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HIGHLIGHTS GRAPHICAL ABSTRACT

e Gold amalgamation procedure measures
a Hg fraction in between Hg® and TGM.

© 10-75 % of Hg" is recovered as Hg® by
the Tekran 2537 analyzer.

o Hg" is lost through adsorption and
inefficient thermal desorption of Hg

Gold sampling
GEM (Hg®) or

Hg" calibrator

from gold. HgBr, TGM (Hg+ Hg")?
o Thermolyzer quantitatively converted (Hg"

Hg' to Hg’ to enable a TGM

measurement.

e Tekran 2537B models measured 1.5 Hg° calibrator

times higher Hg concentrations than

2537X models. Hg° ﬁ H

ARTICLE INFO ABSTRACT

Handling Editor: Xiu-Ping Yan Background: Atmospheric mercury (Hg) concentrations are quantified primarily through preconcentration on
gold (Au) cartridges through amalgamation and subsequent thermal desorption into an atomic fluorescence

Keywords: spectrometry detector. This procedure has been used for decades, and is implemented in the industry-standard

Gaseous elemental mercury atmospheric Hg analyzer, the Tekran 2537. There is ongoing debate as to whether gaseous elemental mercury

Gold amalgamation

‘ . . (Hg") or total gaseous mercury (TGM, Hg® + Hg"") is measured using Au cartridges. The raw Hg signal processing
Peak integration algorithm

Permeation calibrator algorithms for the Tekran 2537 analyzer have also been questioned. The objective of this work was to develop a

Tekran 2537 analyzer better understanding of what forms of Hg are collected on gold cartridges through the use of permeation tube-

Total gaseous mercury based calibrators, that release known amounts of Hg® and Hg". The potential differences between different
Tekran analyzer models (i.e., 2537B versus 2537X) Hg signal processing algorithms, and Hg calibration methods
were also investigated.
Results: Experiments were performed using Hg® and Hg"! permeation calibrators. Validation tests showed that the
Hg" calibrator produced a reproducible and stable Hg" permeation rate (2.2 + 0.2 pg min!). Results of Hg""
sampling and analysis using Au amalgamation showed the gold cartridges measured up to 75 % Hg", with the
value at the beginning of the Hg'! measurement being much lower (as low as 10 %) due to Hg"" adsorption on
analyzer surfaces and the Tekran particulate filter. Furthermore, thermal desorption of Hg from Au reduced only
80 % of Hg"! to Hg®, resulting in additional Hg" that was not measured by the analyzer. By adding a thermolyzer
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upstream of the analyzer, 97 % of Hg" was measured as Hg®. Additionally, Hg® measurements using Tekran 2537
B and X models using a newly developed signal processing algorithm, different peak integration methods, and
two Hg® sources were compared. Results showed the 2537X model was not affected by the integration type,
while the 2537B model was. Bell jar calibration based on the Dumarey equation resulted in 6 % + 7 % (mean +
SD) underestimation of measured Hg0 concentrations compared to the calibration with a permeation calibrator.
Significance: Gold cartridges measured an atmospheric Hg fraction somewhere between Hg® and TGM due to Hg"
adsorption and inefficient reduction of Hg" to Hg® during thermal desorption from Au. Since Hg" in ambient air
can be 25 % of total Hg, distinguishing between Hg® and TGM is important. The use of a thermolyzer or a cation
exchange membrane upstream of gold cartridges is recommended to enable TGM or Hg® measurements,
respectively. Observations showed that traceable multipoint calibrations of atmospheric Hg measurements are
needed for Hg quantification, and that different Hg® calibration methods can produce significantly different
results for measured atmospheric Hg concentrations.

1. Introduction

Amalgamation of mercury (Hg) and gold (Au) has been used since
the 11th century for extracting Au from ore [1]. The principle of
amalgamation of Hg and Au has also been applied in analytical chem-
istry. For example, widespread use of Hg amalgamation on Au sorbents
for Hg analysis began in the late 1960s [2-4]. A Au wire sorbent was the
first material applied for atmospheric Hg measurements [4]. In addition
to Au wire, other variants of Au materials have been used to measure Hg,
including Au nanostructures and high surface-area substrates coated
with Au [5]. Cartridges containing Au-coated quartz are currently the
most commonly used sorbent material for atmospheric Hg sampling and
analysis, frequently referred to as “Au cartridges”. Au cartridges are used
in the current industry standard atmospheric Hg analyzer, the Tekran
Instrument Corporation’s 2537 Hg vapor analyzer (hereafter referred to
as “the Tekran analyzer™).

