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Abstract:

Mercury is a toxic heavy metal that poses significant risks to human health. In many industrial
and occupational settings, employees are at high risk of mercury exposure due to the nature
of their work. Consequently, biomonitoring and routine testing mercury levels in the working
environment are crucial to ensure occupational health and prevent adverse health effects.

This master’s thesis reviews the literature on occupational exposure to mercury and its impact
on human well-being. The review focuses on the pathways through which mercury enters the
body and the transformations it undergoes. Protective strategies and adopted regulations are
also investigated. The analytical methods used for detection of mercury in biological samples,
such as cold vapor atomic absorption spectroscopy (CV-AAS) and inductively coupled plasma
mass spectrometry (ICP-MS), are explored, including comparison of their efficacy.

The primary objective of the experimental part of this research was to validate the use of flow
injection mercury system (FIMS) as a method for determining mercury levels in human blood
and urine samples. Additionally, ICP-MS was employed for comparative analysis of mercury
levels in urine samples. The analytical parameters of FIMS and the potential for selective
analysis of two reducing agents, stannous chloride (SnCl;) and sodium tetrahydroborate
(NaBHa4), were evaluated. This process included calibration, analysis of control materials,
optimization of reductant concentration, and calculation of limits of detection (LODs) and
guantification (LOQs). Various approaches for the preparation of blood samples were tested.
Issues associated with the incompatibility of a particular FIMS setup with the intended goals
were identified, and possible solutions were proposed.

The study demonstrates practical value, as it clarifies the prospects for using FIMS in the
biomonitoring of mercury.
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1 Literature review

1.1 Introduction
This literature review will explore the significance of mercury level testing, discuss the sources

of mercury in different industries and occupational settings, highlight the associated health

risks, and examine the analytical methods used for testing.

Traditionally, the determination of mercury in biological samples has been performed using
techniques such as inductively coupled plasma mass spectrometry (ICP-MS) and cold-vapor
atomic absorption spectroscopy (CV-AAS), which provide high sensitivity and accuracy.
However, specialized methods such as the flow injection mercury system (FIMS) and the
direct mercury analyzer (DMA-80) have emerged as promising alternatives. It is important to
note that these methods are not completely independent but are based on atomic absorption

spectrometry (AAS), specifically designed for the determination of mercury.

Despite advances in mercury determination methods, there remains a need for comparative
studies to evaluate the effectiveness and reliability of new methods in detecting mercury
levels in biological samples. This is especially important in occupational settings where
accurate assessment of mercury exposure is paramount to ensuring worker safety and

compliance with regulatory standards.

1.2 Mercury and its forms

Mercury exists naturally in the environment in elemental form or is present in inorganic or
organic mercury compounds. It is mostly found in the Earth's crust in the form of sulfides.
Cinnabar, ared sulfide, is the primary constituent of mercury-rich ores that are extracted from

mines, and it may contain as much as 70% mercury.

Mercury is naturally cycled in the biosphere, with a total of 5500 metric tons being released
into the atmosphere via degassing from the Earth's crust and the seas. Furthermore, human
activities, such as burning of fossil fuels and other industrial emissions, result in the annual
release of 2500 metric tons of mercury into the environment. Each year, some 2000 tons of
mercury are manufactured for industrial purposes, with just a fraction of it being used in the
synthesis of organic mercury compounds. Over the last two decades, there has been a gradual

decrease in the global production of mercury for commercial purposes. As a result, the



European Union and the United States have implemented a prohibition on the exportation of

mercury.!

The primary form of mercury discharged into the atmosphere through natural mechanisms is
elemental mercury vapor (Figure 1). It is the most volatile form of mercury, has a vapor
pressure of 0.3 Pa at 25 °C and transforms into the vapor phase at typical room temperatures.
It is relatively insoluble in water (56 pg/L at 25 °C). Elemental mercury is soluble in lipids and
nitric acid, in pentane (2.7 mg/L), and in sulfuric acid upon boiling, but is insoluble in

hydrochloric acid.

When exposed to oxygen, metallic mercury undergoes fast oxidation, resulting in the
formation of an ionic state. Mercuric salts, including halides, sulphates, and nitrates, are
soluble in water. In water solutions, an equilibrium between Hg, Hg*, and Hg?* is observed.
The distribution of the three oxidation states is dictated by the redox potential of the solution
and the number of molecules capable of forming complexes with the mercuric ions. The
mercuric ion Hg?* has the capability to create several stable complexes with naturally
abundant molecules or moieties, such as thiol groups. Mercuric mercury may form four
distinct complexes with the chloride anion in aqueous solution: HgCl*, HgCl,, HgCI3, and

HgCls%. Mercurous mercury Hg* is unstable when exposed to biological substances.!

Organic mercury refers to a group of mercury compounds that contain carbon-hydrogen (C-
H) bonds, with methylmercury (CHsHg*) being the most well-known and toxic form. Short-
chain alkylmercuric compounds react with halogens to produce volatile salts that are

particularly toxic when present in large quantities in the air at room temperature.?

Methylmercury is formed by the combinations of divalent mercury and mercury sulfide
through a natural process known as methylation, primarily occurring in aquatic ecosystems.
In these environments, certain microorganisms, notably sulfate-reducing bacteria, catalyze
the conversion of inorganic mercury (typically found as Hg?*) into methylmercury. The degree
of methylation depends on the oxygen content and the depth of the water system3. This
transformation sets the stage for bioaccumulation and biomagnification, whereby
methylmercury concentrations increase along aquatic food chains, ultimately leading to

higher levels in fish and other aquatic organisms.
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Figure 1. The natural cycle of mercury with the focus on anthropogenic emissions and transformation

in the aqueous system leading to methylmercury entering the food chain.

One of the most concerning attributes of methylmercury is its exceptional bioavailability. Due
to its high solubility in lipid membranes methylmercury is readily absorbed and assimilated
by living organisms, making it a pervasive threat. As it enters the food web, methylmercury
exhibits a remarkable propensity to accumulate in the tissues of organisms, particularly in
fish. This bioaccumulation phenomenon can result in significantly higher methylmercury

concentrations in fish compared to the surrounding water.

1.3 Occupational exposure to mercury
Mercury can be present at workplaces either as a byproduct of manufacturing processes or

as an inherent component of certain materials. Some common sources of mercury in
industries include gold extraction, chloralkali production, the manufacturing of mercury
thermometers and fluorescent bulbs, and waste incineration. In these sectors, mercury can
be emitted into the atmosphere or released into wastewater, leading to environmental

contamination.

Mining and gold extraction workers are commonly associated with increased mercury
exposure since it is often used in small scale gold mining for gold extraction. This especially
applies to the artisanal and small-scale gold mining (ASGM), which refers to the process of
extracting gold by manual labor and simple technology, and is the primary source of human-

caused mercury emissions (Figure 2).* This industry is regulated by the Minamata Convention,



which seeks to decrease mercury emissions in countries that have signed the agreement. One
requirement of the Minamata Convention is for nations that engage in ASGM to actively
monitor and decrease workers’ exposure to mercury. Additionally, the Convention requires

to develop a public health policy to safeguard the well-being of the miners.>

Mercury forms an amalgam with gold, allowing for the separation of gold from other minerals
in the ore. Miners and processing workers are exposed to mercury vapors during the
amalgamation process handling and mixing mercury with the crushed ore to form an
amalgam, which is then heated to vaporize the mercury, leaving behind the gold. Inhalation
of mercury vapors is a primary route of exposure for miners. Mercury vapor is readily
absorbed through the lungs and can lead to severe health effects. Skin contact with liquid
mercury or contaminated materials can also result in intoxication, especially if protective

gloves and clothing are not used.®
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Figure 2. The process of artisanal and small-scale gold mining involving

the manual amalgamation with mercury.

Dentists and dental staff (including hygienists, assistants, and laboratory technicians) are also
at high risk due to the use of dental amalgams. Dental amalgam is a mixture of metals used
to fill cavities caused by tooth decay. It includes silver, tin and copper, but the major
constituent of the amalgam making up approximately 50% of the composition, is elemental
mercury.” In recent years, there has been a growing shift towards alternative filling materials

not containing mercury such as composite resins, glass ionomers, and ceramic materials.®



However, mercury amalgam continues to be used in dental practices throughout the world
due to its low cost, greater durability, and ease of installation. Dental workers are at risk of
exposure to mercury vapor and particulate matter during a variety of clinical procedures
involving amalgam.® Procedures performed at high temperatures, such as drilling and
polishing, are especially dangerous because of more intense evaporation.'® Such procedures
put not only the dentist at risk, but the patient as well. Thus, after removal of an amalgam
filling, an increase in blood and plasma mercury levels was observed within 3-48 hours,
followed by a decline.” The spectrum of mercury exposure in dental workers and patients is

demonstrated in Figure 3.
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Figure 3. The study examined the spectrum of mercury exposure, defined by the rate of mercury
excretion in urine, in individuals bearing amalgam fillings, amalgam-free subjects, and occupationally
exposed dental workers. The lowest adverse effect exposure limit (LOAEL) for the central nervous
system, thyroid, kidney, and immune system is also shown.'® Reprinted with the permission from

Elsevier under license 5797420760049.

Workers involved in the production of thermometers and barometers may be exposed to
mercury, as well as some branches of chemical industry may also be potentially hazardous to
employees. Thus, the level of mercury in methyl mercury form in the lake situated near a
thermometer factory was reported to be twice as high as in two other lakes in the same

region.!?



A current important consumer of mercury in the European Union is chloralkali production,
which contribution of total anthropogenic emissions in Europe was estimated to
approximately 15% in the early 2000s.? Chloralkali plants are industrial plants that produce
chlorine gas (Cl,) and sodium hydroxide (NaOH) by electrolysis of brine (sodium chloride
solution). During this process an electric current pass through a brine solution in an
electrolytic cell, decomposing sodium chloride to chlorine gas, sodium hydroxide, and
hydrogen gas. Historically, mercury was used as cathode material in the electrolysis process.
Plant workers faced significant risks of mercury exposure through inhalation and skin contact,
as well as through the consumption of contaminated water and food. In response to growing
concerns about environmental pollution and worker health risks, many countries gradually
phased out mercury cell technology in chloralkali production in the late 20th and early 21st
centuries, replacing it with the membrane cell technology. However, some chloralkali plants
in developing countries continue to operate using mercury cell technology due to cost
considerations and regulatory gaps.'3 Due to the increased aerial concentration of mercury in
the area of the plant, workers are subject to increased exposure, receiving mercury both at

the workplace and from the air (Figure 4).
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Figure 4. The average annual total gaseous mercury (TGM) concentration (ng/m?3) for the Tarnow plant
in Poland in 2002. The yellow square in the center shows the position of the chloralkali plant.!?

Reprinted with the permission from Elsevier under license 5797501203034.

Another industry that exposes the employees to this type of risk is the manufacturing and
recycling of compact fluorescent lamps (CFLs). Due to reduced energy consumption,
minimized carbon dioxide emissions and 10-fold increase in lifetime, the CFLs are widely used
as a replacement option for incandescent bulbs, and the prevalence of their domestic use is
constantly growing. Nevertheless, a significant drawback of CFLs is the presence of milligram
amounts of mercury in them, since these consist of a phosphor-coated glass tube containing
mercury vapor and argon gas. As part of the recycling process, lamps are crushed, which
results in the emission of mercury vapor and dust particles. Workers using drum-top crushing
machines or fluorescent bulb recycling machines may be exposed to hazardous conditions if
bulbs are accidentally shattered outside the machine or if the machine's air filtration system

is malfunctioning.14 1>

The duration and frequency of exposure strongly affect the extent of mercury intoxication.
Prolonged or repeated exposure to mercury vapors or dust particles increases the risk of

adverse health effects. Workers engaged in continuous or repetitive tasks involving mercury-
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containing materials are at higher risk of chronic exposure, highlighting the importance of

implementing control measures and monitoring protocols.

Control of mercury exposure in occupational settings is carried out using engineering
solutions, use of personal protective equipment, job rotation strategies, and regular
monitoring of mercury levels at workplace and in biological samples. The engineering
solutions mainly mean effective ventilation systems. Proper airflow helps to dilute and
remove mercury vapors and particles from the air, reducing the risk of inhalation. Ventilation
strategies including local exhaust systems, general dilution ventilation, gas sensors, data
transmission systems, and engineering controls tailored to specific processes and work areas,
are widely implemented in modern mines.'® The engineering control systems may include

closed-loop systems, containment enclosures, and mercury capture systems.

