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Abstract

Mercury is a toxic pollutant that exists in the atmosphere in several forms, operationally identified according to their chemical and
physical characteristics. The problem of atmospheric mercury pollution has recently received increasing attention, as evidenced
by the numerous European regulations issued in the last years. The normative question is closely related to the methodological
one, as the quantification of the mercury species is strictly linked to the sampling and analysis methods. Due to their different
bioavailability, airborne mercury forms detection is fundamental both in outdoor and indoor (i.e., workplace) environments. This
paper presents an overview of European legislation on atmospheric mercury pollution, with particular attention to the Italian
legislation. Starting from the regulatory protocols, the methodological framework for mercury quantification was reviewed,
underlining the limits and the problems of the different methodologies and providing new guidance for the analysis.
Regulatory and methodological updates have led to great specificity in mercury quantification, which is distinguished for the
outdoor and indoor environments. For workplace environments, all mercury species (i.e., gaseous and particulate mercury) are
required to be quantified by the Italian legislation; on the contrary, only gaseous compounds are monitored in outdoor conditions.
It hence appears of primary importance that the monitoring operator chooses the sampling and analytical method for mercury
sampling and analysis that correctly adheres to the normative regulations. Detailed norms describe how to carry on the moni-
toring in both outdoor and indoor conditions, preventing the operator’s arbitrariness, which otherwise can lead to airborne
mercury underestimation/overestimation.
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Introduction

Mercury (Hg), one of the most toxic substance naturally oc-
curring on the Earth’s crust, exists in the environment in sev-
eral chemical and physical forms, characterized by specific
transport properties and environmental effects (Schroeder
and Munthe 1998).

In the atmosphere, Hg occurs in three forms: gaseous ele-
mental (GEM), reactive gaseous or oxidized (RGM), and par-
ticulate bound (PBM). The sum of GEM and RGM is indicat-
ed as total gaseous Hg (TGM) (Fu et al. 2012). The distinction
among these species is mainly operational, since TGM is
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defined as the fraction of Hg that passes through a filter with
pores of 0.45 um (Munthe et al. 2001).

GEM, the predominant form of TGM in the atmosphere (>
95%; 1i.e., Fitzgerald et al. 2005), is characterized by high
stability, bioavailability, and volatility; among the three atmo-
spheric forms, GEM is the only one that has been experimen-
tally identified with spectroscopic methods (Edner et al.
1989).

RGM definition is troublesome as it includes a large variety
of gaseous inorganic (i.e., HgCl, and HgO) and organic com-
pounds with sufficiently high vapor pressure to exist as gas-
phase (Munthe et al. 2001). It is operationally defined as the
Hg fraction that can be sampled on a potassium chloride-
coated denuder (Landis et al. 2002).

PBM consists of all airborne particulate containing Hg,
including both stable condensed and gaseous forms adsorbed
on atmospheric particulate matter (PM); it is operationally
sampled by pulling air through a glass fiber or a quartz filter
(Lynam and Keeler 2002), which is later acid-digested and
analyzed for Hg. PBM usually includes all those particles with
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diameter < 2.5 um, even if its characterization only depends
on the pore size of the filter used for its collection (Bank
2012).

Detecting and quantifying the different Hg airborne forms
is essential because of their different bioavailability. GEM is
rapidly and almost completely absorbed in the lungs (ca.
80%); inhalation is then the main route of exposure, while
Hg from ingestion is poorly adsorbed in the gastrointestinal
tract (< 0.01%). Thanks to its high affinity with the membrane
lipids, GEM is highly diffusible within the body; it can cross
the blood-brain barrier and accumulate in the central nervous
system before being oxidized (Park and Zheng 2012).

RGM compounds enter in the human body mainly by in-
gestion, since the inhaled fraction is only partially absorbed
(less than 50% in animals, according to Morrow et al. 1964).
Inorganic Hg forms are partially absorbed in the gastrointes-
tinal tract (ca. 7-15% of the total ingested), and then excreted
in the urine and feces; the highest concentration is found in the
kidney since the proximal tubule is the main site of absorption
and accumulation of Hg®* (Park and Zheng 2012). Organic
Hg forms are quickly dissolved in fat and almost completely
absorbed in the gastrointestinal tract; after gastric-acid diges-
tion, they easily combine with the hemoglobin of red blood
cells and accumulate in the central nervous system (Hong
etal. 2012).

The clinical effects resulting from a chronical exposure to
high Hg concentrations are numerous and include complica-
tions in the respiratory (bronchitis, interstitial pneumonia, re-
spiratory failure), circulatory (tachycardia, hypertension), gas-
trointestinal (abdominal pain, nausea, diarrhea, ulcers), and
renal (mainly nephritis) systems; these symptoms are often
combined with central nervous system disorders (cognitive,
sensory, motor alterations) (Fisher and World Health
Organization 2003).