Atmospheric Hg consists of gaseous elemental mercury (Hg®, GEM),
gaseous oxidized mercury (Hg", GOM), and particulate-bound mercury
(Hg-p, PBM). Total gaseous mercury (TGM) is defined as Hg® + Hg'.
Most of the current analytical challenges are related to Hg" and Hg-p
measurements, as they are reactive and usually present at low pg m—>
concentrations in ambient air [6], compared to much higher Hg® con-
centrations that are typically 1-2 ng m~>. Nevertheless, uncertainties
also exist for Hg® and TGM measurements, even after more than 50 years
of atmospheric Hg measurements. During the Tekran analyzer standard
operating procedure, ambient air is drawn through Au cartridges to
preconcentrate atmospheric Hg, followed by thermal desorption in
argon carrier gas and detection of Hg® using cold vapor atomic fluo-
rescence spectrometry (CVAFS) [7]. The uncertainty of raw Hg CVAFS
signal processing has been previously investigated, and studies showed
that improved peak integration algorithms can promote better compa-
rability of Hg® and TGM measurement results obtained with different
Tekran analyzers [8-10]. However, further work on integration algo-
rithms is needed. One of the biggest uncertainties in atmospheric Hg®
and TGM measurements is whether sampling and analysis using an Au
cartridge results in a Hgo measurement, a TGM measurement, or
somewhere in between. The topic is still a matter of debate, without
conclusive experimental results [11-13]. Processes occurring during
sampling and analysis of gaseous Hg" with the Tekran analyzer are not
well understood, although it is known that any Hg" potentially reaching
the CVAFS is not detected at the wavelength used by the analyzer (253.7
nm) [14]. Furthermore, Hgo measurements using collocated instruments
from the same manufacturer can differ by up to 30 % [12,15], raising
questions about the comparability of measurement data. The compara-
bility of atmospheric Hg measurement data is crucial in the light of the
Minamata Convention on Mercury, ratified in 2013. The Convention,
established by the international community, aims to reduce anthropo-
genic emissions and releases of Hg into the environment.

Studies of gaseous Hg' have been limited by the unavailability of
reliable Hg" calibration sources. However, recent advances in Hg"
permeation sources [16,17] and introduction of new HgII sources, such
as a source based on nonthermal plasma oxidation [18], allow new

insights into gaseous Hg'" behavior. The objective of this work was to use
improved Hg sources to enhance our understanding of atmospheric Hg
analyzers, ultimately aiming to improve the quality of atmospheric Hg
monitoring—an essential aspect for evaluating the effectiveness of the
Minamata Convention. To this end, a newly developed Hg"" permeation
calibrator was validated and used to better understand the processes
occurring during Au cartridge sampling of gaseous Hg" and during
typical operational conditions of the Tekran 2537 analyzer. Addition-
ally, a real-time peak height calculation algorithm was developed that
can be used with legacy Tekran 2537 analyzers (Tekran 2537A and
2537B) that do not have a peak height calculation option. The developed
algorithm was used to conduct experiments to simultaneously compare:
i) peak area and peak height integration; ii) bell jar and permeation
calibrator Hg0 calibration; and iii) Tekran 2537B and Tekran 2537X
analyzers.

2. Materials and methods
2.1. Hg permeation calibrators

Hg!! calibrations were performed with a custom-built permeation
tube-based calibrator. Some components of the calibrator were based on
previous designs [15-17]. All tubing and fittings in the calibrator that
were exposed to Hg!! were constructed of stainless steel coated with
deactivated fused silica (Sulfinert by SilcoTek Corporation). The cali-
brator used an HgBr, permeation tube, constructed from 0.2 mm poly-
tetrafluoroethylene (PTFE) tubing as described in Ref. [17]. The tube
was housed in a 5 mm inner diameter tube, and ultra-high purity helium
(He), controlled by a 7 pm flow orifice, flowed across the permeation
tube at 10 mL min’. The permeation tube housing was kept within an
insulated aluminum block at 50 + 0.05 °C. The HgBr, permeation tube
was allowed to equilibrate at its set temperature for at least 48 h before
use. After the housing, Hg and He passed through a 1 mm inner diameter
tube of 10 cm length, through a zero dead volume tee (Valco Instruments
Company Incorporated), and into a 2 mm inner diameter tube of 30 cm
length. Ambient air that passed through an iodated carbon scrubber and
a 0.2 pm filter was added at the zero dead volume tee and controlled
with a mass flow controller to create a total flow of 200 mL min~!. After
the 2 mm inner diameter tube, the gas mixture passed through a custom
Venturi-type flow meter. The flow meter consisted of a 5 cm length of 1
mm inner diameter tubing followed by a 5 cm length of 0.5 mm inner
diameter tubing, followed by an outlet line that consisted of a 0.5 mm
inner diameter tube of 1.2 m length. The lengths of tubing were con-
nected with zero dead volume tees, and differential pressure was
measured at the two downstream-most tees. The flow rate was deter-
mined from the differential pressure measurement by linear regression
with results from a NIST-traceable Bios DryCal flow meter. All tubing
after the aluminum block, including the flow meter, was insulated and
heated to 150 £ 1 °C.

Hg® calibrations were performed with the calibrator described by
Dunham-Cheatham et al. [15]. Briefly, it was similar to the HgII cali-
brator described above, except (1) it contained several permeation
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tubes, and a VICI gas chromatography valve was used to select among
the tubes, (2) it contained a second gas chromatography valve that
allowed for selection between two available outlet lines, (3) permeation
tubes were heated to 70 £ 0.05 °C, (4) high-purity N, was used as the
carrier gas, flow orifices were coated with Sulfinert® and placed
downstream of permeation tubes to ensure the tubes were under con-
stant pressure, (5) the permeation oven was configured differently (see
Dunham-Cheatham et al. for details), and (5) all components after the
permeation oven were heated to 140 + 1 °C.