Temperature and humidity can also influence mercury vaporization rates and airborne
concentrations in the workplace. High temperatures and low humidity levels promote the
release of mercury vapors from contaminated surfaces and materials, strengthening exposure
risks. Conversely, in cold and humid environment the vaporization and dispersal of mercury
is lower, though the potential for condensation and surface contamination might be

increased.3

The use of personal protective equipment (PPE) minimizes direct contact with mercury and
reduce exposure risks (Figure 5). PPEs may include gloves, goggles, respirators, and protective
clothing designed to prevent skin contact or inhalation of hazardous substances. Maintaining
strict hygiene practices, training, and adherence to PPE protocols are reported as effectively
preventing mercury contamination and minimizing exposure risks in the workplace. The
recommendation to wash hands and exposed skin thoroughly after handling mercury-
containing materials or equipment is usually accepted at enterprises involving high risk of
exposure, as well as recommendation to clean contaminated work surfaces and tools
regularly using appropriate methods and cleaning agents to prevent cross-contamination and

spread of mercury.
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Figure 5. An example of PPEs for a workplace with risk of mercury exposure.

An increased demand for safety and well-being of employees led to the development of
comprehensive training and education programs highlighting the hazards of mercury
exposure and promoting safe work practices among workers. Training cover topics such as
the health effects of mercury, proper handling and storage procedures, use of PPE,
emergency response protocols, and the importance of regular monitoring and medical

surveillance.

Regular monitoring of mercury levels in the workplace environment and in biological samples
are now an integral part of the workflow in most of the above industries. Air sampling and
analysis techniques, such as atomic absorption spectrometry (AAS) and gas chromatography
(GC), are widely used for quantification of airborne mercury concentrations and exposure
control measures. Biological monitoring involves measuring mercury levels in blood, urine, or

hair samples to assess internal dose levels and identify individuals at risk of overexposure.

Another approach to mitigate the risk of chronic mercury intoxication includes job rotation
strategies allowing workers to alternate between tasks with varying levels of exposure.
Rotating job assignments can reduce cumulative effect and prevent the development of

severe health effects associated with prolonged exposure to mercury.’

Without denying all the above, it is worth clarifying that the most optimal strategy for
preserving the health of workers is still the substitution of mercury-containing materials with

safer alternatives.
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1.4 Health effects of mercury exposure
Subsequent health implications can be severe. Mercury vapor is readily absorbed through

inhalation and can accumulate in the body over time. Prolonged exposure to elevated levels
of mercury can result in neurological disorders, respiratory problems, kidney damage, and
even death.! Certain groups, such as pregnant women and individuals with pre-existing health

conditions, are particularly vulnerable to the harmful effects.

Methylmercury (MeHg) obtained by occupational exposure is readily absorbed (90%
absorption rate) and remains in the body for a significant period of time (half-life of about 70
days).'® At oral administration, MeHg is fully distributed into the bloodstream within a period
of 30 hours, resulting in a blood concentration equivalent to about 7% of the administered
dosage. Circulating methylmercury mostly accumulates in red blood cells. It attaches to
cysteinyl (-SH) residues on the haemoglobin beta chain and then gradually spreads
throughout the body, reaching an equilibrium with other tissues in about 4 days.
Accumulating in significant quantities, MeHg induces the intoxication of cells and tissues
through different cellular and molecular mechanisms, including inhibition of DNA, RNA and
protein synthesis, erosion of microtubules, and oxidative stress. It also increases the level of
intracellular Ca?*, suppressing the neurotransmitter function.? On the cell level, due to the
high binding ability to sulfhydryl groups in mitochondria, mercury may disrupt the
mitochondrial electron transport chain, produce glutathione depletion, oxidative stress, and
raise levels of reactive oxygen species. Additionally, Hg can injure the mitochondrial

membrane, leading to mitochondrial growth and cell death signaling.*®

The circulation of mercury in the human body affects almost all internal organ systems (Figure

6).
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Figure 6. The distribution of methylmercury in the human body.

Within the brain, MeHg experiences gradual demethylation and transforms into inorganic
mercury. After prolonged exposure approximately 10% of mercury remains in the brain cells
with uneven distribution (the astrocytes and microglia had the highest deposits of Hg,
whereas the buildup in neurons is notably lower).2 Common symptoms of mercury-induced
damage in the central nervous system may include peripheral vision loss and paresthesia,
often experienced in the hands, feet, and around the mouth. Impaired motor coordination
and muscle weakness may be observed as well.?° Multiple studies suggests that the pathology
of Alzheimer’s and Parkinson’s diseases might be at least partially caused or escalated by

inorganic mercury.?t 2223

Kidney damage caused by mercury is reported to be a reason for dose-related tubular
dysfunction and idiosyncratic nephrotic syndrome, which is expressed in increased protein
excretion into the urine.?* Mercury poisoning has been linked to the cause and development

of different autoimmune diseases, such as the Morvan syndrome.?>

MeHg easily passes through the placenta and builds up in the developing fetus at higher levels
than in the mother. Thus, neonatal cord blood mercury levels are more than double the level
found in maternal blood during parturition. However, mercury levels in infant blood heavily

drop within the first 13 weeks of the child's life. After three months, maternal MeHg
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concentrations are higher than those of the infant, which is the opposite of the situation
during childbirth.26 27 Nearly 5% of the whole amount of mercury present in the maternal

blood is detected in breast milk.2

Apparently, the most massive and shocking case of mercury poisoning was the famous
Minamata disease. It appeared because of an environmental disaster that occurred in the city
of Minamata, Japan, in the late 1950s. The Chisso Corporation, a chemical company, released
industrial wastewater contaminated with methylmercury into Minamata Bay. Methylmercury
had accumulated in the body of local fish and shellfish, which then entered the food chain
and affected the people who consumed them. It is estimated that thousands of people were
affected by this illness during the peak of the outbreak in the 1960s.228 Minamata disease
mostly affects the central nervous system, resulting in sensory disturbances, ataxia, tremors,
and memory loss. Severe instances may lead to paralysis, unconsciousness, and death. The
impact of Minamata disease extended to multiple generations, as the effects of
methylmercury exposure were also observed in unborn children whose mothers were

affected.?®

In 2013, the international community adopted the Minamata Convention on Mercury as a
reaction to the worldwide danger of mercury contamination. The primary objective of this
convention is to protect human health and the environment from the hazards associated with
mercury. The agreement establishes measures for regulating mercury emissions, diminishing
mercury use in products and processes, and lobbying for safe handling, storage, and

elimination of trash containing mercury.”

Another notorious example of mercury poisoning is erethism, or "Mad Hatter's disease", also
known as "hatter's shakes" or "hatter's syndrome," which refers to a historical occupational
iliness that affected hat makers (hatters) in the 18th and 19th centuries, particularly those
who were involved in the production of felt hats.3° The disease was characterized by a range
of neurological and psychological symptoms, and it was eventually linked to chronic mercury
exposure in the workplace. The primary cause of Mad Hatter's disease was the prolonged and
direct exposure of hatters to mercury, specifically using mercuric nitrate in the hat-making
process. Hatters used mercuric nitrate to soften and shape animal fur (usually rabbit or hare)
into felt, which was then used to make hats. During the hat-making process, hatters were

exposed to mercury in the form of vapor.3! Mercury vapor is colorless, odorless, and tasteless,
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making it difficult to detect. Hatters would inhale these vapors and get mercury absorbed
through the skin. The chronic exposure to mercury vapor led to various symptoms associated
with Mad Hatter's disease. These symptoms included tremors (hence the term "hatter's
shakes"), slurred speech, mood swings, irritability, anxiety, and hallucinations. Some hatters
also experienced coordination problems and muscle weakness. The term "Mad Hatter"
became synonymous with the eccentric character from Lewis Carroll's "Alice's Adventures in
Wonderland." With the decline of the hat-making industry in the late 19th and early 20th
centuries, cases of Mad Hatter's disease became increasingly rare. The adoption of safer
practices and the use of alternative materials eliminated the primary source of mercury

exposure for hatters.3°

1.5 Regulations and guidelines for occupational mercury exposure
In addition to the already mentioned Minamata convention, many others guidance

documents have been implemented to limit and regulate the industrial use of mercury.

REACH (Registration, Evaluation, Authorization, and Restriction of Chemicals) regulation
adopted in 2006 by the European Chemical Agency (ECHA) requires companies to register
substances they manufacture or import, evaluate their hazards, and take appropriate risk
management measures.3? Directive 2004/37/EC on Occupational Exposure Limits and
amending Directive (EU) 2017/2398 both establish binding occupational exposure limits
(OELs) for chemical agents, setting maximum concentrations of substances in the air that
workers may be exposed to during their work activities. It includes mercury among the highly
hazardous substances.33 Regulation (EU) 2017/852 specifically targets mercury, establishing
measures for mercury reduction in various sectors of industry. It particularly aims to phase
down the use of amalgam containing mercury in dental fillings, promoting the use of
alternative materials where feasible. It sets strict requirements for the handling, use and
disposal of mercury amalgam.'” CLP Regulation (EC) 1272/2008 on classification, labeling, and
packaging of substances and mixtures classifies dangerous substances including mercury and
mercury compounds according to their hazardous properties, providing clear labeling and

safe handling requirements across the EU.34

All these documents together aim at maximizing the safety of workers in industries with a risk

of mercury exposure.
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1.6 Existing mercury detection methods

1.6.1 Cold vapor atomic absorption spectroscopy and cold vapor atomic fluorescence
spectroscopy

1.6.1.1 Cold vapor atomic absorption spectroscopy
Cold vapor atomic absorption spectroscopy (CV-AAS) works on the principles of atomic

absorption spectrometry. In the case of mercury analysis, the sample is first subjected to
chemical vapor generation. This involves converting the different forms of mercury in the
sample into gaseous elemental mercury (Hg®). The gaseous mercury is then introduced into
an atomic absorption spectrometer, where it is exposed to a monochromatic light source at
the resonant wavelength of elemental mercury (Figure 7). Mercury atoms absorb the light at
this wavelength, causing a reduction in the transmitted light intensity. The degree of
absorption is directly proportional to the concentration of mercury in the sample, which can

be quantified based on the reduction in light intensity.

Sample Mixing - reaction coil /\
AR Y Optical cell Hollow-cathode lamp
Carrier liquid § AN/
E— ]
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(snClzor
NaBH4/NaOH) Waste

Monochromator Detector Data analysis
Figure 7. Typical CV-AAS setup for the determination of mercury.

CV-AAS is well-suited for mercury analysis due to its ability to selectively determine mercury
at low concentrations. It is particularly effective for the analysis of total mercury in various
sample matrices, including biological samples.3> CV-AAS can achieve low detection limits for
mercury, making it suitable for trace-level analysis.3® ° 38 39 A solid advantage is that the
technique can differentiate between different forms of mercury, allowing for speciation
analysis. Sample preparation is relatively simple, which reduces the risk of contamination and
minimizes potential interferences.*® 41 42 CV-AAS has been used for decades and has evolved
with advancements in instrumentation and methodology.*® 4 %  Improvements in

automation, detection limits, and sample handling have been made.*®
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Despite its usefulness, CV-AAS may still face challenges related to interferences that can arise
from the co-existence of elements with similar absorption wavelengths or from compounds
that form stable complexes with mercury. However, the major problem of the method is its’
inability to determine mercury species: AAS provides information about the total mercury
content only. This limitation is particularly significant when trying to assess the toxicity and
environmental behavior of different mercury compounds.*” 8 To perform speciation analysis
with AAS, a chromatographic separation step is often required to isolate different mercury
species. This adds complexity to the analysis and requires additional equipment and method

development.