The exposure to the different airborne Hg species mainly
results by anthropogenic activities, in particular by industrial
facilities like coal-fired power stations, metal extraction, waste
incineration or chemical industries (Pandey et al. 2011).
Atmospheric Hg pollution can also be due to daily household
activities, like cooking or smoking, or from the large variety of
devices containing Hg, as well as the possible proximity to
source point emission (Kim et al. 2016). Nevertheless, acute
exposures to Hg compounds are mainly related to occupation-
al monitoring or accidental contacts. Exposure to 18-30 mg/
m® for 3-5 h and 43 mg/m? for 2-3 h to Hg vapor killed some
people (mostly industrial workers or during gold ore process-
ing), while exposure to 13—16 mg/m’ for several hours caused
respiratory syndromes (AIHA 2002 and references therein).
World Health Organization (WHO 2003) suggested that a
long-term exposure to Hg vapor concentrations more than
0.02 mg/m® may cause slight intoxication symptoms, while
concentrations between 0.4 and 2 mg/m? is expected to cause
chronic Hg poisoning (AIHA 2002 and references therein).
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The increasing engagement in the worldwide Hg pollution
reduction has been realized with the subscription in 2013 of
the Minamata Convention, named as the Japanese city where
the first large-scale incident of methyl-Hg poisoning took
place. The subscription of the convention from all the EU
countries, including Italy, has the objective of protecting
health and the environment from anthropogenic Hg emissions.
Although the convention was only ratified in 2017, the actions
for a control of Hg emissions and for the protection of the
citizens’ health had started several years earlier. These actions
are carried out through the drafting of a large number of pro-
tocols for detecting Hg in several environments (i.e., outdoor
and workplace), including the Hg speciation (the different
airborne Hg forms). The normative issue is closely linked to
the methodological one and the definition of the Hg species
studied strictly depend on the sampling method and/or instru-
ment employed in the monitoring campaigns. Quantifying Hg
speciation is especially crucial in those contexts, both in out-
door and workplaces environments (i.e., Obrist et al. 2009;
Liu et al. 2009; Pyta et al. 2009), where GEM is not the unique
Hg species, but especially PBM is significant.

As subscriber of the Minamata convention, a compulsory
goal of Italy is to monitor Hg emission sources. Adherence of
the normative (i.e., species of Hg required to be monitored)
with the methods of analysis is an obviously pre-requisite for
obtaining reliable and confident measurements.

In the present paper, we review the European regulations
regarding the analytical methods for Hg analysis in outdoor
and indoor (i.e., workplace) environments, with particular at-
tention to those transposed by Italian legislation. Additionally,
we elucidate the different legislative protocols and, in partic-
ular, the various methodological practices that should be
followed depending on the Hg species to be quantified.

International reference values for Hg

The reference values for chemical agents reported in the liter-
ature are mainly referred to occupational exposure limits
(OELs), defined by the Italian legislation (Legislative
Decree n. 81/2008, Gazzetta Ufficiale n. 218 2012) as “the
time-weighted average concentration limit of a chemical agent
in the air within the breathing zone of a worker in relation to a
specific reference period”. These values are established by
several international organizations that use different terminol-
ogy for OELs. The American Conference of Governmental
Industrial Hygienists (ACGIH®) refers to “Threshold Limit
Value” (TLV®), specifying (i) a time-weighted average limit
(TWAs), i.e., the 8-h weighted average exposure concentra-
tion limit to which it is believed that a worker may be repeat-
edly exposed, and (ii) a short-term exposure limit (STELSs),
i.e., a 15-min time-weighted average exposure that should not
be exceeded at any time during a workday. Other



Air Qual Atmos Health (2021) 14:1633-1645

1635

organizations, like the American government Agency for
Toxic Substances Disease Registry (ATSDR), sets a minimal
risk level (MRL), i.e., an estimate of the daily human exposure
to a hazardous substance which is not likely to cause an appre-
ciable risk of non-cancerous adverse effects (ATSDR 1999). The
reference values in the USA are established by the Occupational
Safety and Health Administration (OSHA) that refers to permis-
sible exposure limits (PELs) as legal limits enforceable in work-
place. They refer to 8-h time-weighted averages (i.e., TWA);
however also ceiling limits, i.e., concentrations that must not be
exceeded at any time, have been established (OSHA 1998).
TWAs are instead reported by the American National Institute
for Occupational Safety and Health (NIOSH) as recommended
exposure limits (RELSs), even if they are based on a 10-h workday
during a 40-h workweek; RELs are basically similar to the
OSHA PELs, except that they are not legally recognized limits,
but suggested values to modify/update the PELs. NIOSH also
sets the immediately dangerous to life or health air concentration
values (IDLHs) to define an airborne exposure “likely to cause
death or immediate or delayed permanent adverse health effects
or prevent escape from such an environment” (NIOSH 1994a, b).