2.2. Calibrator validation tests

The experiments conducted in this work depended on the well-
characterized permeation rate of the Hg"' and Hg® calibrators. Valida-
tion of the Hg® calibrator was done in previous work [19]; the Hg®
permeation rate was determined to be 10.9 pg sL. Therefore, validation
tests were performed for the Hg" calibrator to determine Hg" (Fig. 1A)
and Hg® permeation rates from its HgBr, permeation tube (Fig. 1B).

The permeation rate of Hg' was tested by connecting the calibrator
outlet to a filter pack containing cation exchange membranes (CEM; Pall
Corporation, Mustang S; 0.8 pm pore size). CEM were used as they were
previously shown to capture Hg" quantitatively, while not retaining Hg®
[20]. Additionally, CEM outperformed other alternative membrane
surfaces tested for Hg" retention [21]. The stability of the Hg"
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permeation rate was tested by loading CEM at different times during 24
h of continuous calibrator operation. Reproducibility was tested by
comparing permeation rates obtained on different days over a span of 3
months of calibrator tests. CEM were loaded for 10 min at 1 L min*
flow; the target amount of Hg" loaded on the CEM was ~1 ng. The
calibrator outlet was inserted directly into the filter cartridge around 2
cm away from the CEM to minimize potential HgBr, adsorption to the
filter cartridge. The connection between the filter cartridge and the
calibrator outlet was not airtight to prevent pressure issues within the
calibrator that could cause instabilities in the HgBry permeation rate.
Consequently, a small amount of Hg"" and Hg-p (negligible in compari-
son to the Hg" permeating from the calibrator) was drawn through the
membranes from the laboratory air. This was accounted for by sub-
tracting method blanks made by drawing laboratory air through the
filter cartridge without exposure to the flow of HgBr5 from the calibrator
and doing so for the same amount of time as the duration of the
experiment [21]. Typically, at least 3 CEM were used for method blanks
and at least 3 CEM were loaded with Hg"! at the start and at the end of
each experimental day (6 CEM in total). The mean Hg" permeation rate
was then obtained by averaging Hg'" permeation rates observed on 7
different days (n = 25 total).

The permeation rate of Hg® from the Hg" calibrator was tested in two
steps. In the first step (loading step), an airtight connection was made
between the Hg' calibrator and a CEM cartridge. Downstream of the
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Fig. 1. Experimental setup for characterization of the calibrator output: A) determination of Hg" permeation rate and B) determination of Hg® permeation rate from
the Hg" calibrator. Experimental setup for Au sampling tests: C) direct loading of Hg"" into the Tekran analyzer, D) loading of Hg" into an external Au cartridge
followed by Hg® measurement using the Tekran analyzer, E) loading of Hg" into thermolyzer and subsequent analysis of Hg® using the Tekran analyzer, and F)
evaluation of Hg" breakthrough for the Au cartridges. All CEM were analyzed according to EPA method 1631 Revision E.
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CEM, an Au cartridge (Tekran part number 35-26510-00) was con-
nected. The flow rate of 0.2 L min~! was driven by the calibrator. Hg"!
was retained by the CEM, while Hg® passed through the CEM and was
retained on the Au cartridge. Loading was carried out for 3 min to ensure
sufficient Hg® on the Au cartridge for analysis. Before and after each
loading, the Au cartridge was heated in zero (Hg-free) air connected to
the Tekran 2537X to confirm that there was no Hg leftover on the car-
tridge (<1 % of the loaded Hg amount), therefore blanks were not
subtracted. In the second step, the downstream Au cartridge was
transferred to a Hg-free line with scrubbed air using a charcoal filter, and
Hg® was released from the Au cartridge in the vacuum flow of 1 L min ™~}
(controlled by the Tekran vacuum pump) by coil heating (30 s ramp
heating to 600-650 °C, simulating the procedure used by the Tekran
analyzer). The released Hg® was measured using a Tekran 2537X. The
whole procedure was repeated 10 times. An external Au cartridge was
used to enable a two-step procedure, required due to a flow rate and
pressure mismatch between the calibrator and the Tekran analyzer. The
external Au cartridge was calibrated using bell jar Hg® injections based
on the Dumarey equation [22]. The bell jar was kept at 20 °C that was
also room temperature, to avoid errors due to temperature differences.
Best practice guidelines outlined in Brown & Brown [23] and Tekran®
2537 manuals [7] were followed for bell jar injections to minimize the
potential biases in injected Hg® concentration. There was no statistically
significant difference between the external Au cartridge Hg® injections
and Hg" injections directly into the Tekran® 2537X analyzer (t-test, p >
0.05). The same calibration procedure was performed for all external Au
cartridges used in this work.

2.3. Au sampling tests

The Hg" permeation calibrator and Tekran 2537X analyzer were
used for all experiments described in this section. First, the Hg!
permeation calibrator was connected directly to the Tekran analyzer and
the experiment was conducted continuously for approximately 2 days
(Fig. 1C). During the 5-min sampling intervals used by the Tekran
analyzer, 90 pg of Hg"! was permeated from the calibrator (at a sampling
flow rate of 1 L min !, this is equivalent to the expected concentration of
18 ng Hg" m 3 measured by the Tekran analyzer). Due to the flow rate
and pressure mismatch between the calibrator and the Tekran analyzer,
the connection between the two instruments was not airtight. Therefore,
laboratory air was drawn into the Tekran analyzer in addition to the
permeated Hg, meaning that subtraction of laboratory air Hg concen-
tration was needed. Laboratory air Hg concentration was measured for
50 min with the Tekran analyzer before and after the experiment to
ensure the concentration was stable. The mean value and relative
standard deviation for the laboratory air Hg concentration during the
experiment were 5.6 ng m~° and 4 %, respectively.