1.6.1.2 Direct mercury analyzer
Multiple studies are implemented with DMA-80 (direct mercury analyzer), which is a highly

specialized instrument designed for the direct determination of mercury in solid, liquid, and
gaseous samples. It works on the principle of thermal decomposition and atomic absorption
spectrometry, similar to CV-AAS but without the chemical vapor generation step. The heart
of the DMA-80 is a high-temperature quartz tube furnace, inside which the sample is
subjected to high temperatures (often around 650-900°C) under a controlled environment.
The thermal decomposition process volatilizes and converts all mercury compounds (organic
or inorganic) into elemental mercury (Hg®). This step also homogenizes the sample and
eliminates potential interferences from other elements or compounds in the sample matrix.
After thermal decomposition, the elemental mercury vapor is carried out of the furnace by a
carrier gas (typically oxygen or a mixture of oxygen and nitrogen) to a trapping system. It can
involve a gold-coated amalgamation trap, where the mercury atoms are absorbed onto the
gold surface, or a sulfur-impregnated activated carbon trap, which captures the mercury by
forming mercury sulfide.*® The trapped mercury is subsequently desorbed from the trapping
material by heating the trap. The mercury vapor is then directed into an atomic absorption
spectrometer for analysis. The DMA-80 uses atomic absorption spectrometry in a cold vapor
configuration and demonstrates high accuracy and precision in mercury analysis, often being

considered as a preferred choice in the research related to occupational health 4! 505152 53 45
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1.6.1.3 Flow injection mercury system
Building on the principles of CV-AAS, flow injection mercury system automates and optimizes

sample introduction and reagent mixing. In FIMS, the sample is introduced into a carrier
stream and transported to a reaction coil where it reacts with reducing agents to form
mercury vapor. This vapor is then detected by atomic absorption spectroscopy, providing
accurate measurements of mercury concentrations. This system allows for precise and
continuous monitoring of mercury levels, improving the accuracy and efficiency of the

analysis.>*

1.6.1.4 Cold vapor generation atomic fluorescence spectroscopy
Cold vapor generation atomic fluorescence spectroscopy (CV-AFS) is a related technique that

provides even greater sensitivity for mercury analysis than CV-AAS. It is often preferred for
very low-level mercury determination. The key difference is in the detection principle. CV-
AAS measures mercury absorption, while CV-AFS measures the fluorescence emitted by
mercury atoms after excitation. CV-AFS has proven to be generally more sensitive and capable
of measuring mercury at lower concentrations compared to CV-AAS and is preferred when

extreme sensitivity is required. > 42 6 57 58 59 60

1.6.1.5 Sample preparation techniques for cold vapor atomic absorption spectroscopy and
cold vapor atomic fluorescence spectroscopy

The commonly used biological sample preparation techniques for CV-AAS/AFS include

3533 37 solvent extraction, or preconcentration

digestion in nitric acid or in a mixture of acids,
techniques.?? 42 8 The typical solvent for blood dilution include ethylenediaminetetraacetic
acid (EDTA), propanol or butanol, Triton X-100 and tetramethylammonium hydroxide (TMAH)
in various concentrations.*! In urine analysis, creatinine corrected mercury levels are

measured.>1 36

In search for an optimal combination of high precision, accuracy, fast response time and cost-
effectiveness, different instrumental set-ups continue to be tested. Various techniques of
vaporization have been reported. To separate different mercury species in the sample, AAS
or AFS are often combined with GC. This set-up has repeatedly shown high separation and
quantification ability.>® © 62 Thermal decomposition amalgamation atomic absorption
spectrometry (TDA-AAS) is similar to the DMA-80 method mentioned earlier. It involves

thermal decomposition to convert mercury compounds into elemental mercury, which is then
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measured by AAS. TDA-AAS is effective for total mercury determination in various sample
types.*! Graphite furnace atomic absorption spectrometry (GF-AAS) involves atomizing the
sample using a graphite furnace and can be used for both solid and liquid samples. While not
specific to mercury, GF-AAS can be employed for mercury determination in biological
matrices with lower mercury concentrations.?® 3 Photochemical vapor generation atomic
fluorescence spectrometry (PVG-AFS), involving the generation of volatile mercury species
from the sample using photochemical reactions, is reported as a highly sensitive and suitable

method for both total mercury and speciation analysis.®4 €0

1.6.1.6 Applications of CV-AAS and CV-AFS
Both AAS and AFS are widely used in biomonitoring of individuals in industries involving

mercury handling. In most cases, monitoring is carried out using blood and urine samples.
Blood analysis provide insights into current mercury levels in circulation, while urine indicate
the excretion of metabolites from the body. Hair analysis provides a unique advantage for
assessing chronic mercury exposure since hair accumulates mercury over time through
circulation and entry into the shaft. However, regular hair sampling is uncomfortable for the
person being tested. On the other hand, although saliva sampling is simple and non-invasive,
the possible release of mercury from dental fillings can make the results difficult to interpret,
leading to inaccurate estimates of occupational exposure levels. Thus, saliva mercury testing

is rarely used in occupational health monitoring.

Both AAS and AFS are very common methods for monitoring mercury. These have been
actively used in recent decades in research and service laboratories, at the industrial
enterprises themselves and in the laboratories of regulatory organizations. CV-AAS is also
widely used for environmental monitoring and quality control purposes.’® Table 1 shows
some typical sample preparation methods and limit of detection (LOD) values for the

determination of mercury in various matrices using CV-AAS.



21

Table 1. Reported mercury detection methods using CV-AAS
Year Matrix Sample preparation LOD Ref.
2004 blood acid digestion, KMnO,! oxidation 1.84 pg/L »
2007 hair, nails, urine digestion with HNOs, HCIO,, and 0.01 ng/g 65
H,S04
. . 0.008 uM (MeHg), 66
2009 cell lines ethylation 0.005 UM (InHg)
2009 blood, urine traditional on-line digestion 14-259 nmol/L 47
2010 hair, urine acid digestion 0.075 pg/L &7
acid digestion, KMnQy,,
2010 saliva, hair tetramethyammonium hydroxide 0.01 pg/l 68
(tmah)
2010 urine, hair vortex/washing 3xSD of blank 50
. acetone/B-mercaptoethanol 6o
2011 hair washing 0.020 pg/g
2011 urine, hair, blood acid extraction, digestion %i)TngL/(ngEZ:jr;’ 70
2014 blood, hair acid extraction, centrifugation 0.05 ng/g 71
2015 urine not reported 0.2 ug/L 9
2015 urine, hair, blood oxygenated decomposition 0.014 pg/L 2
2016 blood freezing, thawing 0.2 ug/L 4
2016 hair acid digestion 0.04 ug/g 37
2016 urine digestion (NaOH, L-cysteine) 0.009 mg/L =
. pasteurization, freezing, acid 7
2017 breast milk digestion 1 ug/kg
. . ethylenediaminetetraacetic acid 74
2017 blood, hair, urine not reported
(EDTA)
2017 hair acetone rinsing, acid digestion 0.0003-0.1 pg/kg >
2020 urine, blood creatinine-adjusting 0.05 pg/L >3
2020 blood not reported 0.158 pg/L °1

1 Potassium permanganate
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Year Matrix Sample preparation LOD Ref.
. ) . 0.5 pg/L (blood)
2021 | blood, hair, urine mlcrowz(;]'\\//leeld_:g?;t;griw;)GC ECD 0.1 mg/kg (hair) a4
g 0.14 pg/L (urine)
2021 blood acid digestion, SnCl, 0.001 ng/mL 27
brain tumor, hair, - . 39
2022 EDTA, acid digestion 0.08 ug/L
blood
2022 hair, sand, urine digestion, NH,OH + HCl 0.0015 ng/g 60
. . . 0.61 pg/L (blood), 25
2022 hair, blood sodium heparin 0.81 ug/z (hair)
cloud point assisted dispersive
2023 blood ionic liquid-micro solid-phase 0.005-3.60 pg/L 46
extraction (CPA-DIL-u-SPE)
2023 urine, hair, blood oxygenated decomposition 0.0i;i((f;?;r()),d?l?a 36

A review of research conducted in recent decades in the field of mercury detection in

biological samples using CV-AAS shows that LOD for blood decreased from 1.84 ug/L in early

2000s to 0.23 pg/L in 2023. LOD for urine reduced from 0.2 pg/L to 0.14 pg/L for

approximately the same period. In hair, the reported LODs have not changed that much,

demonstrating the lowest value as 0.05 ng/g. Acid digestion remains the most used sample

preparation technique.

Typical sample preparation methods and LOD values for the determination of mercury in

various matrices using CV-AFS are given in Table 2.

Table 2. Reported mercury detection methods using CV-AFS

Year Matrix Sample preparation LOD Reference
. acid digestion, SPME (NaBEta
2 ’ ) 76
004 hair polydimethylsiloxane) 40 ne/e
2011 hair, urine acid digestion, BrCl, SnCl, not reported 69
. L
2021 urine extraction Oléguié/l_(lz/llrf:gg))’ 7
2022 hair, nails acid digestion, BrCl, SnCl; 0.0006 pg/kg 61
5023 hair acid digestion, ethylation, 0.07 ng/g 64
purge, trap
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The results of the reported CV-AFS analyses are comparable to those using the CV-AAS
technique. The detected mercury concentrations are approximately of the same order of
magnitude. For sample preparation, acid digestion and the cold vapor technique using SnCl;

as a reducing agent, are commonly used.

1.6.2 Inductively coupled plasma mass spectrometry
Inductively coupled plasma mass spectrometry (ICP-MS) is an analytical technique used for

the detection and quantification of trace elements, including mercury, in various sample
matrices, including biological samples like blood, hair, urine, saliva, and sweat. ICP-MS
combines two main components: the inductively coupled plasma (ICP) and mass
spectrometry. The ICP is a high-temperature ionization source that atomizes and ionizes the
sample, breaking it down into its constituent elements. This ionized material is then
introduced into the mass spectrometer, where it is separated based on mass-to-charge ratio.
By measuring the abundance of ions with specific mass-to-charge ratios, the concentration of

mercury in the sample can be determined with high sensitivity and precision.

Inthe 1990s, a couple of decades after the researchers began to explore the use of inductively
coupled plasma as an ionization source for mass spectrometry, the method began to be
actively used for mercury testing.”® At first, ICP-MS became a crucial tool for monitoring
mercury in environmental samples, such as water, soil, and sediments. Additionally, its
application expanded into the field of clinical and biomedical research for analyzing mercury
levels in biological samples, such as blood, hair, urine, saliva, and sweat.”® This innovation
allowed to exceed the limitations of AAS and AFS techniques in terms of sensitivity and
selectivity, especially when dealing with complex biological matrices. ICP-MS offered far
greater sensitivity, enabling the detection of trace levels of mercury in complex samples.*” 48
Besides high sensitivity, ICP-MS offers excellent precision and accuracy in quantifying mercury
isotopes.t? 84 Another major advantage was the ability of ICP-MS to analyze multiple elements
simultaneously, especially in fields like environmental science, where various trace elements

needed to be monitored.”® 8! 82
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1.6.2.1 Inductively coupled plasma mass spectrometry coupled with high-performance
liquid chromatography

To accurately separate and quantify different mercury species, chromatographic techniques,
such as high-performance liquid chromatography (HPLC), are often coupled with mass

spectrometry (Figure 8).

Data analysis

“— Fl} Argon

Spray chamber Lenses  Quadrupole % b
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Figure 8. A typical HPLC-ICP-MS setup for determination of mercury

The choice of column, mobile phase, and other chromatographic conditions must be

optimized for mercury speciation.

HPLC-ICP-MS is a highly effective technique, combining the high separation power of HPLC
with the sensitivity of ICP-MS. It is widely used for the separation and quantification of
different mercury species, such as methylmercury and inorganic mercury, in biological
samples. Advantages include simultaneous determination of multiple mercury species and

improved selectivity.83 84 &

1.6.2.2 Inductively coupled plasma mass spectrometry coupled with gas chromatography
In recent research, GC-MS is also often used for the analysis of volatile mercury species in

biological samples, such as methylmercury in fish or organic mercury compounds in hair,
providing information on the specific forms of mercury present. Some studies use gas
chromatography electron ionization mass spectrometry (GC-EI-MS) to ionize and detect non-
volatile or less volatile compounds, making it suitable for a wider range of mercury species,

including inorganic mercury compounds. 8 87
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The dynamic reaction cell (DRC) is an additional component in the ICP-MS system that reduces
spectral interferences by using reaction chemistry to eliminate isobaric interferences (same
mass-to-charge ratio) and enhance analytical specificity. In biomonitoring, ICP-DRC-MS is
used to improve the accuracy of mercury quantification by mitigating interferences that can
affect traditional ICP-MS measurements.®? It is especially useful in the analysis of complex
matrices like biological samples.88 To extend the capability of ICP-MS, attempts to increase
the number of mass analyzers have been made. The triple quadrupole ICP-MS (ICP-QQQ-MS)
set-up, using three quadrupoles, was established for targeted and highly sensitive
guantification of specific mercury species, making it suitable for trace-level speciation
analysis. It showed better results compared to the conventional ICP-MS system with only one
quadrupole mass filter.82 An in-column high-pressure nebulizer introducing the sample into
the ICP-MS and enhancing sample transport, was estimated as a technique significantly

improving sensitivity of analysis.