The reference values for airborne Hg compounds are nu-
merous and different according to the Hg species monitored
(Fig. 1). The ACGIH formulates a TLV of 0.025 mg/m” for
GEM and inorganic Hg compounds (ACGIH® 2020).
ATSDR sets a MRL of 0.0002 mg/m? to avoid chronic expo-
sure to Hg, and a REL of 0.001 mg/m® in private home
(ATSDR 1999); both values refer to Hg inhalation, but the
Hg form is not specified.

Regarding the occupational exposure level for workers, the
OSHA PEL and the NIOSH REL are both O.OSmg/m3 , while
the ceiling values are both at 0.1 mg/m>; NIOSH sets also a

Fig. 1 Reference values for 10 4
airborne Hg compounds. A ]
ATSDR (MRL) to avoid chronic

exposure. B ATSDR (REL) for

IDLH of 10 mg/m®> (OSHA 1991; NIOSH 1994a, b). The
above reference values refer to inorganic Hg and its com-
pounds, while for organo (alkyl) Hg compounds, ACGIH
(TLV), OSHA (PEL), and NIOSH (REL) are all set at 0.01
mg/m® (NIOSH 1981; OSHA 1998; ACGIH® 2020) (Fig. 1).

The regulatory framework for airborne Hg:
outdoor and indoor environments

The outdoor environment

The outdoor pollution due to atmospheric Hg compounds was
deal for the first time in the EC directive 2004/107/EC 2004 of
the European Parliament and of the Council of 15 December
“relating to arsenic, cadmium, mercury, nickel and polycyclic
aromatic hydrocarbons in ambient air” (EC directive 2004/
107/EC 2004). The analyte reported by this Directive is the
“total gaseous mercury” defined as “elemental mercury vapor
and reactive gaseous mercury, i.e., water-soluble mercury spe-
cies with sufficiently high vapor pressure to exist in the gas
phase”; as reported above, this wording coincides with the
operative definition of TGM (i.e., the sum of GEM and
RGM).

The Directive 2004/107/EC was later revised and imple-
mented by the EC Directive 2008/50/EC (EC directive 2008/
50/EC 2008) of the European Parliament and the Council of
European Union of 21 May 2008 on “ambient air quality and
cleaner air for Europe”; however, no particular differences
were introduced for Hg with respect to the previous
Directive (2004/107/EC).
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The two EC directive 2004/107/EC 2004 and 2008/50/EC
2008) are both implemented by the Italian legislation, respec-
tively with the Legislative Decree n. 152/2007 (Gazzetta
Ufficiale n. 213 2007) and the Legislative Decree n. 155/
2010 (Gazzetta Ufficiale n. 216 2010).

Substantial changes, especially from the methodological
point of view, have been introduced by the EN 15852:2010
standard (“Ambient air quality—Standard method for the de-
termination of total gaseous mercury”, UNI EN 15852:2010),
implemented by the Italian legislation with the Legislative
Decree n. 250/2012 (Gazzetta Ufficiale n. 23 2013). As in
the previous EC Directives, the definition of the analyte under
investigation (total gaseous Hg) coincides with the operational
definition of TGM.

The indoor environment

Despite increasing public health concern related to the indoor
air quality due to the amount of time that people spend indoor
during the day, specific reference directives are lacking in the
European legislation. The subject is rather regulated by pre-
legislative initiatives, i.e., specific documents elaborated by
national or European working groups (Kurt-Karakus 2012;
Settimo et al. 2020). In these initiatives, indoor pollution mon-
itoring often coincides with workplace air quality.

The Italian law on health and safety at work (Legislative
Decree n. 81, GU Gazzetta Ufficiale n. 101 (2008) reports the
exposure limit value of 0.02 mg/m? as time-weighted average
(8-h per day, 5 days per week), for “mercury and divalent
inorganic compounds of mercury, including mercury oxide
and mercury chloride (measured as mercury)” (translated
from the Gazzetta Ufficiale n. 218 2012). Different from out-
door environment, where only TGM should be monitored, all
total inorganic Hg compounds should be monitored in indoor
conditions; PBM is then included in this definition.