During the direct continuous injection experiment (Fig. 1C),
adsorption losses of Hg"" were identified (a discussion of Hg"! adsorption
available in the Results and Discussion section), and therefore, addi-
tional experiments were conducted with an external Au cartridge to
eliminate the HgII adsorption losses (Fig. 1D). Adsorption of HgII was
eliminated by minimizing the distance (<2 cm) between the calibrator
outlet and the external Au cartridge. The experiment was carried out in
two steps. First, the external cartridge was loaded with Hg" using the
calibrator. In the second step, the external Au cartridge was transferred
to the Hg-free line and Hg was released from the external Au cartridge by
coil heating (30 s ramp heating to 600-650 °C, simulating the procedure
used by the Tekran analyzer). The released Hg was measured using the
Tekran analyzer.

Thermolyzers have previously been applied in dual-channel systems
for atmospheric Hg analysis [15,17,24]. Thermolyzers can reduce
gaseous Hg"' to Hg® upstream of the Tekran analyzer, potentially
enabling TGM measurements and eliminating issues with adsorption
and incomplete thermal reduction of Hg" to Hg®. Thermolyzer tests were
conducted by permeating Hg" from the calibrator directly into the
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thermolyzer that was connected to a downstream Tekran analyzer
(Fig. 1E). Again, the connection between the calibrator and the ther-
molyzer was not airtight, due to a flow rate and pressure mismatch. The
subtraction of laboratory air Hg concentration was performed in the
same way as described for the direct continuous injection experiment.

The ability of Au cartridges to quantitatively retain Hg"l was tested
using the experimental design shown in Fig. 1F. The calibrator outlet
was connected to an external Au cartridge with a downstream filter pack
containing CEM. The downstream CEM would retain Hg" that passed
through the Au cartridge due to inefficient Hg" retention. Loading was
carried out for 10 min to ensure that the amount of Hg" on the CEM that
potentially passed through the Au cartridge was sufficient for further
analysis.

For all Au sampling tests, the recovery of Hg'! was determined using
equation (1):

Measured Hg" concentration

Recovery of Hg!' = €))

" Theoretical Hg"concentration

Measured Hg" concentration was the Hg! concentration either
measured by the Tekran analyzer (Fig. 1C, D, and E) or by membrane
analysis (Fig. 1F). Theoretical Hg"' concentration was the Hg" concen-
tration calculated based on the known permeation rate of Hg" deter-
mined in the calibrator validation tests.

2.4. Comparison of peak integration types and Tekran 2537 analyzer
models

The latest Tekran analyzer model (model 2537X) uses a built-in peak
area or peak height integration option for CVAFS signal processing.
However, both integration options cannot be used simultaneously for
the same sample measurement, and require recalibration after changing
the integration type. Older models (i.e., models 2537A and 2537B) only
use the peak area integration option [7]. Therefore, a signal processing
algorithm was developed that allows simultaneous peak area and peak
height integration for 2 different models of Tekran analyzers (2537B and
2537X) operating simultaneously. The algorithm was the same as used
by Lyman et al. [17], and was programmed in CRBasic for a CR1000X
data logger. The 2537 analyzers were set to output the detector signal to
the CR1000X at 0.1 s intervals. The CRBasic program calculated the
average signal at the beginning and end of the signal stream and
calculated a linear regression slope for the signal baseline. The signal
was detrended based on the baseline linear regression. The program
then found the maximum signal and calculated the difference between
the maximum and the expected baseline at the point of maximum signal.
This value was the peak height. The peak height calculated this way was
strongly correlated with peak height calculated internally by the 2537X
@ > 0.99).

The comparison experiment was conducted by varying three
different experimental conditions (as shown in Fig. 2 and Fig. S1): i)
instrument model (Tekran 2537B and 2537X analyzers), ii) CVAFS
signal processing type (peak area and peak height integration), and iii)
Hg® source (permeation calibrator and bell jar). Injections using the Hg®
permeation calibrator were performed by manually inserting the cali-
brator outlet into the sample line of Tekran analyzers for a set amount of
time. Injection times from 2 to 50 s were used to obtain 5 different
concentration points. Syringe injections of Hg® from the bell jar were
performed manually by inserting the syringe into the sample line of the
Tekran analyzers. Injection volumes from 2.5 to 50 pL, equivalent to
34-659 pg Hg®, were used to obtain 5 different concentration points.
The bell jar was kept at 20 °C that was also room temperature, to avoid
biases due to temperature differences, as described in detail in Brown &
Brown [23]. In general, best practice guidelines outlined in Brown &
Brown [23] and Tekran 2537 manuals [7] were followed for bell jar
injections to minimize the potential biases in injected Hg® concentra-
tion. The multipoint calibration curves obtained from the bell jar Hg®
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Tekran® 2537B