1.6.2.3 Sample preparation techniques for inductively coupled plasma mass spectrometry
The development of different techniques of sample preparation for testing mercury levels

with ICP-MS has been the target of many studies in recent years. To efficiently extract and
analyze the mercury content in blood, urine and hair, convenient procedures such as acid
digestion and extraction are widely used. Besides homogenization and removing of organic
interferences, in the case of mercury, acid digestion transforms inorganic species like Hg?*

(mercuric ions) into a more stable and analyzable form % 92 93 55

In blood sample preparation, researchers often resort to additional agents, for instance
ethylenediaminetetraacetic acid, to chelate and stabilize mercury in blood samples,
preventing potential losses or changes in mercury speciation and maintain the integrity of the
sample.®? Another agent to prevent the loss or transformation of mercury species, solubilize
and stabilize analyte to ensure accurate results, is 2-mercaptoethanol.?> Titanium dioxide
(TiO,) is often used as an adsorbent to preconcentrate mercury from the sample before ICP-
MS analysis. Preconcentration enhances sensitivity, especially for trace-level mercury
analysis.?* Derivatization (converting mercury into a more stable and easily detectable form),
typically by adding sodium tetrapropylborate (NaBPr;), demonstrated high efficiency in

multiple studies.®® Less common, but well-proven way to facilitate the analysis of inorganic
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mercury species and minimize interference is sodium borohydride (NaBH4) used to reduce
inorganic mercury (Hg?*) to elemental mercury (Hg®) for improved analysis.’® Enzymatic
creatinine determination was tested to normalize mercury concentrations in blood samples
to account for variations in urine dilution. It provided a more accurate representation of
mercury levels by accounting for differences in blood volume and urine excretion.” The
combination of TMAH (tetramethylammonium hydroxide), Triton X-100, and ammonium
pyrrolidinedithiocarbamate (APDC) efficiently helps to create conditions that promote the
formation of complexes between mercury and chelating agents, facilitating extraction and
concentration. This method enhances the extraction of mercury species from the sample

matrix and promote their stability during subsequent processing and analysis.®’

In terms of urine sample preparation, application of L-cysteine deserves interest. This agent
is used to stabilize and reduce inorganic mercury (Hg?*) in urine samples, converting it into
more stable and analyzable species, typically methylmercury. This approach reduces potential
losses and changes in mercury species during sample preparation.?> More conventional
preparation techniques, such as spiking, which involves adding a known amount of a mercury

standard to the sample, typically result in high recovery and accuracy during the analysis.®

A sophisticated technique based on thermal separation with isotope dilution, gas
chromatography, and ICP-DRC-MS (TSID-GC-ICP-DRC-MS) appeared to be highly accurate and
allowed for precise quantification of mercury species. It is particularly valuable in research

and regulatory applications.’®

1.6.2.4 Applications of inductively coupled plasma mass-spectrometry ICP-MS
The field of applications of ICP-MS for determination of mercury is similar to that of CV-

AAS/AFS (Table 3). Many research and service laboratories are equipped with both types of
instrumentations, which allows to perform comparative analysis. ICP-MS is the preferred
method for analysis of extremely low trace values of mercury. It can also analyze multiple
elements simultaneously, which makes it a powerful tool for comprehensive elemental
analysis.”® The Table 3 shows some described in literature sample preparation methods and

LOD values for the determination of mercury in organic matrices using ICP-MS.
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Table 3. Selected reported studies on mercury using ICP-MS.
Year Setup tl;se Matrix Sample preparation LOD Ref.
blood, acid mineralization/
2005 | direct ICP-MS | total plasma, enzymatic creatinine 0.079 pg/L &
urine, hair determination
2008 | direct ICP-MS | total |  blood TMAH+Triton X-100, 0.40 pg/L o7
APDC
2008 | direct ICP-MS | total hair L-cysteine, 2- not reported 6
mercaptoethanol, EDTA P
methyl tert-butyl ether 86
2009 | GC-ICP-MS org blood (MTBE), citrate buffer 0.1 pg/L
. mercaptoethanol, 12 ng/L(InHg) | o
2013 | HPLC-ICP-MS | org, in plasma L-cysteine, HCI 4 ng/L (MeHg)
optical ostmortem 0.013-0.231
5014 emission total pblood hair NaBH4+NaOH+HCI ug/L (blood), 18
spectroscopy uri,ne ! to reduce Hg?* 0.0048-0.042
ICP-OES pg/L (urine)
2017 | direct ICP-MS | in air Hg vapor badge 6 ng/L 4
Hg . .
Year Setup type Matrix Sample preparation LOD Ref.
2018 | direct ICP-MS | total blood heparin 0.1 pg/l %3
2019 | direct ICP-MS | ions urine Tio, preconcer.mtrat|oln, 0.75 ng/L 94
vapor generation chip
0.16 pg/L (Ihg)
2019 | GCIcP-Ms | all blood isotope dilution 0.13 ug/L %
(MeHg)
0.4 pg/L (THg)
octopole
reaction . . . 100
2021 system org, in blood alkaline solution 0.16 pg/L
ORS-ICP-MS
2021 | HPLC-ICP-MS | total |  blood cysteine buffer, HNO,, 6 ng/L o1
heating
2022 | IcP-QQQ-MS | total |  blood dilution (water, TMAH, 0.17 ug/L 89
ethanol)
. . extraction (NH,OH, EDTA, 81
2023 | direct ICP-MS | in blood Triton X-100) 0.37 pg/L
2023 | direct ICP-MS | total blood sodium heparin 0.05-0.06 pg/L| 10t

In can be concluded from the research review that LOD and LOQ values are strongly

dependent on the type of sample and sample preparation. The most sensitive analysis was

demonstrated in 2023 with the LOD of mercury in cord blood as low as 0.05-0.06 pg/L.1%!
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Sample preparation methods vary and include solvent extraction, digestion and

preconcentration techniques.

1.6.3 Comparison of methodologies
According to the comparative research, the conventional CV-AAS method underestimated the

analysis of total Hg by about 69% in blood and 14% in urine compared to ICP-MS.*’ This
discrepancy may be attributed to the incomplete oxidation and reduction of methyl Hg
species in the CVAAS method. Interestingly, this contradicts the forensic research suggesting
that at high concentrations of mercury CV-AAS is more sensitive than ICP-MS for blood
samples.*® For both techniques, sensitivity to inorganic mercury is higher than to organic
specie, which suggests that the analytical parameters depend on the chemical form of
mercury. This leads to the necessity to use both types of mercury in the preparation of

standard solutions for calibration.10?
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2 Experimental part

2.1 Introduction
The Finnish Institute of Occupational Health (FIOH/THL) started an important project to

modify the flow injection mercury system (FIMS) equipment with the goal of improving
analytical capabilities for mercury determination in biological samples, especially blood
analysis. This project began with the purchase of the FIMS apparatus to replace the outdated

cold vapor atomic absorption spectrometry (CV-AAS) instrument.

Performance, sensitivity, and analytical capabilities were the main reasons for switching from
the CV-AAS to the FIMS device. Still, even with the FIMS device's promising future, first efforts
to use it for blood analysis turned up unexpected challenges. After introduction into the FIMS
device blood samples started to foam within the tubes and leak to the filter, because of which

the instrument was rendered useless for its intended purpose.

An ageing equipment, like the CV-AAS, has major cost consequences for the laboratory. The
analysis requires a large amount of manual work. The long analysis time and restricted
functionality compromise analytical performance economic efficiency. Laboratory
maintenance, repair and replacement of outdated equipment are rather expensive, while

downtime and poor performance result in revenue and productivity losses.

The main goal of this experimental work includes four directions in view of the difficulties
with the FIMS equipment. First, to evaluate, especially regarding blood samples, the viability
and functionality of the FIMS device for mercury analysis. To this end, a thorough assessment
of the instrument's capabilities and operating features was carried out using water solutions
as surrogate samples.

Secondly, to develop such a ratio of components in a mixture of carrier liquid and reducing
agent, that would achieve maximum selectivity for methylmercury and inorganic mercury.
This requirement is dictated by the difference in toxicity of two types of mercury, due to which
the service laboratory needs to have a method for determining both total mercury and

separately methylmercury.
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Furthermore, to investigate and refine blood analysis sample preparation methods that
would lessen the foaming and leakage problems noted with the FIMS device. Enabling the
successful adaption of the FIMS instrument for blood analysis and releasing its full analytical
potential required an understanding of the underlying causes of these events and the

development of practical solutions.

Finally, as a component of this experimental study, analysis of urine samples by inductively
coupled plasma mass spectrometry (ICP-MS) was compared to the FIMS device. This
comparison method aimed to assess the FIMS instrument's analytical performance, sensitivity
and dependability in respect to a well-known and extensively used analytical method for

mercury detection.

The benefits of achieving these goals were expected to be the resolution of technical
difficulties with the FIMS equipment, optimization of blood analysis performance, and

increase of mercury analytical capabilities in the laboratory environment.

2.2 Analysis of urine samples using ICP-MS for the determination of inorganic
mercury

Urine mercury analysis is a commonly used biomonitoring method to evaluate individual and
population-level exposure to mercury. ICP-MS is successfully used in the FIOH, consistently
demonstrating the excellent sensitivity, accuracy, and handling of complicated matrices,
which make it the best option for trace metal analysis. Due to the high efficiency in detecting
low concentrations of mercury, ICP-MS can serve as a robust reference method for

comparison studies.

FIMS combines flow injection analysis with atomic absorption spectrometry, providing rapid
and direct measurement of mercury in samples. While FIMS is known for its quickness and
simplicity of use, sensitivity and matrix interferences may be more problematic than with ICP-
MS. In urine mercury analysis, the justification for comparing FIMS results with ICP-MS is the
need to confirm and validate the reliability of the method. By benchmarking against ICP-MS,
which is considered a gold standard, the study aims to evaluate the accuracy, precision, and

potential limitations of FIMS.
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Several challenges were expected in this comparative study. Matrix effects are a significant
concern in urine analysis. Urine is a complex biological matrix containing various organic and
inorganic constituents that can interfere with mercury detection and impact accuracy. While
ICP-MS is generally well-equipped to handle complex matrices due to its high sensitivity and
robustness, FIMS may experience more noticeable interference effects, potentially leading to

inaccurate results.

Another challenge is the detection limit and quantification capability of each method. As has
been considered in section 1.6. of the literature review, ICP-MS typically offers lower
detection limits compared to CV-AAS, allowing for the detection of trace amounts of mercury
that might be missed by FIMS. This difference in sensitivity needs to be thoroughly assessed
to determine the applicability of each method under varying mercury concentration
scenarios. Additionally, practical factors such as the operational efficacy and cost-
effectiveness of any approach, should also be considered. While ICP-MS is highly accurate, it
is also more expensive and requires sophisticated instrumentation and trained personnel. In
high-throughput setting taking place in the Finnish Institute of Occupational Health, FIMS

provides a more simple and faster analytical method, although potentially less sensitive.

In conclusion, the comparison of ICP-MS and FIMS for urine mercury analysis aims to establish

a comprehensive understanding of their respective strengths and limitations.

2.2.1 Sample preparation and analysis
Urine samples and standard solutions were provided by FIOH and prepared for analysis in

accordance with standard protocols for ICP-MS analysis. To guarantee the accuracy and
robustness of the analytical results, an internal standard solution was employed as a solvent.

The components of the internal standard are indicated in the Table 4.
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Table 4. Components of the internal standard solution for ICP-MS analysis.

Component Volume Initial concentration
Ga aqueous solution 525 puL 100 ppm
Ge aqueous solution 525 puL 100 ppm
In aqueous solution 53 uL 100 ppm
Pt/Pd aqueous solution 53 uL 100 ppm
Sc aqueous solution 53 uL 1000 ppm
Bi aqueous solution 21 L 100 ppm
HNOs 10 mL 65%
MilliQ H.0 L [ |

The internal standard solution was added to samples and calibration standards to correct for
changes in sample injection, ionization efficiency, and instrument drift during analysis.
Gallium, germanium, indium, platinum and scandium are commonly used as internal
standards in ICP-MS due to their isotope stability and compatibility with the analytical matrix.
Bismuth and platinum are used in quantification as these metals are close to mercury in
atomic mass. Palladium, as a platinum group metal, is added to monitor potential
interferences and matrix effects. The preparation of the internal standard was done using
plastic 1 L volumetric flasks, 5 mL and 1000 uL laboratory pipettes. All metal solutions are

manufactured by Merck Group, 65% HNO3 is manufactured by ROMIL.

Seven standard solutions with concentration of inorganic mercury Hg?* 0.5 pg/L, 1.0 ug/L, 2.5
ug/L, 5.0 pg/L, 10 pg/L, 20 pg/L, and 40 ug/L were used for calibration. Lypocheck Controls
LK, L1 and L2 (Bio-Rad, Hercules, CA, USA) were selected for quality control for their
established traceability and consistency in mercury content. The use of controls allowed us
to monitor the performance of the analytical method and to detect any potential sources of
error or variability in the analysis. The internal controls provided by the laboratory (Ko, K25
and Ks) were used for additional quality control in line with the protocol used in the FIOH. The
standard solutions as well as stock solutions of internal controls and Lypochek were provided
by the laboratory. Sixteen urine samples prepared according to Intercomparison programs 66
— 69 for toxicological analyses in biological materials by Institute and Outpatient Clinic for
occupational, Social and environmental Medicine of the University of Erlangen-Nuremberg

were used for analysis.
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For rinsing and carrying, 2% aqueous solution of HNO3 was prepared by adding 40 mL of
concentrated (65%) HNOs to certain amount of water in 2 L plastic volumetric flask and then

adjusting with water to the mark.