As regards the guidelines for the sampling and analysis, no
specific reference is made to Hg in the Legislative Decree n.
81/2008. The art. 225 (“Specific measures of protection and
prevention”) states the obligation for the employer to “mea-
sure the pollutants that may present a risk to workers’ health,
using standardized methods reported in an indicative list in the
Annex XLI”. The list is made up of nine European Standards
methods implemented by the Italian legislation (specifically,
UNI EN 481, 482, 689, 838, 1076, 1231, 1232, 1540, 12919)
that deal with the sampling methods and operational require-
ments for the assessment of the pollutants in the workplace
atmosphere. Among these, there is no specific methodology to
be applied for atmospheric Hg pollution on workplace. The
only reference, albeit indirect, can be obtained from what is
reported in the UNI EN 482 (“Workplace exposure—General
requirements for the performance of procedures for the mea-
surement of chemical agents”) where the paragraph
“Chemical agents with low limit values” suggests the
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possibility to consider the protocols reported in the GESTIS
Analytical Methods database (GESTIS 2015) on hazardous
substances by IFA (Information System on Hazardous
Substances of the German Social Accident Insurance), an on-
line information system whose contents are continuously up-
dated after the publication of new regulations. Among those
specific for Hg (Table 1), a particular importance is attributed
to the ISO 17733:2015 (“Workplace air—Determination of
mercury and inorganic mercury compounds — Method by
cold-vapor atomic absorption spectrometry or atomic fluores-
cence spectrometry”). The protocol reported by this interna-
tional standard does not refer to a specific Hg form, but indi-
cates that “the results may be used for the assessment of work-
place exposure to mercury vapor, inorganic mercury com-
pounds or total inorganic mercury” (see details on the method
in the following paragraphs).

Regulatory protocols for Hg analysis
The outdoor environment

The first community regulations that addressed the problem of
atmospheric Hg pollution did not report a precise method for
sampling the different Hg compounds. Indeed, the EC directive
2004/107/EC 2004 only states that the reference method for
measuring TGM will be “an automated method based on atomic
absorption or atomic fluorescence spectrometry” and that “in the
absence of a standardized CEN (European Committee for
Standardization) method, the Member States are allowed to use
international standard methods or standard ISO (International
Organization for Standardization) methods.” In this regard, the
Italian legislation states that this reference method is the one
developed by the CNR (National Research Council), specifying
that this may be replaced if a CEN method is issued.

The method reported by the Italian legislation (Legislative
Decree n. 152/2007; Legislative Decree n. 155/2010) is based
on the process of amalgamation of airborne Hg compounds
with gold, following by the quantification through cold vapor
atomic fluorescence spectroscopy (CVAFS). The pre-
concentration of Hg forms on gold surfaces is necessary be-
cause the sensitivity of the CVAFS analysis is not so high for a
real-time measurement (Gustin et al. 2015). The sampling
should be carried out using quartz tube traps containing
0.7 g of gold and quartz granules or, alternatively, small quartz
granules covered with a gold film embedded by quartz wool.
The protocol reports the use of two traps in series, a sampling
pump, and a glass fiber filter placed upstream the first trap to
exclude PBM (the filter is indeed not digested, according to
the protocol); the pore size of the filter is not specified. The
atmospheric Hg is adsorbed by the gold/quartz granules of the
“sample trap” (i.e., the first trap along the sampling line); then
Hg is thermally desorbed (500 °C) from the sample trap and
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Table 1 Sampling and analysis methods for Hg as reported in the GESTIS database

Source method Language Year of Principle of the method Flow rate/ LOQ/ Indicative Remarks

publication Recommended ~ Validated rating *
air volume working
range

ISO 17733— English 2004 Pumped sampling: Pumped LOQ: A
Determination of France Mercury vapor trapped usinga  sampling: Pumped
mercury and in- sorbent tube containing 200 ml/min sampling:
organic mercury Hydrar (with a QF prefilter 12-961 0.003 mg/m®
compounds for particulate mercury, if ~ Diffusive 121

present). sampling: Diffusive
Diffusive sampling: 20 ml/min sampling:
Mercury vapor sampled using > 721 0.006 mg/m®

a badge containing Hydrar. 721
Dissolution with HNO3 and

HCI at room temperature.
Analysis by CVAAS after

reduction using SnCl,.

MDHS 16/2— English 2002 Pumped sampling: Pumped LOQ: A Identical to methods
Mercury and its Mercury vapor trapped using a  sampling: Pumped described in ISO
inorganic sorbent tube containing 200 ml/min sampling: 17733
divalent Hydrar (with a QF prefilter 12-96 1 0.003 mg/m’
compounds in air for particulate mercury, if  Diffusive 121

present). sampling: Diffusive
Diffusive sampling: 20 ml/min sampling:
Mercury vapor sampled using > 721 0.006 mg/m’

a badge containing Hydrar. 721
Dissolution with HNO3 and

HCI at room temperature.
Analysis by CVAAS after

reduction using SnCl,.

MetroPol 024— French 2000 Mercury vapor trapped usinga 1 I/min LOQ: B No performance data
Mercure sur sorbent tube containing 15-2401 0.014 mg/m’ published in the
tubes de charbon activated charcoal. 151 method
actif Thermal desorption at 500 °C 0.0008

under N2 into acidic mg/m’
KMnO4 solution; then 2401
treatment of an aliquot by
addition of saturated
KMnO4 solution, 1 + 1
HNO3, 1 +1H2S04 15 g/L
NH20H.HCL.
Analysis by CVAAS after
reduction using SnCI2.