Peak area Peak height
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Fig. 2. Experimental variations for the comparison experiments. Peak area and height were measured simultaneously for each analyzer. The whole experimental
variation shown in the figure was repeated for 2 sets of Tekran analyzers (4 analyzers were used in total, with two 2537B and two 2537X analyzers).

injections were used to calculate the expected Hg® concentration for
injections using the Hg® permeation calibrator for each Tekran 2537
model. A typical analytical sequence used for the comparison experi-
ment is shown in Table S1. Again, the connection between the calibrator
and the Tekran analyzers was not airtight due to a flow rate and pressure
mismatch. Subtraction of laboratory air Hg concentration was per-
formed in the same way as described in section 3 of materials and
methods. The mean value and relative standard deviation for the labo-
ratory air Hg concentration during the experiments were 6.4 ng m~> and
2 %, respectively. At the end of the analytical sequence, syringe in-
jections of Hg? from the bell jar into the zero air line of the analyzer were
also carried out to confirm that there was no statistically significant
difference between the results obtained by subtracting the laboratory air
Hg concentration and the zero air results (t-test, p > 0.05; for both peak
area and peak height). The comparison experiment was conducted twice
using two different pairs of 2537B and 2537X analyzers (a total of 4
analyzers were used, two 2537B analyzers and two 2537X analyzers) to
eliminate the possibility of a potential analyzer malfunction affecting
the comparison results. After finishing the comparison experiments, 3
out of 4 analyzers used in the comparison were used for measurements
of laboratory air Hg concentrations (Fig. S2). Laboratory air Hg con-
centrations were relatively stable (4.5 + 0.5 ng m >, average of all an-
alyzers + SD) and low in comparison to the Hg® concentrations injected
by the bell jar and permeation calibrator (8-240 ng m~>). Therefore, the
deviation of laboratory air Hg concentration presented 0.2-7% of the
injected Hg® concentrations. We note that the laboratory air Hg mea-
surements were not conducted in the same period as the comparison
experiments, thus the conditions may be different than when compari-
son experiments were conducted, though the room is isolated and Hg
concentrations are relatively stable over long time periods, as previously
measured (data not shown). Overall, the laboratory air Hg measure-
ments further confirmed that subtracting the laboratory air Hg con-
centration did not affect comparison results.

When comparing the bell jar and permeative calibrator results,
equations (2)-(4) were used to calculate the difference between the two
Hg0 sources:

. . hb 1l jar = hc lib:
Relative difference = —=J2r calbrator @)
hcalibrator
hhell j - H1 b
jar;raw aboratory
hoell jor =—F——— 3)

cbell jar Vinj ection

hcalibrator,raw - hlaboratory ( 4)

hcalibraror =
Dcalibrator tinjection

Where: hpey jar is the peak height signal normalized to the mass of HgO
from the bell jar [pg_l]; healibrator is the peak height signal normalizeded
to the mass of Hg0 from the permeative calibrator [pg’l] 5 Mbell jar, raw iS
the raw peak height signal for the bell jar Hgo; Rcalibrator, raw is the raw
peak height signal for the permeative calibrator Hgo; h laboratory 1S the
mean raw peak height signal for the laboratory air Hg; Chel jar is the
concentration of Hg° in the bell jar [pg pol]; Vinjection is the volume of
air drawn from the bell jar with a syringe [UL]; pcalibrator i the HgO
permeation rate of the permeative calibrator [pg s ; tinjection 1S the time
of injection for the permeative calibrator [s]. Raw peak height values
normalized to the mass of injected Hg® were used in equations (3) and
(4) to avoid any potential biases from the internal Tekran calibration.

2.5. Membrane analyses, Tekran analyzer measurements, and data
processing

Total Hg content on CEM was determined using a revised (5.66 %
BrCl) EPA Method 1631 Revision E [25] and subsequent CVAFS using a
Tekran 2600-IVS. For more details about the analytical method for CEM,
see Supplementary material (Text S1).

Tekran 2537B (two analyzers) and 2537X (two analyzers) were
operated at a sampling flow rate of 1 L min* and 2.5 min sampling
cycles. Complete lists of instrument parameters for both analyzer types
are available in Supplementary material (Text S2). The upstream PTFE
membrane (Sartorius Stedium Biotech, 1180747 N; 0.2 pm pore size) for
particle removal was changed once per week or after experiments
exposing PTFE membranes to high Hg" concentrations. The analyzers
were calibrated using the internal Hg® calibration source at the start of
every experimental day. Additionally, the recovery was checked by
performing 6-10 manual injections of Hg® from a bell jar at the start and
end of each experimental day. The detector voltage was kept at ~0.1 +
0.01 V, while the baseline deviation remained below 100 mV. All ana-
lyzers were checked for leaks in the sample lines and argon lines.

Statistical tests, data processing, and data visualization were per-
formed in R, version 4.2.1 [26]. Friedman tests (non-parametric
repeated measures analysis of variance by ranks) were used to test the
statistical similarity of the results for two different Tekran Au cartridges
used for the direct continuous injection test. Friedman tests were used to
test the statistical similarity of comparison data obtained by different
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Tekran 2537 analyzer models. Statistical similarity for external Au
cartridge data was tested using Kruskal-Wallis tests (non-parametric
one-way analysis of variance by ranks). T-tests were used to test the
statistical similarity of the results obtained with subtraction of ambient
air Hg concentrations, the results obtained with zero air, and for com-
parison of peak integration types, Tekran 2537 analyzer models, and
Hg® sources. RStudio code for Friedman and Kruskal-Wallis tests is
available in Supplementary material (Text S3 and S4, respectively).
Creation and editing of the graphical abstract and figures were done in
Inkscape, version 1.2.1.