Prior to sample preparation procedure, samples, controls, and standard solutions were
handled for one hour at room temperature. This stage reduces temperature fluctuations-
related differences in sample matrix composition. By departing from the recommended
handling conditions, accuracy of the analysis may be compromised. Due to high concentration
of mercury in the Lypochek 2, it was diluted twice to set it into the tolerance range. The
samples were prepared in 1-mL disposable glass vials. During the preparation, 250 uL of each
stock solution (including Lypocheck 2 twice diluted with water) was pipetted into 4.75 mL of
internal standard. After preparation, all vials were vortexed for 30 sec and introduced into
the autosampler. The analysis was performed using Thermo Scientific iCAP RQ ICP-MS
instrumentation equipped with the Qtegra software, that is intended for ICP-MS analysis data

collecting, processing, and instrument control. There were two runs made for each sample,

and the whole analysis was repeated five times.

2.2.2 Results
The concentration of mercury was quantified regarding to 2°°Hg and 2°?Hg as the most

abundant isotopes. The deviation from the mean (RSD) in concentration value measured by
those isotopes was calculated. Measured results, calculations and tolerance ranges are given

in Table 5.

Table 5. Measured concentrations and tolerance ranges of inorganic mercury in internal
controls Ko, K2.5 and Ks, Lypocheck Controls and urine samples prepared in according with

Intercomparison programs 66 — 69.

Sar'nple Run 2004g 201hg 2021 Ayerage in D RSD Average Tolerance
List isotopes in runs range
# ug/L % pg/L pg/L
¢ 1 0,279 | 0,276 | 0,280 0,278 0,001 0,307 0237 | "0:088-
° 2 0,201 | 0,196 | 0,189 0,196 0,006 2,901 ’ 0,265
1 2,817 | 2,662 | 2,667 2,715 0,076 2,806
7 7 7 7 7 7 2 1 _
Kas 2 | 2570 | 2,550 | 2,570 2,564 0,004 | 0,151 /639 6-34
¢ 1 5349 | 5,376 | 5,350 5,358 0,005 0,094 5 242 3,25 -
° 2 5175 | 5,149 | 5,053 5,126 0,061 1,191 ’ 6,75
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Sample Run | Mg 201g 202pg Ayerage in D RSD Average Tolerance
List isotopes In runs range
# pg/L % pg/L pg/L
K2.5 — Ko 2,403 1,6-3,4
3,25
Ks — Ko 5,005 6,75
1 | 059 | 0470 | 0,580 0,549 0,024 | 4,386 _
0,221
LK 0,520
2 | 0493 | 0502 | 0476 0,490 0,009 | 1,843 0,481
B 1 | 49,327 | 50,466 | 48,088 | 49,294 0706 | 1432 [ ... | 3192-
2 | 47,421 | 48318 | 47,443 | 47,727 0171 | 0,358 ' 59,28
1 | 12091 | 123,86 | 119,98 | 121,589 | 0,804 | 0,662 94,4 -
L2(1:2) =5 11523 | 122,80 | 118,64 | 119,892 | 0865 | 0721 | 7% | 1416
1 | 8893 | 6436 | 8137 7,822 0,551 | 7,040
66 2 2 | 868 | 6370 | 8,138 7,731 0478 | 6,184 7776 | 4587
1 | 32,896 | 29,550 | 32,124 | 31,524 0,688 | 2,183 23,3-
28 1,34
66 2 | 32,646 | 29515 | 31,324 | 31,162 0814 | 2613 | 3% 36,5
1 | 0,485 | 0522 | 0501 0,502 0,010 | 1,955 0,22-
66 8A 2 | 0462 | 0481 | 0,438 0,460 0,014 | 2,959 0.481 0,70
1 | 0783 | 0693 | 0,854 0,777 0,043 | 5575 0,50 -
66 8B 0,805
2 | 0858 | 0,785 | 0,857 0,833 0014 | 1,687 ’ 0,98
1 | 5758 | 3,971 | 5,298 5,009 0378 | 7,544
6724 2 | 5856 | 3,848 | 5352 5,019 0422 | 8401 >014 | 28-52
67 28 1 | 19,655 | 17,076 | 19,223 | 18,651 0503 | 2699 | .. | 106-
2 | 18,803 | 16,358 | 18,235 | 17,799 0504 | 2,830 | === 17,8
1 | 0315 | 0340 | 0,310 0,322 0,006 | 1,802 0,13 -
678A 2 | 0321 | 0277 | 0,269 0,289 0,026 | 9,074 0,306 0,43
1 | 1,373 | 1,341 | 1,347 1,353 0,014 | 1,002 0,77 -
6788 2 | 1,412 | 1,415 | 1,410 1,412 0,001 | 0,079 1,383 1,55
1 | 6213 | 5612 | 5974 5,933 0,151 | 2,549
68 2 2 | 6300 | 559 | 6,042 5,977 0171 | 2,856 >95> | 33-63
1 | 22,508 | 19,087 | 21,734 | 21,109 0,700 | 3,318 12,9-
28 20,92
68 2 | 22,485 | 18,251 | 21,490 | 20,742 0,874 | 4,216 0,926 21,3
1 | o156 | 0111 | 0,118 0,129 0,020 | 15,330 0,04 -
68 8A 2 | o118 | 0,136 | 0,101 0,118 0,010 | 8,582 0.123 0,16
1 | 0397 | 0441 | 0,362 0,400 0,021 | 5,258 0,24 -
68 88 2 | 0389 | 0382 | 0,410 0,394 0011 | 2,735 0.397 0,54
1 | 6579 | 4252 | 5,954 5,595 0498 | 83899
69 2 2 | 6608 | 4527 | 6,097 5,744 0434 | 7561 >670 | 33-63
1 | 33,687 | 30,977 | 32,438 | 32,367 0,743 | 2,295 25,2
6928 2 | 33,921 | 31,548 | 34,014 | 33,161 0468 | 1811 | 227 39,0
1 | 0,263 | 0205 | 0,254 0,241 0011 | 4,668 0,10 -
69 8A 2 | 0261 | 0201 | 0,219 0,227 0,022 | 9,910 0.234 0,28
1 | 0818 | 0857 | 0,890 0,855 0,036 | 4,185 _
0,37
69 8B 2 | 0759 | 0,763 | 0,778 0,767 0,009 1,219 0,811 0,85

The deviation from the mean (RSD) in concentration value measured by different isotopes in

most cases did not exceed 10%, which is considered acceptable according to the laboratory

protocol. In the first run of sample 68 8A the deviation was 15,33% which may be due to

technical errors during the analysis. The average measured concentrations were compared to
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the tolerance ranges provided by Finnish Institute of Occupational Health (for internal
controls Ko, K25 and Ks), BIO-RAD (manufacturer of Lypocheck Controls) and Institute and
Outpatient Clinic for Occupational, Social and Environmental Medicine of the University of
Erlangen-Nuremberg (Intercomparison programs 66 — 69, 2020 for toxicological analyses in
biological materials). With the exception of one sample (67 2B), the measured concentrations
of mercury were neatly set within the tolerance range and were close to the median reference
value. This data allows to use the ICP-MS technique as a reference method in validation of
other newly adopted method for measuring mercury. In case of successful development of
the protocol for the analysis of mercury in biological samples using FIMS technique, the data

obtained through ICP-MS method can be used for comparative analysis.

2.3 Analysis of water solutions and biological samples using Flow Injection
Mercury System (FIMS) for the determination of methylmercury and inorganic
mercury

In the development of a method for analyzing mercury in biological samples using FIMS
technique, it was essential to first verify the instrument's functionality. After being out of use
for an extended period, the instrument needed a careful assessment to guarantee its
functionality. Prolonged periods of time spent stationary may cause several issues such as
degradation of lamp components, contamination, or malfunction of the detection system.
Therefore, before proceeding with the complex analysis of biological matrices, some
measures such as sensitivity test and calibration with water solutions have been taken to
confirm that the FIMS instrument was in optimal working condition. LOD and LOQ were
calculated. Furthermore, attempts were made to establish the optimal concentration of the
reducing agent for the selective determination of methylmercury and inorganic mercury.
Tests of urine samples were performed using different reducing agents. Finally, various

options for sample preparation of blood samples were tested.

2.3.1 Instrumentation and parameters of analysis
A PerkinElmer flow injection mercury system FIMS 400 (Uberlingen, Germany) equipped

with an autosampler PerkinElImer S10 was used for analysis at the specific for mercury

wavelength 253.7 nm. General view of FIMS setup is shown in Figure 9.
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Figure 9. FIMS 400 setup. Pump P2 deliver the carrier and reductant to the mixing coil (1), while the
autosampler pump delivers sample solution. After the coil is filled with the precise volume of the
sample, the injection valve (2) turns, and the mixture is introduced into the reaction coil (3). In the
reactor, the mercury species are converted into elemental mercury vapor, which is separated from
the liquid phase in the gas-liquid separator (4) and is directed into the optical cell (5). Pump P1 is

responsible for removing the waste.

The carrier solution was 3.0% (v/v) HCl with the flow rate of 10 ml/min. As reducing agents
1.1% SnCl; in 3.0% HCl and 0.2%2 NaBH4 in 0.05% NaOH were used, the reductant flow rate
was 6 mL/min. Argon gas (Ar) with the flow rate of 50 ml/min was used as a carrier. The speed
of pumps #1 and #2 were 100 rpm and 120 rpm respectively. The parameters of the reaction
coil were 110 mm x 1.0 mm (i.d.). The sample volume used for analysis was 600 pl. The
Syngistix Software for AA Version 3.1.0.1682 was used to set analysis parameters, control the
system, and interpret the results. Tubing parameters and configuration are shown in Figure

10.

2 Starting concentrations are given. The concentrations of carrier liquid and NaBH4 reductant were adjusted
during the study.
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Figure 10. The parameters of tubing at FIMS 400 setup as it given in the laboratory manual.

2.3.2 Preparation of carrier liquid, reducing agent and standard solutions
3% v/v HCI carrier solution was prepared by adding of 30 ml of concentrated 37% v/v HCI

(ROMIL-SpA) to 500 ml of H,0 in 1 L glass volumetric flask and then filling the bottle to the
mark with H>O. The carrier liquid was poured into the wide neck plastic bottle and renewed
as it was used up. This solution was also used for the most of dilutions during sample
preparation. 1.1% w/v stannous chloride reductant was made fresh daily by adding 5.5 g of
SnCl-2H,0 (Merck KGaA, Darmstadt, Germany) to the mixture of 5 mL of H,O and 15 mL of
37% v/v HCI, sitting during 10 min and then dissolving with water to the mark in 500 mL
volumetric flask. Further, the reductant was poured into the wide neck plastic bottle.0.2%
w/v sodium borohydride reductant in 0.05% w/v sodium hydroxide was made fresh daily as
follows: first, 0.05% w/v NaOH (Merck KGaA) was made based on the proportion by dissolving
2 pellets of NaOH in the appropriate amount of water calculated based on weight of pellets
and the target proportion of 0.5 g NaOH per 500 mL of H,0. Then, 2 g of NaBH4 (Merck KGaA)
was dissolved in 500 mL of 0.05% w/v NaOH. Further, the reductant was poured into the wide

neck plastic bottle.
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5% w/v KMnQ, stabilizing solution was prepared once in the beginning of the work by
dissolving 0.5 g of KMnOa crystals (Sigma-Aldrich) in 10 mL of H,O and stored in an opaque

plastic bottle.

Inorganic mercury solutions:

100 mg/L stock inorganic mercury (InHg) solution was prepared once at the beginning of the
work by adding 13.5 mg of HgCl, (Merck KGaA) to 100 mL of H,0 in 100 mL volumetric flask
and stored in refrigerator closed by Parafilm to prevent change in concentration due to
vaporization. 10 mg/L intermediate InHg solution was prepared by pipetting 1 mL of 100 mg/L
stock InHg solution in 10 mL volumetric flask and filling to the mark with 3% v/v HCI. 0.2 mg/L
intermediate InHg solution was prepared by pipetting 1 mL of 10 mg/L intermediate InHg
solution in 10 mL volumetric flask and filling to the mark with 3% v/v HCI.1 pg/L, 2 pg/L, 5
ug/L, 10 ug/L, 15 pg/L and 20 pg/L working InHg standard solutions were prepared fresh daily,
since the presence of KMnQas in them significantly reduce their shelf life. Respectively 0.1 mL,
0.2 mL, 0.5 mL, 1 mL, 1.5 mL and 2 mL of 0.2 mg/L intermediate InHg solution were pipetted
into 20 mL volumetric flasks and filled to the mark with 3% v/v HCl. One drop of 5% w/v
KMnO. was added to each standard solution to prevent premature unwanted reduction.

