used in the field. The comparison results imply that 
both SI traceable calibrations gave comparable results within their measurement 
uncertainty, while the bell-jar gave significantly different results. Based on this, our work 
shows that the use of Dumarey equation gives a negative bias of approximately 8%. 
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I contributed to the manuscript by performing Hg0 calibration based on NIST SRM 
3133, preparing tables and finalizing the final draft of the manuscript. 
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3.2 Manuscript 2: Validating an Evaporative Calibrator for 
Gaseous Oxidized Mercury 

Gačnik J., Živković I., Ribeiro Guevara S., Jaćimović R., Kotnik J., Horvat M. (2021). 
Sensors, 21, 2501 
 
Calibration approaches for gaseous oxidized mercury are very limited, especially with 
regard to calibration at ambient concentration levels. Commercially available calibrators 
are mostly aimed at flue gas GOM calibration and are not validated for use at low 
concentration levels. This is also the case for the newly developed GOM calibration unit 
described by Saxholm et al. (2020). The developed calibrator uses the evaporation of an 
aqueous HgII solution and mixing it with a carrier gas to obtain a HgII reference gas that 
can be used for GOM calibration. Even though recent work has shown linearity of 
calibrator output even at near-ambient concentrations (Petrov et al., 2020), linearity alone 
is not a sufficient indicator of validity. Further validation of the calibrator feasibility for 
use at different concentration levels is needed. 

In this paper, we attempted to validate the GOM calibration unit developed by 
Saxholm et al. (2020) for use at different concentration levels. We compared the expected 
output of the calibration unit (as stated by the manufacturer) with the actual output 
observed in validation experiments. Since the focus of our work was on ambient GOM 
concentrations, we used the 197Hg radiotracer which enabled highly sensitive and selective 
measurements. Additionally, we performed speciation measurements of the calibrator 
output to determine if the output contained unwanted GEM in addition to GOM. For 
speciation, we used impinging solutions to separate GEM and GOM. The stability of the 
calibrator output was also tested to see how the unit behaves over long operation times. 
Since we expected that there would be some degree of GOM adsorption to the tubing inside 
or outside of the calibrator, we applied washing procedures for the tubing. Washing 
solutions were comprised of HCl and HNO3 to effectively remove all adsorbed GOM. By 
doing so, we could potentially evaluate the absorption levels and attempt to reduce it. The 
manufacturers of the unit speculated that the calibrator could produce gaseous HgBr2 in 
addition to HgCl2, so we performed all of the aforementioned experiments with both HgII 
species. 

The results of our paper showed that the behaviour of the tested GOM calibration unit 
changed significantly when going from high to low GOM concentrations. Recoveries (ratios 
of actual to expected calibrator outputs) were around 90% for the concentrations above 
1000 ng m−3 of HgCl2, and low relative amounts of GEM were found in the output. This 
was not the case for concentrations under 1000 ng m−3 of HgCl2, since recoveries dropped 
as low as 39.4% when the lowest HgCl2 concentration (5.90 ng m−3) was used. Additionally, 
the relative GEM amount increased when switching to low HgCl2 concentrations. A clear, 
time-dependent output of the calibrator output was observed at all concentration levels; 
output consistently increased over the tested 4-day operation periods. The revealed 
discrepancies between the theoretical and actual calibrator output were attributed to the 
adsorption of HgCl2 on Teflon tubing. The results using HgBr2 showed that HgBr2 is even 
more problematic due to higher adsorptive properties than HgCl2. Due to unsatisfactory 
results, even at the highest concentration levels, we abandoned the idea that the calibration 
unit could be used for HgBr2 gas.  

Using the adsorption results for HgCl2, we applied an adsorption isotherm to calculate 
the thermodynamic properties of HgCl2 adsorption onto Teflon tubing. Langmuir isotherm 
gave the best fit and using it we calculated the adsorption enthalpy (∆Hads); a ∆Hads value 
of −12.33 kJ mol−1 was obtained. The negative value of ∆Hads suggested that adsorption of 
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HgCl2 is an exothermal process, which is consistent with the observations that high 
temperatures inhibit HgCl2 adsorption. Finally, we tried to minimize the adsorption by 
saturating the adsorption sites with high HgCl2 concentrations before using low HgCl2 
concentrations. The attempt was unsuccessful since adsorption of HgCl2 was found to be 
reversible rather than irreversible. 