3. Results and discussion
3.1. Hg" calibrator validation results

The permeation rate of HgII (as HgBry) was stable, with the exception
of the first time point (Fig. 3A). The first time point was an outlier,
because the permeation calibrator required approximately 1 h to
equilibrate and reach a stable Hg" output. All future tests using the
calibrator were conducted to include a minimum of 90 min of equili-
bration time prior to running experiments using the calibrator. The long-
term Hg" permeation rate evaluated over 3 months of calibrator vali-
dation experiments was determined at 2.2 + 0.2 pg s~ ! (mean of means
+ standard deviation of the mean; n = 7) (Fig. 3B). The permeation rate
of Hg® from the Hg" calibrator was determined at 0.13 + 0.01 pg s~}
(mean =+ standard deviation; n = 10). Therefore, the Hg®/Hg" ratio in
the Hg"" calibrator output was 6 %. Literature values for Hg?/Hg" ratios
of different permeation-based Hg" sources vary by the design of the
source [27], with the ratio ranging from <10 % [20,28,29] and up to 70
% [29]. The ratio obtained in our work is at the low end of ratios
observed in the literature. Low Hg®/Hg" ratios are advantageous since
Hg" should be the main form of Hg in the output of Hg" calibrators. In all
subsequent Au sampling tests, the Hg" and Hg® permeation rates
determined in the validation tests were taken into account when
calculating the results obtained with the Hg" calibrator.

>
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3.2. Au sampling results

The stable and reproducible Hg" permeation rates combined with a
low Hg®/Hg" ratio provided the necessary validation data to perform
subsequent Au sampling tests.

The results of direct continuous injection of Hg" into the Tekran
analyzer are shown in Fig. 4A. The recovery of Hg'! at the beginning of
the experiment was as low as 10 %. Over the course of the experiment,
the recovery increased steadily until reaching a plateau of 75 % after 40
h of continuous Hg"! injection. The spike in recovery values during hours
38 and 39 was most likely the result of an unaccounted spike in labo-
ratory Hg concentration. The increase in Hg! recovery over time was
due to adsorption of Hg" on tubing and surfaces in the Tekran analyzer
before Hg!! reached the Au cartridge. This occurrence is in line with the
results obtained by Ref. [30], who observed a similar time-dependent
increase in Hg" recovery when using an evaporative Hg" calibrator in
combination with impinging solutions for Hg" sampling. The sampling
line length during our experiment was minimized, therefore, the only
line that could provide a surface for Hg" adsorption was inside of the
Tekran analyzer. Additionally, the analyzer uses a PTFE filter upstream
of the sample line to remove particulate matter; the PTFE filter provides
additional surface area for Hg" adsorption, as shown in the work of Allen
et al. [21]. After 40 h of continuous HgII injection, surfaces were satu-
rated with adsorbed Hg" and Hg" recovery no longer increased, similar
to what was previously observed [30]. Interestingly, the recovered Hg'!
was statistically different for the two Tekran Au cartridges (cartridges A
and B) (Friedman, p < 0.05), which can be attributed to the fact that the
sample line within the analyzer is split into two lines, one for each Au
cartridge. Concerning real-time atmospheric Hg measurements, the
above results do not significantly affect the TGM measurements if the
relative proportion of HgH in ambient air is small. On the other hand, for
sampling sites with elevated Hg" concentrations and sites exhibiting
sudden spikes of Hg'" concentration, the results from Fig. 4A imply that
TGM measurements would be underestimated due to a dampening effect
on measured HgII concentration. It is important to note that HgII con-
centrations have been shown to be up to 25 % of ambient Hg air con-
centrations [31,32].

The cause of the missing percentage of recovered Hg'! even after 40 h
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Fig. 3. Hg" calibrator validation results: A) stability of Hg" permeation rate during continuous calibrator operation; and B) long-term reproducibility of the Hg"!
permeation rate. In B), the black line with corresponding standard deviation were obtained by averaging Hg" permeation rates observed on 7 different experimental
days (mean of means + SD of the mean, each daily mean representing minimum 3 replicate measurements).
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of direct continuous injection of Hg" into the Tekran analyzer was
investigated using an external Au cartridge where the adsorption of Hg'"
could be minimized. The results of the external Au cartridge experiments
are shown in Fig. 4B. The recovery of Hg" was higher in comparison to
Fig. 4A, which was due to minimized adsorption losses of Hg'\. There
was no statistically significant difference between the results obtained
with different external Au cartridges (cartridges 1, 2, and 3; Kruskal-
Wallis, p > 0.05), confirming that the results were not an outcome of
a malfunctioning Au cartridge. The mean recovery for all experiments
(n = 27) was 80 + 4 % (mean =+ SD). This mean recovery is similar to the
recovery obtained after 40 h of continuous Hg" injection (Figs. 4A and
75 + 2 %; mean =+ SD for all data points after hour 40). The similarity of
the two recovery values indicates that adsorption was indeed the reason
for the low results in the first 40 h of direct continuous injection test, as
hypothesized in the previous paragraph. The missing 20-25 % of
recovered Hg" can be attributed to inefficiency of Hg" to Hg® thermal
reduction during Au cartridge heating (30 s ramp heating to
600-650 °C). Any unconverted Hg" released during Au cartridge heat-
ing is either re-adsorbed on tubing downstream of the Au cartridge, or
passes undetected through the Tekran analyzer since CVAFS only detects
Hg0 [14,25]. Quantitative thermal reduction of HgH to Hg0 requires
specific conditions: Hg" is usually reduced by direct introduction into
thermolyzers maintained at constant temperatures >600 °C [17,29,33]
and/or with the aid of thermal reduction catalysts, such as aluminum
oxide [18] or quartz wool [33]. The thermal reduction of HgII is
particularly challenging when ramp heating of sorbent materials (such
as Au sorbents) is used, as the occurrence of thermal reduction in-
efficiency is common [18].