MetroPol 079— French 2003 Mercury vapor trapped using a 500 mg tubes:  LOQ: B No performance data
Mercure sur sorbent tube containing 1-2 /min Refer to published in the
tubes Hydrar ® hopcalite (with a QF 604801 ISO 17733 method.

prefilter for particulate 200 mg tubes: Similar to ISO 17733
mercury, if present). 0.15-0.25 I/min
Ultrasonic dissolution with 3-1001
HNO3 and HCI at room
temperature.
Analysis by CVAAS after
reduction using SnCl12.

BIA 8530— German 2004 Mercury vapor trapped using a 60 I/h LOQ: B Brief method

Quecksilber sorbent tube containing two 120 1 0.004 mg/m’ description.
sections of hopcalite 1201 Similar to
separated by a QF filter. ISO 17733

Dissolution with HNO3 and
HCl at 80 °C (1st sorbent
section and QF filter treated
together; 2nd back-up sor-
bent section treated sepa-
rately).
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Table 1 (continued)

Source method Language Year of Principle of the method Flow rate/ LOQ/ Indicative Remarks
publication Recommended  Validated rating &
air volume working
range
Analysis by CVAFS after
reduction using SnCI2.
NIOSH 6009— English 1994 Mercury vapor trapped usinga 0.15-0.25 I/min  LOQ: B Insufficient
Mercury sorbent tube containing 3961 0.01 mg/m® performance data
hopcalite. 31 published in the
Dissolution with HNO3 and 0.004 mg/m’ method.
HCI at room temperature. 961 Similar to
Analysis by CVAFS after 1SO 17733
reduction using SnCI2.
OSHA ID 140—  English 1991 Pumped sampling: Pumped LOQ: B Similar to
Mercury vapour Mercury vapor trapped usinga  sampling: Pumped ISO 17733
in workplace at- sorbent tube containing 200 ml/min sampling:
mospheres Hydrar or hopcalite. 3481 0.0013
Diffusive sampling: Diffusive mg/m’
Mercury vapor sampled using sampling: 151
a badge containing Hydrar 20 ml/min Diffusive
or hopcalite. 9.61 sampling:
Dissolution with HNO;5 and 0.004 mg/m’
HCIl at room temperature. 481
Analysis by CVAAS after
reduction using SnCl,.
OSHA ID 145—  English 1989 Particulates trapped on a 2 l/min LOQ: B Only for particulate
Particulate mer- cellulose ester membrane 101 0.002 mg/m’ mercury
cury in work- filter in a 37-mm cassette 101
place atmo- filter holder.
spheres Dissolution with HNO3, 5M

H2S04, 5% KMnO4 and

NH20H.HCl.
Analysis by CVAAS after
reduction using SnCl,

A The “indicative rating” heading is based on the requirements of EN 482 and three categories are defined: category A, if the method meets all of or the
most of the major requirements of EN 482; category B, if there are incomplete validation data, but the method has the potential to meet the EN 482

requirements (normally only “A” and “B” methods are included in the list)

carried by an ultra-pure Ar flow to the “analytical trap” (i.e.,
the second trap along the sampling line); here Hg is desorbed
for the second time, transported to the detector cell by the Ar
flow, and determined by CVAFS (Fig. 2A).

Later, CEN developed a reference method (EN
15852:2010—“Ambient air quality—Standard method for
the determination of total gaseous mercury”), implemented
by the Italian legislation with the Legislative Decree n. 250/
2012. This protocol, defined as specific for TGM, outlines two
sampling and analysis methods, reported as equivalent: the
first one, “manual method” in the following, is based on the
principle of gold amalgamation and the subsequent analysis
by cold vapor atomic absorption spectrometry (CVAAS) or
by CVAFS; the second one, “automatic method” in the fol-
lowing, is based on the “direct and continuous measurements
of GEM by atomic absorption spectrometry (AAS) coupled
with Zeeman background correction (Fig. 2).

The manual method is substantially similar to the method
reported by Legislative Decree n. 155/2010, with the only

@ Springer

exception that the analysis can be performed alternatively with
CVAAS or CVAFS.