Solutions were mixed thoroughly.

Organic mercury solutions:
Stock, intermediate and working organic mercury (MeHg) standard solutions were prepared
from methylmercury chloride in the same concentrations as InHg standard solutions, using
methanol as a solvent. Subsequently, two options were tested and compared:

1. use of pure methanol through all steps of preparation of MeHg standard solution,

2. dissolution of dry CHsHgCl in pure methanol and use of 3% v/v HCl as a solvent in

following dilutions.

Since the comparison of these two methods revealed no differences in the analysis

performance, the MeHg standard solutions in 3% v/v HCl were used in further study.

Total mercury solutions:
2 ug/L, 4 ug/L, 10 pg/L, 20 ug/L, 30 ug/L, and 40 pg/L total mercury (TotHg) solutions were
prepared by pipetting respectively 0.05 mL, 0.1 mL, 0.25 mL, 0.5 mL, 0.75 mL, and 1.0 mL of
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each InHg and MeHg 0.2 mg/L stock solutions to 10 ml volumetric flasks. After that the flasks
were filled to the mark with 3% v/v HCI, and one drop of 5% KMnOs solution was added to
each flask.

The choice of the concentrations of TotHg solutions is justified by the need to compare the

reducibility of mercury species separately and in combination with each other.

2.3.3 Sensitivity test and calibration
The sensitivity test was carried out according to the instructions given by the manufacturer

to evaluate the ability of the instrument to detect and quantify low concentrations of mercury
accurately. The test was performed using 5 pg/L standard InHg solution in 11 replicates. The
mean absorbance was 0.0812 which corresponds to the parameters provided by
manufacturer, namely exceeds the minimum required value 0.0800.
To determine the selectivity of the method, the following sequence of standard solutions was
analyzed:

1. InHg solutions: 1 pg/L, 2 ug/L, 5 ug/L, 10 ug/L, 15 pg/L and 20 pg/L,

2. MeHg solutions with the same concentrations,

3. TotHg solutions: 2 ug/L, 4 pg/L, 10 pg/L, 20 pg/L, 30 pg/L, and 40 pg/L.

The preparation procedure for the standard solutions is shown on Figure 11.

Figure 11. Preparation of InHg, MeHg and TotHg standard solutions

to determine selectivity of reducing agents.
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The results of the analysis with use SnCl; as a reducing agent are given in Table 6.

Table 6. Comparative analysis of InHg, MeHg and TotHg using FIMS and SnCl; reductant.

con, InHg solutions MeHg solutions Total conc, TotHg solutions *Ratio,

ug/L | Absorbance | RSD, % | Absorbance R;D’ absorbance | ug/L | Absorbance R;D’ %
1 0.0163 0.271 0.0018 0.229 0.0180 2 0.0191 0.382 94.6
2 0.0337 0.201 0.0030 0.633 0.0367 4 0.0370 0.539 | 99.1
5 0.0848 0.045 0.0085 0.419 0.0933 10 0.1033 0.239 | 90.3
10 0.1693 0.256 0.0191 0.716 0.1884 20 0.2012 0.224 93.7
15 0.2492 0.281 0.0235 0.435 0.2726 30 0.2834 0.491 96.2
20 0.3241 0.241 0.0312 0.528 0.3553 40 0.3776 0.372 94.1

Low RSD values demonstrate excellent repeatability of the method. The comparative analysis
shows the high selectivity of stannous chloride as a reductant, since the absorbance values of
methymercury were an order of magnitude less than those of inorganic mercury. InHg and
MeHg solutions were analyzed both separately and in the mixture. The difference in the
reducibility of mercury species remained the same. The total absorbance was calculated as
sum of the absorbances of separately analyzed InHg and MeHg solutions. The last column
*Ratio demonstrates that in all cases the total absorbance was slightly less than the

absorbance of TotHg solution.

Since the method can be considered as selective method for determination of inorganic
mercury, LOD and LOQ for InHg were calculated as 0.07 pg/L and 0.21 pg/L respectively. The
calibration curve and the calculation are given in Figure 1a and Equations 1a-3a in the

Appendix.

According to the laboratory procedure protocols adopted by FIOH, the dilution of urine and
blood samples during sample preparation for CV-AAS and ICP-MS analysis is done in
proportion 1:19. Though the uniform concentration limit of mercury in human is not
established, according to most sources, the average expected concentration of mercury in
human blood is less than 10 ug/L, and concentration above 20 ug/L is to be considered
dangerous. Considering the calculated LOQ 0.21 pg/L, it obviously should be possible to
accurately determine the concentration of mercury in human urine and blood diluted 20

times using FIMS.
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2.3.4 Analysis of Lypocheck Controls (urine matrix)
To examine possible interference with complex organic matrix, the analysis of Lypocheck

Controls was conducted with both reducing agents: 1.1% w/v SnCl; and 0.2% w/v NaBH4 in
0.05% w/v NaOH. According to the information provided by the manufacturer, the reference
concentrations (C1) of inorganic mercury in Lypocheck L1 and L2 are 45.6 pg/L and 118 pg/L
respectively. To adjust concentration so that it falls within the limits of the calibration curve
designed for the analysis of human urine (C;), L1 and L2 were diluted with 3% v/v HCl in
proportion given in Table 5. Further, all standard and Lypocheck solutions were diluted with
3% v/v HCl in proportion 1:19 as required by the Laboratory Procedure Manual and as it was
done for ICP-MS analysis. The dilution was made in 15-mL plastic disposable vials by adding
500 L of pre-diluted Lypocheck Control to 9.5 ml of 3% v/v HCI.

Based on measured concentrations, initial concentrations of L1 and L2 were calculated and

compared to the tolerance range. The results are also given in Table 7.

Table 7. Dilution scheme and result of analysis of Lypocheck Controls

Ci, Vwuue, Vi Expected Measured Cy, Cinitial, 1g/L Tolerance
ug/L mL  wa,mL Gy, pg/L ug/L range, ug/L
SnCl; NaBHs SnCly NaBH4
L1 45.6 2.5 7.5 11.4 4.899 9.076 19.596 36.304 31,92 -59,28

L2 118 1.25 8.75 14.75 8.066 12.602 64.528 100.816 94,4 -141,6

The values of L1 and L2 concentrations, obtained using sodium tetrahydroborate as reducing
agent, were set within tolerance range. Stannous chloride demonstrates significantly lesser
results, not reaching the lower limit of the tolerance range. Based on the above, it can be
suggested that NaBH4 is an effective reducing agent for the detection of mercury in organic
matrices, providing the necessary sensitivity and reliability for biomonitoring purposes,
whereas SnCl; is not suitable for the determination of mercury in urine using a FIMS system.
The inability of SnCl, to achieve adequate sensitivity in this context is likely due to its lower
efficiency in reducing mercury in complex organic matrices. Urine matrix contains various
organic and inorganic components that can interfere with the reduction process, resulting in

incomplete conversion of mercury species to detectable form.
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Interestingly, previous study has shown that stannous chloride exhibits high selectivity for
inorganic mercury in weak acidic solutions. This selectivity makes SnCl, a potentially valuable
reducing agent for the analysis of water, which is in demand in a variety of contexts, including
environmental monitoring, industrial wastewater testing, and drinking water safety. In case
of successful validation of the method, the high selectivity of SnCl, for inorganic mercury may
be useful for these purposes, providing accurate and reliable measurements of mercury
contamination in water samples. To validate the use of 1.1% w/v SnCl; solution for water
analysis, internal control water samples with known concentrations of inorganic mercury
should be prepared. By performing testing and calibration, the accuracy and precision of the
method for aqueous matrices can be ensured. However, the focus of this study was
specifically on developing a method suitable for biomonitoring in the occupational health
field, where organic matrices predominate. As water analysis is not required in this

laboratory, method validation for aqueous solutions was not included in this research project.

Another significant challenge associated with using the FIMS system is the requirement for
separate reaction coils for each reducing agent, as specified in the instrument's manual. This
necessitates changing the working manifold each time a different reductant is used, which
involves substantial manual work. In a high-throughput service analysis setting, this additional
labor is impractical and inefficient, leading to increased time and operational costs. The need
for frequent manual adjustments undermines the feasibility of achieving selectivity by using
two different reductants in massive service analysis, where rapid and consistent results are

paramount.

Given these limitations, sodium borohydride was chosen as the preferred reducing agent for
further studying of mercury determination in urine and blood. NaBH4 demonstrated superior
sensitivity and reliability in detecting mercury in urine, making it more suitable for
biomonitoring applications. Its ability to produce accurate results in the presence of complex
organic matrices aligned with our objective of adapting the FIMS method for occupational

health monitoring.
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2.3.5 Adjusting the concentration of NaBH4, NaOH and HCI
In an effort to improve the selective detection of mercury species using FIMS, sodium

borohydride (NaBH4) in aqueous sodium hydroxide (NaOH) was selected as the reducing
agent. The need for selective analysis of organic and inorganic mercury is driven by their
distinct toxicological profiles. Organic mercury, particularly methylmercury, is more toxic and
poses greater health risks than inorganic mercury. Despite this, inorganic mercury remains a
concern due to its potential to undergo methylation, converting into the more hazardous
organic form. Effective monitoring of both mercury species is necessary for comprehensive

health and environmental assessments.

Our objective was to develop a method that allows for the selective detection of MeHg and
InHg in a single analytical setting with minimal manual intervention. Ideally, this could be
achieved by simply changing one reagent bottle, making the process efficient and user-
friendly. The selected reducing agent presumably offers unique advantages in this regard due
to its two-component nature, comprising both sodium borohydride and sodium hydroxide.
This duality enhances our ability to optimize solution composition to achieve selective
detection. Examination of different proportions of NaBH4 and NaOH aimed to determine two
optimal configurations: one designed to detect specific type of mercury (presumably
inorganic), and the other to determine total mercury. By adjusting the concentrations of both
components, the selective reduction capabilities of the reducing agent were exploited,
thereby distinguishing mercury species in the sample matrix. At the same time, the change in
concentration of NaOH had to be carried out considering its stabilizing role in the solution. In
the absence of NaOH, NaBH4 quickly decomposes in water, releasing hydrogen gas and losing
its reducing power. If the proportion of NaOH is insufficient, NaBH4 will decompose
prematurely, compromising the reduction process. Thus, the stabilizing effect of NaOH is
necessary, but it also places restrictions on the possible ratios of NaBHs and NaOH. The
challenge was to find optimal concentrations of these components that will not only maintain
the stability of NaBHs, but also allow selective detection of different types of mercury.
Therefore, our experimental approach involved systematic change of these concentrations to
determine the optimal conditions under which NaBHs remains stable and effective for

selective mercury reduction.
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In addition, different concentrations of carrier liquid in the FIMS system were also examined

to evaluate its effect on mercury reducibility and overall analytical results.

Preparation procedure:

The initial concentrations were chosen based on the minimum concentrations used for
mercury determination described in the literature: 10 w/v for NaOH and 10% w/v for NaBHa.
Since NaBH4 decomposes rapidly in water, it cannot be prepared in aqueous solutions
without a stabilizer. On the other hand, it was impossible to weight such a small amount of
dry NaBHj4 suitable for direct preparation of 10%/1073 solution. To address this issue, a typical
stock solution of 0.2% w/v NaBHa in 0.05% w/v NaOH was prepared. Then the stock solution
was diluted with water to decrease the concentration of NaOH to the target level of 0.001%.
This involved careful volumetric dilutions to maintain accuracy.

Further adjustments were made by diluting the resulting solution with 0.001% NaOH solution,
which allowed for precise variation of NaBH4 concentration while maintaining the necessary

stabilizing environment provided by NaOH.

The step-by-step process for preparing the reductant solution was as follows:

0.05% NaOH: 2 pellets of NaOH were dissolved in the appropriate amount of water calculated
based on weight of pellets and the target proportion of 0.5 g NaOH per 1 L of H,0. Preparation
was done in 1 L flask using graduated 500 mL beaker.

0.001% NaOH: 1 Lvolumetric flask was half-filled with water. 20 mL of 0.05% NaOH was added
to the flask, then the flask was filled with water to the mark.