The newly developed GOM calibrator can be used for calibration of flue gas GOM if 
the recovery correction is included. The recovery correction brings an additional component 
to the estimation of calibrator uncertainty which must be accounted for. For ambient GOM 
concentration levels, the calibrator is not feasible because adsorption becomes too large of 
a factor for reliable GOM calibrations. This is the case for both HgCl2 and HgBr2 calibration 
gas. Our results point towards the need for a newly designed or improved GOM calibration 
that would be suitable for ambient GOM concentrations, not only for flue gas 
concentrations. 

 
My contribution to the present manuscript was in performing the experimental part of 

calibrator validation tests and the adsorption evaluation. I also participated in the 
calculation of thermodynamic parameters (adsorption isotherms and adsorption enthalpy), 
preparation of tables and figures, and in the writing of the manuscript. 
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3.3 Manuscript 3: Behavior of KCl Sorbent Traps and KCl 
Trapping Solutions Used for Atmospheric Mercury 
Speciation: Stability and Specificity 

Gačnik J., Živković I., Ribeiro Guevara S., Jaćimović R., Kotnik J., De Feo G., Dexter 
M. A., Corns W. T., Horvat M. (2021). Atmospheric Measurement Techniques, 14, 6619-
6631 

 
The sampling of gaseous oxidized mercury is the largest source of bias and uncertainty for 
ambient GOM analysis. Currently, the widely used ambient GOM sampling by denuders 
is being replaced by other sampling methods, such as cation-exchange membranes. Even 
though sorbent membranes are advantageous over denuders from the standpoint of 
sampling losses, their temporal resolution is low (1-2 weeks). Since all currently used GOM 
sampling methods have certain drawbacks, the investigation of alternative sampling 
methods is needed. As such, sorbent traps and impinging solutions have potential for 
ambient GOM sampling, but have so far mostly been used only for flue gas sampling.  

In our presented article, we evaluated sorbent traps and impinging solutions for ambient 
GOM sampling from the perspective of stability and specificity. For sorbent traps, we 
tested KCl crystal, quartz wool impregnated with KCl, and KCl crystal with Al2O3. A 1 
mol L−1 KCl solution was tested as the impinging solution. 

Sorbent traps were tested for specificity by exposing the sorbent material to Hg0. We 
used fresh and reused sorbents to evaluate the potential effect of reuse on specificity. Since 
sorbents must be GOM selective, retention of GEM must be as low as possible. This turned 
out to be true for all three fresh sorbents (negligible GEM retention), while some GEM 
retention was observed while testing KCl crystal and KCl crystal with Al2O3. Specificity 
tests for sorbent traps have shown that fresh (never used before) sorbent materials should 
always be the preferred choice. Sorbent trap stability tests were done by loading a known 
amount of HgII on the sorbent, exposing it to the airflow, and monitoring the HgII losses 
during half-hour intervals. Stability tests were conducted under a wide variety of 
experimental conditions: HgCl2/HgBr2 species, high/low concentration, calibrator/spike 
HgII loading, and high/low airflow. Overall, the HgII stability was good for all tested 
conditions, with under 3% losses observed in most experiments. We observed concentration 
dependence of HgII losses, the highest relative losses were observed when using low HgII 
concentrations. The effects of the other tested experimental conditions were statistically 
insignificant. 

KCl impinging solution was tested for specificity by evaluating the solubility and 
oxidation of Hg0 in the solution. Firstly, a Hg0 solubility experiment was conducted by 
purging a known flow with a known amount of Hg0 through the KCl solution. To ensure 
that no Hg0 oxidation occurred and that the retained Hg0 was only due to solubilization of 
Hg0, the reductant SnCl2 was added. Hg in solution and Hg0 that passed through the 
solution were measured, and the results were used to calculate Henry’s law constant. The 
value of the constant was 0.0093, which can be used for future estimations of Hg0 solubility 
in KCl solution. A similar test, but without the reducing agent SnCl2, was used to study 
the oxidation of Hg0 in the KCl solution. For nitrogen and air matrices, Hg0 oxidation was 
found to be 2.9% and 3%, respectively. At the end, the results from Hg0 solubility and 
oxidation were used in the predicted bias calculation. We predicted that GOM 
overestimation bias of up to 3000% could originate from the Hg0 solubility and oxidation 
in KCl impinging solutions. The predicted bias is highly dependent on the GEM:GOM 
ratio and the concentration considered. At flue gas Hg concentrations with relatively higher 
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GOM fraction, the bias is small, while this is not the case for ambient air Hg concentrations. 
The stability of HgII in the KCl solution was also checked: no losses were observed, which 
indicated that HgII is stable in the solution. 