The automatic method is based on the Zeeman background
correction, i.e., the differential Zeeman atomic-absorption
spectrometry using a high-frequency modulation of light po-
larization (ZAAS-HFM). This process consists in the applica-
tion of a permanent magnetic field to a radiation source (a Hg
lamp), so that the resonance line of Hg (A = 254 nm) is sep-
arated into three polarized components (71, o+, and 0—), with
the photo detector that records only the radiation of the o-
components (Fig. 2B). The Zeeman effect allows to avoid
the Hg pre-concentration through gold amalgam or other type
of adsorbent material, avoiding the interferences due to air-
borne PM or other contaminants that can be in the atmosphere.
The use of automatic Hg analyzers using Zeeman correction
(i.e., those of the Lumex® series) has exponentially increased
in the last 20 years (Fig. 3), both for outdoor (i.e., Vaselli et al.
2013; Barago et al. 2020; Rimondi et al. 2020) and indoor
surveys (Webber et al. 2011; Marcotte et al. 2017; Cabassi
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Fig. 2 The two reference method proposed by EN 15852:2010 for the determination of total gaseous mercury in outdoor environment

et al. 2020). These instruments are considered to be specific
for quantifying exclusively Hg vapors (i.e., GEM) (Kim et al.
2006; Wang et al. 2007; Yang et al. 2009). This assumption is
probably linked to (i) the abundance of Hg’ with respect to
other Hg species in most of the environments and (ii) the
literature studies where the parallel use of manual and auto-
matic methods reported higher Hg level in the manual one
(Kim et al. 2006; Witt et al. 2008), suggesting it may entrap
even some RGM.

Moreover, both manual and automatic methods contem-
plate the use of a polytetrafluoroethylene filter with 0.2 um
pores to remove the PM from the sampled air.

The indoor environment

As mentioned in Paragraph 3.2, the Italian legislation does not
report a specific methodology to be applied in case of Hg
indoor pollution and, in particular, in the workplace atmo-
sphere, but we could refer to the procedures reported by the
GESTIS Database (GESTIS 2015). Here, a particular impor-
tance for Hg sampling and analysis is attributed to the ISO
17733:2015, as the other methods listed in the database (i.e.,
NIOSH n. 6009 or OSHA ID-140 and OSHA ID-145) are
assimilated to this one. The ISO 17733:2015 describes a pro-
cedure aimed at quantifying both gaseous Hg-compounds

@ Springer
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Fig. 3 Number of studies reported in scientific publications by Google Scholar that have used automatic methods for airborne Hg compounds
quantification in the last 20 years. The Lumex RA 915 is the portable atomic absorption spectrometer of the Lumex ® series

(named “mercury vapor”) and/or “particulate inorganic mer-
cury compounds”, with their sum defined as total inorganic Hg.
The gaseous Hg compounds are sampled (i) passively, by diffu-
sion on a badge containing a sorbent material, or (ii) actively, by
pumping a known volume of air through a small tube (trap)
containing the sorbent (Fig. 4). In the second case, the particulate
inorganic Hg-compounds are collected through the use of a
quartz fiber filter with a collection efficiency of not less than
99.5% for particles with a 0.3-um diffusion diameter, and sub-
sequent analyzed by acid digestion techniques. Both
methods are carried out by applying the sampling mean
directly on the worker, as close as possible to the respira-
tory tract (“personal sampler”), or by placing the sampler
in the closest proximity to the subject (“static sampler”).

Fig. 4 The devices reported by A)
the ISO 17733:2015 for passive
(A, the diffusive badge) or active

sampling (B, the trap)

Sampler case

@ Springer

For the static sampler a pump connected the trap contain-
ing the sorbent (active sampling) is used. The different
sampling methods (passive or active) are used depending
on the specific application, i.e., absence/presence of par-
ticulate Hg-compounds. In passive sampling, the possibil-
ity to quantify PBM is indeed excluded.

The sorbent of the trap reported by the protocol, originally
called Hydrar, is currently commercialized as Anasorb C 300.
Hydrar is a granular preparation of hopcalite (a mixture of Cu
and Mn oxides) deposited on a ceramic substrate; the speci-
ficity and irreversible affinity of hopcalite for Hg (Hg vapors)
has been shown by Rathje et al. (1974; Rathje and Marcero
1976). Other types of sorbent could be used in principle by the
law, after certification of the equivalent performance.

B)

Glass

Sorbent disc Sorbent
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After the sampling, the sorbent and/or the filter (according
to the method used) are digested with a solution of HNO; and
HCI (1:1). Hg is then measured by CVAAS or CVAFS after
proper reduction of Hg* in solutions to Hg" with SnCl,.

Among the ISO protocols developed to evaluate Hg pollu-
tion in workplace air, the International Organization for
Standards (ISO) 20552 2007 is instead used for short-term
sampling (< 15 min) and is based on the principle of amalgam
with Au and subsequent analysis by CVAAS or CVAFS.
However, this protocol is not included in the list recommend-
ed by the GESTIS database and therefore has not a normative
validity in the Italian country.

As previously written, the GESTIS database also reports
other specific protocols for quantifying Hg in workplaces
(Table 1). Among these, we list the methods developed by
two US government agencies as NIOSH and OSHA.

The NIOSH n. 6009 (NIOSH 1994a, b) is a specific meth-
od developed for the sampling and analysis of Hg through the
use of traps containing hopcalite as adsorbent material, simi-
larly to what seen in the International Organization for
Standards (ISO) 17733 2005. The NIOSH n. 6009 is specifi-
cally developed for GEM quantification, although it reports
that a prefilter can be used if the particulate Hg compounds are
to be quantified. However, the pore size or filter material is not
specified.