Stock solution 0.2% w/v NaBH4 in 0.05% w/v NaOH: 2 g of NaBHs was dissolved in small
amount of 0.05% w/v NaOH in 100 mL beaker and then immediately (to avoid decomposition
of NaBH4) poured into 500 mL volumetric flask, which then was filled with 0.05% NaOH w/v
to the mark.

Intermediate solution 0.004% w/v NaBH4 in 0.001% w/v NaOH: 500 mL volumetric flask was
half-filled with water. 10 mL of stock solution (0.2% w/v NaBH4 in 0.05% w/v NaOH) was
pipetted into the flask, then it was filled with water to the mark.

Further dilutions with 0.001% w/v NaOH were made in proportions given in Table 1a in the
Appendix. The choice of proportion range is justified by the results of first few runs. At the

beginning, the dilution was carried out by a larger step. When it was discovered that the signal
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of InHg was obtained at the concentration of NaBH4 approximately 0.002%, more precise
adjusting was done in 0.0001% increments. The target volume of 100 mL of each solution is
justified by the volume of plastic bottle shipped with the instrument, and liquid intake design.
The dilution was performed in a 100 mL volumetric flask using 50 mL graduated beaker and 5

mL pipette for more accurate measuring.

Standard InHg and MeHg solutions with a concentration of 10 pg/L, and standard TotHg
solution 20 pg/L were prepared as described in Section 3.2. These concentrations were
chosen as these represent the acceptable limit of Hg concentration in human blood, making

it the most relevant and adequate value for biomonitoring purposes.

To ensure the reliability and reproducibility of the results, the entire analysis was repeated
ten times. This repetition helps in assessing the consistency of the method and in identifying
any potential variability in the measurements. The results of analysis are given in the Table 8.
The latest measurements were done without testing of the smallest concentrations, since the
target concentration has already been approximately determined. In all cases the analysis was

stopped when the ratio of InHg and MeHg reached 2:1.

Table 8. Comparative analysis of InHg, MeHg and TotHg standard solutions using 0.0001% -
0.0024% w/v NaBHs in 0.001% w/v NaOH as a reductant

Absorbance (253,7 nm, Hg)
# of exp. 1 2 3 4 5 6 7 8 9 10 RE/D’
(]

0.0001% NaBH4

In10 0,0001 = 0,0001

0,0001
Me10 0,0003 | 0,0002
In10+Mel0  0,0001 = 0,0001 = 0,0001
0.001% NaBH4

In10 0,0169 0,0010 0,0023
Mel0 0,0023 0,0012 0,0022
In10+Me10 0,0133 0,0001 0,0023
0.0013% NaBH4
In10 0,0624  0,0159  0,0069
Mel0 0,0065 @ 0,0019 0,0021

In10+Mel0 0,0251 = 0,0146  0,0078
0.0014% NaBH4
In10 0,1307 @ 0,0155 0,0101
Mel0 0,0161 @ 0,0185 0,0026
In10+Mel0 0,0690 @ 0,0437  0,0292
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Absorbance (253,7 nm, Hg)

# of exp. 1 2 3 4 5 6 7 8 9 10 R;D'
0.0015% NaBH4
In10 0,1351 = 0,0553 = 0,0246
Me10 0,0210 = 0,0169 = 0,0055
In10+Me10 0,0849 | 0,0838 = 0,0274
0.0016% NaBH4
In10 0,1679 = 0,0689 = 0,0733 @ 0,0602 0,0171 0,0133 @ 0,0287 = 0,0372 0,0492 0,0369 44,45
Me10 0,0355 = 0,0184 0,0174 0,0703 0,0201 = 0,0028 0,0070 0,0113 = 0,0226 0,0100 62,06
In10+Me10 0,1302 = 0,0919 = 0,0948 @ 0,1107 0,1240 0,0185 0,0325 0,0400 0,0513 0,0626 67,77
0.0017% NaBH4
In10 0,1730 = 0,1205 & 0,1236 = 0,1021 @ 0,0512 0,0482 0,0446 0,0532 0,0594 0,0543 9,89
Me10 0,0493 = 0,0261 = 0,0294 0,0782 0,0537 0,0104 0,0114 0,0151 0,0169 0,0184 77,78
In10+Me10 0,1906 = 0,1267 = 0,1505 0,1914 0,1169 @ 0,0546 0,0412 0,0456 0,0606 0,0692 85,80
0.0018% NaBH4
In10 0,1774 = 0,1597 @ 0,1592 @ 0,1242 0,0980 0,0931 0,0514 0,0738 0,0794 0,0704 21,62
Me10 0,0628 = 0,0442 @ 0,0388 0,0836 0,0680 0,0361 0,0355  0,0249 0,0382 0,0287 39,61

In10+Me10 0,2182 0,2023 | 0,1960 0,2175 0,2349 @ 0,1525 0,0978 @ 0,0882 @ 0,0982  0,0922 45,39
0.0019% NaBH4

In10 0,1767 = 0,1674 0,1525 @ 0,1306 @ 0,1466 0,1108 @ 0,1146 0,1012 0,1121 13,76
Me10 0,0534 = 0,0436 0,0896 0,0721 @ 0,0155 @ 0,0387 @ 0,0321 0,0347 0,0325 49,69
In10+Me10 0,2244 = 0,2117 @ 0,2308 0,2514 0,2312 0,1838 @ 0,1216 0,1218 | 0,1463 @ 31,71
0.0020% NaBH4

In10 0,1815 = 0,1706 0,1645 0,1562 @ 0,1639 @ 0,1428 @ 0,1708 0,1729 0,1694 7,03
Me10 0,0608 = 0,0502 0,0951 0,0841 @ 0,0431 0,0462 0,0566 0,0601 0,0593 24,87
In10+Me10 0,2349 = 0,2190 0,2371 0,2971 | 0,2535 | 0,1988 @ 0,2228 0,2318 = 0,2499 = 13,77
0.0021% NaBH4

In10 0,1826 = 0,1771 0,1648 @ 0,1649 @ 0,1793 0,1697 0,1720 0,1804 10,1788 3,61
Me10 0,0675 = 0,0578 0,0997 0,1195 @ 0,0981 @ 0,0791 @ 0,1117 0,0984 0,1056 = 13,62
In10+Me10 0,2408 = 0,2334 0,2436 0,2899 | 0,2801 0,2822 | 0,2601 = 0,2725 0,2833 16,10
0.0022% NaBH4

In10 0,1879 = 0,1776 = 0,1666

Me10 0,0934 = 0,0631 0,1037

In10+Me10 0,2914 = 0,2412  0,2482
0.0023% NaBH4

In10 0,1802  0,1692

Me10 0,1121 = 0,1096

In10+Me10 0,2971 = 0,2549

In the first four experiments the dilution was performed by adding the appropriate amount
of the intermediate solution 0.004% w/v NaBH4 in 0.001% w/v NaOH into 100 mL volumetric
flask and then filling in to the mark with 0.001% w/v NaOH. In the last six experiments the
addition was done by separately measured amounts of intermediate solution and the solvent.
This method can be considered as more accurate, which presumably explains the decrease of
the concentration value at which mercury was reduced, and thus increase of the method
sensitivity. The RSD in all experiment was relatively high, with the smallest value regarding to
InHg results. Thus, the repeatability of the analysis can be called insufficient, which is possibly
attributed to the extremely low concentrations of the solutions and increment, resulting in
the difficulty of maintaining consistency during the preparation. The reduction of inorganic
specie apparently occurs more completely and accurately at these concentrations. The results

at lower concentrations are in general less stable than at higher ones. Interestingly, the
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absorbance of TotHg sample is more or less equal to the sum of InHg and MeHg absorbances
at concentrations above 0.0016% but can be significantly less at smaller concentrations (in
some cases even less than absorbance of separate InHg).

The goal of the experiment was to establish the concentration value at which InHg would be
completely reduced, and the signal of MeHg would be as small as possible. Considering the
last six experiments as a representative sample, the average absorbance values and ratio of

MeHg:InHg absorbance values at each concentration of reductant are given in the Table 9.

Table 9. Average absorbance values and InHg:MeHg ratio using NaBH4 in 0.001% NaOH as
reductant

CnasHa, % 0.0016 0.0017 0.0018 0.0019 0.0020 0.0021

Absorbance (253.7 nm, Hg)

InHg 0.0304 0.0518 0.0777 0.1193 0.1627 0.1742
MeHg 0.0123 0.0210 0.0386 0.0376 0.0582 0.1021
TotHg 0.0548 0.0830 0.1273 0.1760 0.2423 0.2947

MeHg:InHg,
40.46 40.54 49.68 31.52 35.77 58.61

%

The maximum selectivity was observed at 0.0019% and 0.002% NaBH4 in 0.001% NaOH. When
the concentration increases above these values, the level of reducibility of MeHg enhances;
subsequently, the degrees of reduction of both species equalize and then increase
synchronously. However, even at the optimal concentrations, sodium borohydride

demonstrates lesser selectivity than stannous chloride.

Further, the impact of the concentration of carrier solution on the selectivity was examined.
In 5% HCIl, MeHg reduced easier, and signals of InHg and MeHg became almost equal at
0.0016% concentration of reductant. In 7% HCI, this happened even earlier, at 0.0014%. At
concentrations of HCl less than 3%, results were quite unstable. Thus, adjusting the

concentration of carrier liquid cannot be used to increasing the selectivity.

To examine the impact of NaOH concentration on selectivity, the solutions with concentration

0.005%, 0.01%, 0.05%, 0.1% and 0.5% were prepared. The concentration of NaBH4 should
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have been consistent 0.002% through the experiment. The preparation process is shown in
Figure 3a and described in Appendix. The complexity and multi-step nature of preparation
procedure is justified by the necessity of maintaining balance between both components and
impossibility of weighting such small amounts of dry sodium hydroborate suitable for direct
dilution. However, the analysis revealed no significant difference in the selectivity of the
reducing agent at different concentrations of NaOH, while the absorbance of TotHg decreased

at concentrations of 0.01% and below.

Overall, experimentation with the concentrations of all components did not allow us to bring
the level of selectivity of sodium borohydride to this of stannous chloride. However, the
method still demonstrates high efficiency in determination of total mercury. Since the
method was considered suitable for the TotHg analysis, LOD and LOQ were calculated as 0.54
ug/L and 1.64 ug/L respectively. The calibration curve and the calculation are given in Figure

2a and Equations 4a-5a in the Appendix.

2.4. Testing of sample preparation for blood
The final objective of this research project was to examine the possibility to adapt the FIMS

instrument for the analysis of mercury in blood samples, since previous attempts to do it
encountered significant challenges, namely the foaming of blood samples within the reactor.
This foaming, probably caused by contact with 3% v/v hydrochloric acid, sodium borohydride

and sodium hydroxide, led to leakage and hindered the ability to do the analysis.

Blood contains a high concentration of proteins, such as albumin and globulins, which can act
as natural surfactants. One of the possible explanations of foaming is the decrease of the
surface tension of the liquid due to hydrogen gas generation during chemical reaction
between NaBH4 and HCI (Equation 1). Reaction can be intensified in the presence of catalysts
or impurities, generating significant amounts of gas that form bubbles and contribute to
foaming.

NaBH, + 4HCl - NaCl + BCl; + 4H, (1)
Lipids with amphiphilic properties and lipid-protein complexes can accumulate at the air-
liquid interface. Forming a monolayer at the surface of bubbles, lipids create a more stable

interface that can prevent the bubbles from bursting.
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NaOH in the reaction mixture can also promote foaming, further altering the properties of
blood proteins and other components. An alkaline environment can cause denaturation and

unfolding of proteins, increasing their surface activity and tendency to foam.

The FIMS setup described in the literature as successfully used for blood analysis, has
additional features included in construction such as inlets for online microwave digestion,
online addition of stabilizing 5% KMnQ, solution, and extended reactor design. The apparatus
available in the laboratory does not have such options, thus the scope of the research project
was limited to testing the sample preparation methods. Moreover, the time-consuming
methods such as offline microwave digestion were not considered due to the requirements
of high-throughput service analysis. All methods tested have been reported in the literature
as being successfully used for CV-AAS and FIMS analysis. All analyzes used blood collected
from one person and treated with anticoagulating agent (heparin) according to the laboratory
manual. Then the blood was aliquoted into 15 mL plastic tubes and stored in refrigerator at

4°C. Prior to preparation, aliquots were kept for one hour at room temperature.

Looking ahead, it should be acknowledged that our subsequent experiments also could not
effectively solve the problem of foaming. The detailed descriptions of these failed attempts

are given below.