All tested KCl sorbent traps materials were found to be suitable for sampling ambient 
GOM. The sorbent traps exhibited good selectivity (negligible Hg0 retention) and stability 
(small HgII losses) for HgII species. KCl impinging solutions were not selective due to the 
Hg0 solubility and oxidation in the solution, which could lead to large biases. Due to the 
lack of selectivity, our results suggest that KCl impinging solutions are not a suitable 
medium for the preconcentration of ambient GOM. Further comparison work for GOM 
sampling with denuders, membranes, and sorbent traps is needed. The development of a 
traceable source of HgII species could provide a much-needed tool for unambiguous 
validation of GOM sampling methods. 

 
In the present manuscript, I participated in all experimental work related to KCl 

sorbent traps. I also participated in preparation of figures and tables, statistical analyses, 
and in the writing of the manuscript. 
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3.4 Manuscript 4: Calibration Approach for Gaseous 
Oxidized Mercury Based on Nonthermal Plasma 
Oxidation of Elemental Mercury 

Gačnik J., Živković I., Ribeiro Guevara S., Kotnik J., Berisha S., Vijayakumaran Nair S., 
Jurov A., Cvelbar U., Horvat M. (2022). Analytical Chemistry, 94, 8234-8240 

 
Atmospheric mercury measurements carried out in recent decades have been subject to 
bias mainly due to metrological difficulties. One of the major constraints is an accurate 
and precise calibration of analytical equipment. Calibration approaches for GOM that use 
direct calibration with HgII species rather than indirect calibration with Hg0 are scarce. 
Scarcity is most evident when considering GOM calibrations that are suitable for 
calibration at ambient GOM concentration levels. Even though attempts have been made 
to establish metrological traceability of GOM calibration (Seth N. Lyman, Gratz, et al., 
2020), direct calibration of HgII species that is also metrologically traceable is non-existent. 

In the present manuscript, we have developed a calibration approach for GOM based 
on the nonthermal plasma (NTP) oxidation of Hg0 to HgII species (HgO, HgCl2, and HgBr2) 
in the presence of a reaction gas. The developed calibration consists of three steps: i) 
generation of a known amount of Hg0, ii) oxidation of Hg0 to HgII by NTP in the presence 
of reaction gas, and iii) thermal reduction of HgII to Hg0. The first step is well established, 
while the second and third step had to be validated. Validation and proof of concept were 
done using the 197Hg radiotracer. Using 197Hg radiotracer, we studied the Hg0 → HgII 
oxidation efficiency and HgII → Hg0 thermal reduction efficiency. Additionally, the 
uncertainty of the NTP calibration approach was evaluated. At the end, we attempted to 
experimentally identify the produced HgII species. 

Firstly, we evaluated the thermal reduction efficiency. To promote thermal reduction, 
we tested 4 different catalysts: gold-coated silica, platinum wire, quartz wool, and Al2O3 
(corundum). Al2O3 catalyst showed the best thermal reduction efficiencies, completely 
reducing HgII to Hg0 (100% thermal reduction efficiency). Consequently, Al2O3 was 
implemented in the final NTP calibration design. Secondly, we studied the NTP oxidation 
efficiency by capturing NTP-produced HgII species in situ with the so-called “plasma trap” 
(KCl crystal and Al2O3 catalyst). Unconverted Hg0 (breakthrough) was captured on the 
downstream Au trap. The oxidation efficiencies with the corresponding expanded standard 
uncertainty values were 100.5 ± 4.7% (k = 2) for 100 pg of HgO, 96.8 ± 7.3% (k = 2) for 
250 pg of HgCl2, and 77.3 ± 9.4% (k = 2) for 250 pg of HgBr2. The oxidation of HgBr2 was 
hindered by the electrolytic production of Br2 reaction gas, which is tedious to handle and 
highly reactive. Finally, we used temperature-programmed desorption quadrupole mass 
spectrometry (TPD-QMS) to qualitatively confirm that we had indeed produced HgO, 
HgCl2, and HgBr2. By comparison to literature values for desorption temperatures and 
desorption temperatures of standards, we confirmed that the produced species were HgO, 
HgCl2, and HgBr2. 