The methods developed by OSHA to assess the Hg con-
centration in workplace air are instead two: the OSHA ID-140
is a specific method developed to quantify GEM, while the
OSHA ID-145 provides a protocol to estimate exclusively
PBM.

The OSHA ID-140 (OSHA 1991) reports the same method
of the ISO 17733:2015 described above (active or passive
sampling and Hydrar/hopcalite as sorbent). If particulate Hg
compounds are expected to be in the workplace air, the pro-
tocol specifically reports the need to carry out the active sam-
pling method, where a mixed-cellulose ester filter with 0.8 um
pores is employed to exclude PBM from the analysis. This
type of filter is the same of the OSHA ID-145 method (OSHA
1989), located before the suction pump (active sampling) and
completely dissolved by a HNO3 and H,SO, (1:1) solution,
plus addition of KMnO, to favor oxidation of the Hg com-
pounds. The analysis is then performed through CVAAS as
already outlined for 15773:2015.

Discussion

The problem of airborne Hg-compounds pollution has as-
sumed increasing importance over the years, as highlighted
by the numerous regulatory protocols drawn up with the aim
to define specific methodologies to quantify Hg concentration
in the atmosphere. Despite this evidence, these methods show
evident problems, strongly linked to the definition of the Hg

species being studied and to the differences between the pro-
tocols adopted by environmental or workplace legislation.

The different airborne Hg-compounds (GEM, RGM,
PBM) are only operationally distinct on the basis of the sam-
pling and analytical methodologies. The problem of the Hg
contamination is therefore both methodological and legisla-
tive; the Hg species quantified are closely linked to the proto-
col imposed or recommended by the legislation. As a conse-
quence, the sampling protocol and/or the instrumentation for
analysis will affect the Hg species under investigation.

The European directives transposed by the Italian outdoor
legislation always refer to the quantification of TGM, includ-
ing in this definition all the atmospheric gaseous Hg forms.
Despite this definition, the two methods reported in the EN
15852:2010 devoted to Hg quantification are quite different,
especially because they quantify two different atmospheric Hg
forms. The use of Au traps (the “manual method”) is indeed
not selective for Hg® only, but rather for all the total gaseous
Hg compounds (i.e., GEM + RGM = TGM) (Barghigiani et al.
1991; Gustin and Jaffe 2010; Pandey et al. 2011); conversely,
the analysis based on ZAAS-HFM (the “automatic method”)
is likely specific for GEM, thanks to the high selectivity of the
instruments that apply the Zeeman correction (Sholupov and
Ganeyev 1995). The supposed equivalence of the two
methods is probably based on the evidence that GEM is often
the predominant species of TGM in outdoor environments and
the possibility of choice may perhaps be linked to the back-
ground condition of the sampling site, or to the purpose for
which the data will be used, i.e., environmental studies or
workplace investigations. As a matter of fact, however, the
studied analyte with automatic method does not strictly coin-
cide with what is required by the Italian outdoor legislation.
Nevertheless, the possibility of a real-time monitoring, as the
case of the Lumex® portable analyzers, explains the increas-
ing use of these instruments (Fig. 3) and the transposition of
the automatic method as a standard analysis methodology; the
reasons of this evidence are linked to the fast Hg determina-
tion, in addition to a high selectivity and a low detection limit,
but above all to the ability to avoid further analytical steps.

On the other hand, the legislation for indoor environments
(i.e., workplace) shows several obvious criticalities, in Italy as
abroad. First of all, the close association between the sampling
protocol/instrumentation for analysis and the studied Hg spe-
cies finds the first problem in the Legislative Decree n. 81/
2008 (the Italian legislation for health and safety in work-
place). This text reports a “purely indicative” list of standard-
ized methods, i.e., EN standards, that must be used for atmo-
spheric chemical compounds quantification. Therefore, the
wide variety of protocols and methods recommended by the
legislation leaves a lot of arbitrariness of choice for the oper-
ator. Among these protocols, the standard ISO 17733:2015
(included in the GESTIS database) is considered the eligible
method for atmospheric Hg compounds quantification, the
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one to which almost all the other methods reported in the
GESTIS database refer.