Fig. 4C shows the results of Hg" injection into the thermolyzer up-
stream of the Tekran analyzer. The mean Hg!! recovery was 97 % + 14 %
(mean + SD). The standard deviation was relatively high due to the
logistics of the calibrator-thermolyzer connection. The calibrator outlet
had to be as close as possible to the thermolyzer inlet, while also being
far enough to prevent possible desorption of Hg into the sampling line
due to elevated temperatures. On the other hand, if the calibrator outlet
was too far from the thermolyzer, adsorption losses of Hg' were
observed. Nevertheless, it is clear that the obtained recovery values were
higher compared to tests without the use of a thermolyzer.

The recovery of Hg" measured as Au cartridge breakthrough onto
CEM was below the limit of detection for all conducted tests (<10 pg, n
= 10; 99 % collection efficiency). Insignificant breakthrough values for
Au cartridge Hg" sampling indicate that Au cartridges quantitatively
retain HgH.

Based on the Au sampling results, the implications for atmospheric
Hg measurements using Tekran 2537 analyzers are as follows: i) the
analyzer measures an atmospheric Hg fraction somewhere between
gaseous Hg® and TGM; ii) Hg" is not measured quantitatively due to
adsorption losses of Hg'' on surfaces inside the analyzer, and due to
incomplete thermal reduction of Hg" to Hg® during the Au cartridge
heating; iii) a thermolyzer can be used upstream of the analyzer to allow
TGM measurement due to minimization of adsorption losses and quan-
titative thermal reduction of Hg' to Hg® and iv) Au cartridges retain
Hg! efficiently under laboratory conditions, with no quantifiable
breakthrough under the experimental conditions. These implications
may be generalized for all analyzers and manual methods that sample
and measure atmospheric Hg using Au sorbent materials. However,
since this study focused on tests with gaseous HgBr,, future research
should incorporate calibrators based on the permeation of other atmo-
spherically relevant Hg" compounds, following a similar experimental
design.

3.3. Comparison of peak integration types and Tekran 2537 analyzer
models

The results of the comparison are shown in Fig. 5. The theoretical 1:1
line was obtained adjusting the results to the calibration curve obtained
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by bell jar Hg? injections and the Dumarey equation [22]. Theoretical
Hg concentration for the Hg® permeation calibrator was obtained from
the known permeation rate of the Hg® calibrator (10.9 + 0.7 pg s %,
based on gravimetric measurements [19]).

The slopes of ordinary least squares (OLS) regressions differed be-
tween peak integration types, Tekran 2537 analyzer models, and also
between different pairs of instruments (OLS regression slopes, in-
tercepts, standard errors, and r? values are shown in Table S2). The most
consistent trend was that the Hg® concentrations measured using the
Tekran 2537B and Tekran 2537X analyzers were lower than expected,
for both analyzer pairs and for both peak height and peak area in-
tegrations, indicating the problem of incomparable calibration methods.
There are disagreements about the Dumarey equation, which describes
the temperature dependence of saturated Hg® vapor concentration in the
bell jar. Some publications have shown that the Dumarey equation gives
accurate Hg0 concentrations [34,35], while others have noted discrep-
ancies, but do not provide an alternative [36-39]. Relative differences of
15 % (first Tekran 2537B), 5 % (second Tekran 2537B), —0.5 % (first
Tekran 2537X), and 4 % (second Tekran 2537X) were observed between
bell jar calibrations and permeation calibrator calibrations (calibrator
was taken as the reference for calculating relative differences, as shown

in equations (2)-(4)); the mean across all analyzers was 5.8 % + 7.0 %
(mean =+ SD). The relative difference of 5.8 % implies that measure-
ments calibrated using the bell jar and the Dumarey equation will result
in atmospheric Hg concentrations 5.8 % lower than measurements
calibrated using the calibrator. This value is in agreement with un-
derestimations reported by Huber et al. [38] (7 %), Quétel et al. [39]
(5.8 %), and de Krom et al. [40] (8 %). However, the large variability
(7.0 % SD) between different Tekran 2537 analyzers suggests that the
value observed in our work should be taken with caution.