The developed NTP oxidation of Hg0 to HgII species presents a viable approach for the 
calibration of GOM measurement instrumentation. Our calibration approach can reliably 
produce known quantities of HgO and HgCl2, while further optimization is needed for 
HgBr2 production. The presence of all produced species was qualitatively confirmed. Our 
calibration produces HgII species discretely (“batch-type” calibration); further work is 
planned to establish continuous production of HgII species since a continuous source will 
mostly likely be needed for the flue GOM gas calibration. Establishing traceability to SI 
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units could be possible through NIST SRM 3133, but this assumption has to be 
experimentally confirmed in the future. 

 
In the present manuscript, my contribution consisted of performing the experimental 

work, evaluating the combined standard uncertainty of the developed calibration, 
preparing figures and tables, preparing early drafts for the journal cover art, and in the 
writing of the manuscript. 
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Chapter 3 

4 Conclusions 

This dissertation focused on the metrology of atmospheric mercury species, specifically the 
sampling and calibration methods that are used for atmospheric Hg speciation. Such 
sampling and calibration methods already exist but are either i) limited in potential 
applications, ii) source of bias, iii) highly uncertain, or iv) not validated. As a consequence, 
results obtained from global atmospheric Hg measurements are often not comparable and 
metrologically traceable, which hinders interpretations and global mercury models. 
Therefore, we first evaluated three different GEM calibration approaches (Manuscript 1, 
Section 0) and a GOM calibration unit (Manuscript 2, Section 3.2). We then tested GOM 
sampling methods that are conventionally used for elevated flue gas GOM concentrations 
for potential use at ambient concentrations (Manuscript 3, Section 3.3). At the end, we 
used nonthermal plasma for oxidation of Hg0 to HgII species. NTP oxidation of Hg0 has 
previously been used for the removal of Hg from flue gas, while we applied it for GOM 
calibration approach (Manuscript 4, Section 0). The conclusions drawn from the mentioned 
manuscripts and their supporting materials are pointed out below and follow the 
hypotheses of the dissertation.  

In most of our experiments, we used the 197Hg radiotracer as a validation tool for the 
calibration and sampling methods for GOM. Accuracy and precision tests were done for a 
GOM evaporative calibrator and sorbent traps materials for GOM sampling - all performed 
with the 197Hg radiotracer. The radiotracer enabled experiments at ambient or near-
ambient concentration levels due to its selectivity and specificity, which confirmed our 
hypothesis. A major advantage over validation using isotope dilution ICP-MS is the 
absence of blanks, which often hinder the validation of atmospheric mercury speciation at 
low concentration levels. These favourable characteristics of the 197Hg radiotracer were also 
used for validation and proof-of-concept in the development of a novel calibration approach 
for GOM using NTP oxidation. 

In the comparison of different approaches for GEM calibration, we compared three 
GEM calibrations: VSL primary gas standard (SI traceable), JSI calibration via NIST SRM 
3133 (SI traceable), and bell-jar calibration (traceable to the empirical equation). Their 
output was captured with two different sorbent trap materials: activated carbon and gold 
sorbents. The primary gas standard was used as a reference for the other two calibrations 
since it was previously well characterized. While the primary gas standard and the NIST 
SRM 3133 gave comparable results, the results of bell-jar calibration were statistically 
different. All sorbent materials for capturing the output of the calibrations gave comparable 
and consistent results. Ours has shown that sorbent traps can be effectively used as transfer 
standards for field calibration of measurement instrumentation. We observed agreement 
between the two SI traceable calibrations (VSL and JSI calibration) and disagreement 
between the SI traceable calibration and the bell-jar calibration. These results indicated 
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that the establishment of SI traceability for atmospheric Hg measurements is crucial for 
comparable measurement results. 

Evaluation of the specificity and stability of sorbent trap materials and impinging 
solutions for GOM sampling showed that sampling conditions influence the behaviour of 
tested methods. We found that the losses of HgII during sampling with KCl sorbent 
materials are concentration-dependent. Low HgII concentrations resulted in higher relative 
losses than high HgII concentrations during exposures to airflow, indicating that findings 
from experiments that use high HgII concentrations cannot be generalized to all 
concentration levels. The specificity of the sorbent trap materials was decreased if the 
material was not fresh but previously reused. KCl sorbent materials were found to be 
feasible for ambient GOM sampling, since the specificity and stability of KCl sorbent 
materials were generally good. 