In addition, the normative/methodological problems arise
from the use of the word total which, as reported in the Italian
indoor legislation, refers to the quantification of all the atmo-
spheric Hg compounds and therefore also of the PBM.
However, this Hg fraction is only partially defined by the
method and instrumentation that must be used for its correct
analysis. The quantification of PBM intrinsically needs the
presence of a pre-filter on the air pumping device, which en-
traps the Hg species. Hence, an additional analysis is required,
where the filter is digested and the Hg recovered summed to
the Hg collected on the sorbent trap. For PBM is therefore
fundamental to define the pore size of the filter devoted to
particulate sampling. If a protocol/methodology does not
specify this parameter, this will inevitably cause biased results
among different studies, especially when studying environ-
ments where gaseous species accounted for most of the total
Hg, but the PBM fraction is still significant. This last state-
ment may be true for outdoor environments (Pyta et al. 2009;
Fu et al. 2015), but also for indoor atmosphere, both in work-
places (Liu et al. 2009) and in educational/recreational frame-
works, like universities (Majewski et al. 2016) or museums
(Marcotte et al. 2017).

The reference method for environmental analysis (UNI EN
15852 2010), reported by the Italian outdoor legislation and
recommended to all Member States (EC directive 2015/1480/
EC 2015), does not require the analysis of PBM, and concor-
dantly both the methods (manual and automatic) exclude it
from the analysis by applying a polytetrafluoroethylene filter
with 0.2 um pores. The situation is instead different for the
workplace air legislation, where PBM should be quantified.
The list of standardized methods reported in the Legislative
Decree n. 81/2008 presents a standard (UNI EN 481) specif-
ically aimed at the issue of airborne PM in workplace atmo-
sphere; however, this method does not contain a precise sam-
pling and analysis protocol, but rather only defines the size
range through which it is possible to distinguish between
inhalable (i.e., the PM fraction inhaled through nose and
mouth), thoracic (the PM fraction penetrating beyond the lar-
ynx), and respirable (i.e., the PM fraction that can reach the
unciliated airways) fractions (CEN 1993). However, there is
no specification about the fractions to be analyzed for heavy
metals analysis, comprising Hg.

Among the methods suggested by the GESTIS database,
the ISO 17733 provides two methods (active and passive) to
quantify airborne Hg, which differ for the Hg species being
involved in the quantification. As elucidated by the method,
the sampling and analysis of the PBM is indeed possible only
employing the active sampling, where the presence of a filter
to retain PM is dictated by the law. As a consequence, only the
active method matches with the requirement of the Italian
legislation.

@ Springer

However, as documented by GESTIS, the protocols for
PBM sampling and analysis are not uniform. For example,
the ISO 17733 requires the use of a filter with an efficiency
0f99.5% for particles of 0.3 wm diameter, while in the OSHA
ID-145 a filter with 0.8 pm pores is demanded. The dimen-
sional difference between the two filters seems to be negligi-
ble for the estimation of PBM, being probably lost in the
uncertainty of the measurement itself. Similarly, discrepancies
are likely minor for the effect on health workers, since both
filters” diameters refer to the dimensional range of PM 2.5
(i.e., particulates with an aerodynamic diameter < 2.5 um),
excluding the ultra-fine particles (i.e., particulates with an
aerodynamic diameter < 0.1 pm) (Pandey et al. 2011; US
EPA 2013). On the other hand, the size of the filter pores is
not specified by the NIOSH n. 6009 method that reports the
PBM quantification only as an additional analysis, leaving
complete freedom in the choice of the filter to recover PM.

It is important to underline that these three methods are all
included in the GESTIS database and therefore are not im-
posed, but only recommended; the choice of the method is a
decision that only concerns the operator. From this point of
view, the selection is probably related to the condition in
which the measurements are conducted and which are the
most likely exposure routes for workers, and therefore the
prevailing Hg form.

As aresult of this study, we highlight that a full knowledge
of the standard methods for airborne Hg analysis is deemed
before appointing a Hg monitoring campaigns in a workplace
environment. It is indeed evident that GESTIS methods are
not equivalent for Hg quantification, and that the monitoring
operator, employing different sampling techniques, indirectly
operate a decision of the Hg forms to be quantified. The lack
of'a unified procedure can lead to biased results when different
sampling protocols are applied.

Conclusion

The present report reviews the international and Italian nor-
mative framework on the Hg pollution in outdoor and indoor
environments. Moreover, the methodology approach is deeply
examined. Furthermore, inconsistencies between the Hg spe-
cies to be monitored by the law and the analytical approach to
be followed are stressed out.

Undoubtedly, in recent years, the regulatory, and therefore
also the methodological framework, has undergone major
changes that have led to an increasingly specific analysis.
According to the present study, it is of primary importance
to firstly identify the Hg species that have to be analyzed by
the law. The choice of a specific sampling and analytical
methods and/or instruments for Hg analysis is subordinate to
the Hg species to be investigated. This problem especially
relates to the regulatory framework that, regarding the
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chemical pollution in workplace atmosphere, leaves consider-
able freedom in choosing the methodology to be used. The
legislative problem also arises from the definition of the study
analyte, which often does not coincide with the operational
definition and therefore it does not correspond with the instru-
ment or method recommended by the reference legislation;
this is the case for both environmental and workplace
legislation.
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