The OLS regression intercepts were significantly different from zero
for all regressions (p < 0.05) and most were high enough to lead to bias
if the calibration curves were extrapolated to the ambient air measure-
ment range (Table S2). On the other hand, forcing intercepts to zero, as
is done for automated internal calibrations of the 2537 instruments,
could also bias ambient air measurements if a real non-zero intercept
exists. Bell jar and calibrator Hg? injections in this study all occurred at
concentrations well above ambient levels. Precise, traceable calibrations
in the ambient range are needed to ensure no bias exists in ambient air
Hg measurements, as have been carried out by Andron et al. [34].

Hg® concentrations measured with the Tekran 2537X analyzers were
higher than for the 2537B and closer to the theoretical 1:1 line in all
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cases, except for the second 2537B/2537X pair and peak area integra-
tion in Fig. 5A. The comparison of the two different Tekran 2537
analyzer models reveals that the difference between analyzer models
was not statistically significant (Friedman, p > 0.05) in all cases, except
when comparing the peak area integration of 2537B and 2537X for the
second pair of instruments (Fig. 5A). However, it is important to note
that using only the internal Hg® permeation source of the Tekran ana-
lyzers for calibration instead of the bell jar multipoint calibration curve,
the results between analyzers were significantly different for both
analyzer pairs and both integration types (Fig. S3; Friedman, p < 0.05).
This illustrates the importance of performing a multipoint calibration
curve for atmospheric Hg measurements, as the comparability of the
obtained results was greatly compromised if only the internal calibra-
tion of the Tekran 2537 analyzers was used. The internal calibration uses
a single loading of Hg® from a permeation source built into the analyzer
[71; typically, the loaded Hg® from the internal permeation source
greatly exceeds concentrations typical of ambient Hg concentrations.
While single-point calibration is faster and requires less workload, it can
introduce biases; multipoint calibration is generally superior in terms of
accuracy and precision [41].

Looking at the difference between peak integration types (Fig. 5B),
the difference between peak area and peak height integration for the
Tekran 2537X analyzers was statistically significant (t-test, p < 0.05);
however, very small (mean area/height ratio of 101 + 1 %). For Tekran
25378 analyzers, the difference due to peak integration type was greater
and statistically significant (t-test, p < 0.05), although the results were
inconsistent between the two different 2537B analyzers. One 2537B
analyzer gave higher Hg concentration results when using peak area
integration (mean area/height ratio of 106 + 6 %, Fig. 5B), while the
other gave higher results when using peak height integration (mean
area/height ratio of 89.4 + 6 %, Fig. 5B).

The results for the comparison of Tekran analyzer models and Hg®
sources imply that: i) the difference in measured Hg concentration be-
tween peak height and peak area integration is negligible for Tekran
2537X models and considerable for Tekran 2537B models; ii) multipoint
calibration curves at atmospherically relevant Hg concentrations are
necessary to improve data comparability and accuracy of atmospheric
Hg measurements, since internal single-point calibration of Tekran 2537
can be insufficient; and iii) on average, a 5.8 % underestimation of Hg
concentration was observed for the bell jar calibration and the Dumarey
equation based on comparisons with the Hg® permeation calibrator,
though the value was variable between different Tekran 2537 analyzers.

4. Conclusions

Stable and reproducible permeation rates of Hg" together with a low
Hg®/Hg" ratio were demonstrated for the Hg" permeation calibrator
used in our work. The results obtained with Hg® and Hg" permeation
calibrators showed that improvements in Hg® and Hg" sources can un-
cover limitations and contribute to a better understanding of atmo-
spheric Hg measurements using gold sampling. Au sampling and tests
using the Tekran analyzer for atmospheric Hg revealed that the analyzer
measures an atmospheric Hg fraction somewhere between gaseous Hg®
and TGM due to Hg"" adsorption losses and inefficient Hg"' to Hg® con-
version during ramp heating of the Au cartridge. This is important since
Hg" concentrations can be up to ~25 % of ambient air concentrations,
and higher in highly polluted areas and the marine boundary layer.
Obtained outcomes can be extended to all atmospheric Hg analyzers and
manual methods that apply Au sorbents for sampling and analysis,
although further testing on specific Au sorbent analyzers and analyzers
are needed. The comparison of atmospheric Hg analyzers revealed that
calibration curves differ not only between different Tekran 2537 ana-
lyzers, but also between different calibration methods (e.g., bell jar and
permeation calibrator). This highlights the importance of proper cali-
bration, especially since even small relative changes in atmospheric Hg
concentrations (<5 %) are considered significant for the Hg
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biogeochemical cycle.

To promote the worldwide comparability of atmospheric Hg mea-
surement data and the effectiveness evaluation of the Minamata
Convention, the following recommendations are proposed for future
atmospheric Hg measurements.

1) For atmospheric Hg analyzers utilizing gold trap preconcentration:
— Cation-exchange membranes (removal of HgH) should be used

upstream of the sample line for gaseous Hg0 measurement.

— Thermolyzers (Hg" to Hg® conversion) should be used upstream of
the sample line for TGM measurement.

— Minimization of surface area (sample line length, upstream filters
for particulates) to eliminate Hg" adsorption losses when
measuring TGM.

2) The use of multipoint calibration that provides more accurate and
precise results in comparison to single-point calibration for atmo-
spheric Hg measurements.

3) The use of well-characterized mercury calibrators that are traceable
to the International System of Units to ensure the comparability of
results.
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