The KCl impinging solution retained HgII well since we observed no HgII losses during 
simulated sampling conditions. On the other hand, the specificity was not satisfactory due 
to the solubility and oxidation of Hg0 in the impinging solution, resulting in a large GOM 
overestimation bias. Theoretical calculations showed that the extent of the bias depended 
on the composition of atmospheric mercury (the ratio of GEM to GOM): the bias correlated 
positively with the relative GEM concentration. Due to the large GOM overestimation, 
KCl impinging solutions have proven unsuitable for ambient GOM sampling. Overall, we 
confirmed the hypothesis that losses and interconversions of Hg species during atmospheric 
sampling are largely dependent on sampling and atmospheric conditions. The results 
showed that different sampling methods have their own advantages and drawbacks; the 
use of an appropriate sampling method should be evaluated on a case-by-case basis. 

Validation experiments for a GOM calibrator based on dynamic gas evaporation were 
conducted to assess the potential for the use of evaporative calibrators at ambient GOM 
concentrations. Previous work showed promising results and demonstrated accurate and 
precise outputs of the calibrator, but it was only done for high flue gas GOM 
concentrations. Our experiments on calibrator accuracy, stability, and precision have 
shown that all of these measures of calibrator behaviour decrease when going to near-
ambient GOM concentration levels. We attributed this occurrence to the adsorption of HgII 
species on Teflon tubing, which was confirmed both experimentally (acid washing solutions 
for tubing) and theoretically (calculation of ∆Hads by Langmuir isotherm). Efforts were 
made to reduce adsorption, but the results were not improved. We concluded that the 
tested evaporative calibrator is fit for the purpose of calibrations at elevated GOM 
concentrations, while this is not the case for ambient GOM concentrations – confirming 
our hypothesis. Since alternatives to such calibration at ambient concentrations also 
commonly succumb to problems with adsorption and instability, this pointed toward the 
need for the development of new calibration methods. 

The knowledge gathered from the validation work for GOM analytical infrastructure 
indicated the need to develop new sampling and calibration methods focused on ambient 
concentration levels. Therefore, we developed a calibration approach for ambient GOM 
calibration that generates HgO, HgCl2, and HgBr2. The approach consisted of the 
generation of a known quantity of Hg0, the quantitative oxidation of Hg0 to HgII by 
nonthermal plasma in the presence of reaction gas, and the thermal reduction of HgII to 
Hg0. Quantitative oxidation and thermal reduction were validated for HgO and HgCl2, 
while further optimization of the setup is needed for HgBr2. The presence of each species 
was confirmed by qualitative TPD-QMS analysis.  

We used 197Hg radiotracer in the development of the NTP calibration approach. Though 
the radiotracer enabled all of the validation work at ambient concentration levels, it is not 
an integral part of the calibration. For real-time calibration, the use of non-radioactive 
(“normal”) mercury is intended. Instead of the radiotracer, mercury in the form of NIST 
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SRM 3133 could be used, which could provide SI traceability of the developed calibration. 
As the accuracy was high and the measurement uncertainty was suitable for ambient GOM 
calibration, this served to confirm our hypothesis that NTP calibration approach could 
provide SI traceable GOM calibration in the future. However, potential blank issues could 
prevent SI traceability, and further experimental validation is needed. 

The traceable generation of HgO, HgCl2, and HgBr2 with nonthermal plasma oxidation 
of Hg0 could open new possibilities for stable isotope measurements. We hypothesized that 
nonthermal plasma calibration is a suitable calibration method for Hg stable isotope 
measurements of Hg and its species in the atmosphere. HgII species can be generated by 
NTP from NIST SRM 3133. Since NIST SRM 3133 is also used as a standard for the stable 
isotope composition of Hg, the NTP calibration could serve as a standard for stable isotope 
measurements of HgII species. This confirms our hypothesis only in theory, but additional 
work is planned to confirm it experimentally as well. The same hypothesis was rejected for 
evaporative calibrators, as low accuracy and precision prevent their application for stable 
isotope calibration. 
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