L-cysteine/octanol/NaCl/NaOH

1% NaCl w/v and 45% w/v NaOH solutions were prepared from dry NaCl and NaOH pellets
respectively by dissolving them in appropriate amounts of water. 100 g of L-cysteine
hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 100 ml of water. 5 mL of
1% w/v NaCl, 2 mL of L-cysteine solution and 250 pL of 1-octanol were pipetted to 10 mL of
45% w/v NaOH. After that, 2 mL of blood was pipetted to the solution. The probe was

vortexed for 1 minute.

0.12% v/v Triton X-100
0.12% v/v Triton X-100 solution was prepared by pipetting 0.6 mL of concentrated Triton X-
100 (Sigma-Aldrich) to 500 mL of water, mixing thoroughly, and then diluting with water to

the mark in 1 L volumetric flask. Blood was diluted with this solution by a factor of 11 by
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pipetting 500 uL of blood to 5 mL of Triton X-100 solution. The probe was vortexed for 1

minute.

Butanol/EDTA/NHs/Triton X-100

2% w/v EDTA solution was prepared by dissolving 20 g EDTA (Titriplex Il solution, Merck
KGaA, Netherlands) in 1 L of water. 25 mL of pure butanol, 25 mL of 2% EDTA, 11 mL of 25%
ammonia solution, and 0.5 mL of concentrated Triton X-100 solution (all Sigma-Aldrich) were
added to water in 1 L volumetric flask and then filled with water to the mark. 250 puL of blood

was pipetted to 4.75 mL of the solvent, the probe was vortexed for 1 minute.

10% w/v tetramethylammonium hydroxide

10% w/v TMAH was prepared by diluting 4 mL 25% w/v TMAH (Sigma-Aldrich) with 6 mL of
water. 500 puL of 10% w/v TMAH and 500 pL of blood was pipetted to the bottom of disposable
glass tube and incubated for an extended period. Different periods of incubation time were
tested (30 min, 1 hour, 1.5 hours). After that, 4 mL of 3% v/v HCl was added to the tube. The

probe was vortexed for 1 minute.

Antifoaming agent and 5% w/v KMnQ4
All of the above methods were also tested with alternate or joint addition of 1 mL of an
Antifoam B emulsion (Sigma-Aldrich) and 1 drop of 5% w/v KMnOQOa. The antifoaming agent is

an emulsion containing 30% w/w silicon.

In all cases, it was not possible to collect data for analysis due to leaks through the filter. With
a significant decrease in the concentration of the reducing agent, it was possible to carry out

analysis; nonetheless, the absorbance values obtained were inadequate.
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3 Conclusion

The literature review of this master's thesis explored the various forms and cycles of mercury
in nature and in the human body. An overview of the diverse pathways, through which people
are occupationally exposed to mercury, shows the importance and relevance of this field of
study. Different exposure routes can lead to varying health effects. Understanding these

pathways helps to develop specific protective strategies and ensure the safety of workers.

Additionally, the contemporary analytical methods for mercury determination in human
blood, urine, and hair, focusing on different approaches of sample preparation and the
technological advancements that enhance detection sensitivity and selectivity were
discussed. This knowledge also supports the development of more accurate biomonitoring

techniques, leading to better detection and management of mercury-related health issues.

In the experimental part of the master's thesis, the effectiveness of two reducing solutions,
stannous chloride and sodium borohydride, in a flow injection mercury system (FIMS) for the
analysis of mercury in various matrices was examined. The results highlight the strengths and
weaknesses of each reductant and pose significant challenges, especially in the context of

complex organic matrices and blood sample analysis.

Stannous chloride demonstrated good selectivity and a low limit of detection (LOD) in water
solutions, making it effective for inorganic mercury detection in simpler matrices. However,
it proved inadequate for analyzing complex organic matrices, as evidenced by its poor
performance in Lypocheck controls. The presence of organic substances likely interferes with
the reduction process, compromising the reliability of the results. Sodium borohydride
exhibited superior sensitivity in urine matrix, showing promise for total mercury analysis in
such an environment. However, we were unable to identify a concentration at which NaBH4
could work selectively for specific mercury species. The inability to achieve selective analysis
with NaBHs implies that achieving both total and species-specific mercury determination
would require alternating between reducing agents. This necessity is undesirable due to the
need to change the reactor manifold and tubing as per the manufacturer's guidelines,

complicating the workflow and increasing the potential for errors.
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A major challenge encountered was the foaming of blood samples in the reaction coil, leading
to leaks and interruptions in the analysis. Offline sample preparation methods failed to
resolve this problem, indicating that blood analysis in the current FIMS setup is impractical

without significant modifications.

Three potential solutions can be proposed to address the issues identified:

Extending the reactor length. By extending the length of the reactor, the blood will still foam
but may not reach the filter, thus potentially not affecting the quality of the analysis. This
extension could be 3D printed as a cylinder with threads on both ends. The impact of foaming
on the analysis would need to be tested once leaks are prevented.

Combining FIMS with the old CV-AAS instrument. Integrating the FIMS lamp with the existing
CV-AAS instrument could enhance sensitivity and accuracy. Unfortunately, this solution does
not reduce the manual labor required by the old CV-AAS method but serves as a backup
option in case the old instrument fails.

Purchasing a new manifold for FIMS. Acquiring a new manifold with an extended reactor and
inlets for online microwave digestion and potassium permanganate (KMnO4) digestion could
address the foaming issue more comprehensively. This option should be more economical
than replacing the entire FIMS instrument and could improve both the efficiency and

reliability of the mercury analysis.

In all cases, further study of a new setup with both reductants and selection of the optimal

method of blood sample preparation is required.
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4 List of abbreviations

Abbreviation
AAS

AFS
APDC
ASGM
CFLs
CLP
CV-AAS
DMA-80
DNA
DRC
ECHA
EDTA

El

EU

FIMS
FIOH
GF-AAS
GC

HPLC
ICP-MS
ICP-QQQ-MS
InHg
LOAEL
LOD
LoQ
MeHg
MTBE
OELs

Definition

Atomic absorption spectroscopy

Atomic fluorescence spectroscopy

Ammonium pyrrolidinethiocarbamate
Artisanal and small-scale gold mining

Compact fluorescence lamps

Classification, labeling, and packaging
Cold-vapor atomic absorption spectroscopy
Direct mercury analyzer

Deoxyribonucleic acid

Dynamic reaction cell

European Chemical Agency
Ethylenediaminetetraacetic acid

Electron ionization

European Union

Flow injection mercury system

Finnish Institute of Occupational Health
Graphite-furnace atomic absorption spectroscopy
Gas chromatography

High performance liquid chromatography
Inductively coupled plasma mass spectrometry
Inductively coupled triple quadrupole plasma mass spectrometry
Inorganic mercury

Lowest adverse effect exposure limit

Limit of detection

Limit of quantification

Methylmercury

Methyl tert-butyl ether

Occupational exposure limits



PPE
PVG-AFS
REACH
RNA
TDA-AAS
TGM
TMAH
TotHg
TSID
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Personal protective equipment

Photochemical vapor generation atomic fluorescence spectroscopy
Registration, evaluation, authorization, and restrictions of chemicals
Ribonucleic acid

Thermal decomposition amalgamation atomic absorption spectroscopy
Total gaseous mercury

Tetramethylammonium hydroxide

Total mercury

Thermal separation with isotope dilution



55

5 References

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

Berlin, M.; Zalups, R. K.; Fowler, B. A. Chapter 46 - Mercury. In Handbook on the
Toxicology of Metals (Fourth Edition); Nordberg, G. F., Fowler, B. A., Nordberg, M.,
Eds.; Academic Press: San Diego, 2015; pp 1013-1075. https://doi.org/10.1016/B978-
0-444-59453-2.00046-9.

Ni, M.; Li, X.; Marreilha dos Santos, A. P.; Farina, M.; Teixeira da Rocha, J. B.; Avila, D.
S.; Soldin, O. P.; Rongzhu, L.; Aschner, M. Chapter 35 - Mercury. In Reproductive and
Developmental Toxicology; Gupta, R. C., Ed.; Academic Press: San Diego, 2011; pp 451—
459, https://doi.org/10.1016/B978-0-12-382032-7.10035-9.

Pavithra, K. G.; SundarRajan, P.; Kumar, P. S.; Rangasamy, G. Mercury Sources,
Contaminations, Mercury Cycle, Detection and Treatment Techniques: A Review.
Chemosphere 2023, 312, 137314.
https://doi.org/10.1016/j.chemosphere.2022.137314.

Black, P.; Richard, M.; Rossin, R.; Telmer, K. Assessing Occupational Mercury Exposures
and Behaviours of Artisanal and Small-Scale Gold Miners in Burkina Faso Using Passive
Mercury Vapour Badges. Environ. Res. 2017, 152, 462—-469.
https://doi.org/10.1016/j.envres.2016.06.004.

Prescott, G. W.; Baird, M.; Geenen, S.; Nkuba, B.; Phelps, J.; Webb, E. L. Formalizing
Artisanal and Small-Scale Gold Mining: A Grand Challenge of the Minamata
Convention. One Earth 2022, 5 (3), 242-251.
https://doi.org/10.1016/j.oneear.2022.02.005.

Li, P.; Feng, X.; Qiu, G.; Li, Z.; Fu, X.; Sakamoto, M.; Liu, X.; Wang, D. Mercury Exposures
and Symptoms in Smelting Workers of Artisanal Mercury Mines in Wuchuan, Guizhou,
China. Environ. Res. 2008, 107 (1), 108—-114.
https://doi.org/10.1016/j.envres.2007.08.003.

Ngim, C.; Ngim, A. D. Health and Safety in the Dental Clinic — Hygiene Regulations for
Use of Elemental Mercury in the Protection of Rights, Safety and Well-Being of the
Patients, Workers and the Environment. Singapore Dent. J. 2013, 34 (1), 19-24.
https://doi.org/10.1016/j.sdj.2013.11.004.

Nagpal, N.; Bettiol, S. S.; Isham, A.; Hoang, H.; Crocombe, L. A. A Review of Mercury
Exposure and Health of Dental Personnel. Saf. Health Work 2017, 8 (1), 1-10.
https://doi.org/10.1016/j.shaw.2016.05.007.

Anglen, J.; Gruninger, S. E.; Chou, H.-N.; Weuve, J.; Turyk, M. E.; Freels, S.; Stayner, L. T.
Occupational Mercury Exposure in Association with Prevalence of Multiple Sclerosis
and Tremor among US Dentists. J. Am. Dent. Assoc. 2015, 146 (9), 659-668.e1.
https://doi.org/10.1016/j.adaj.2015.05.016.

Berlin, M. Mercury in Dental Amalgam: A Risk Analysis. NeuroToxicology 2020, 81, 382—
386. https://doi.org/10.1016/j.neuro.2020.09.034.

Karunasagar, D.; Balarama Krishna, M. V.; Anjaneyulu, Y.; Arunachalam, J. Studies of
Mercury Pollution in a Lake Due to a Thermometer Factory Situated in a Tourist Resort:
Kodaikkanal, India. Environ. Pollut. 2006, 143 (1), 153—-158.
https://doi.org/10.1016/j.envpol.2005.10.032.

Jarosinska, D.; Barregard, L.; Biesiada, M.; Muszynska-Graca, M.; Dabkowska, B.;
Denby, B.; Pacyna, J.; Fudala, J.; Zielonka, U. Urinary Mercury in Adults in Poland Living
near a Chloralkali Plant. Sci. Total Environ. 2006, 368 (1), 335—-343.
https://doi.org/10.1016/].scitotenv.2005.09.069.



56

(13) Fernandez-Martinez, R.; Esbri, J. M.; Higueras, P.; Rucandio, |. Comparison of Mercury
Distribution and Mobility in Soils Affected by Anthropogenic Pollution around
Chloralkali Plants and Ancient Mining Sites. Sci. Total Environ. 2019, 671, 1066—1076.
https://doi.org/10.1016/].scitotenv.2019.03.348.

(14) Wilson, E. Occupational Mercury Exposure at a Fluorescent Lamp Recycling Facility —
Wisconsin, 2017. MMWR Morb. Mortal. Wkly. Rep. 2018, 67.
https://doi.org/10.15585/mmwr.mm6727a3.

(15) Kadam, A. R.; Dhoble, S. J. 11 - Hazardness of Mercury and Challenges in Functional
Materials of Lighting Devices. In Functional Materials from Carbon, Inorganic, and
Organic Sources; Dhoble, S. J., Nande, A., Kalyani, N. T., Tiwari, A., Arof, A. K., Eds.;
Woodhead Publishing Series in Electronic and Optical Materials; Woodhead Publishing,
2023; pp 367—-392. https://doi.org/10.1016/B978-0-323-85788-8.00008-2.

(16) Xue, Y.; Wang, J.; Xiao, J. Bibliometric Analysis and Review of Mine Ventilation
Literature Published between 2010 and 2023. Heliyon 2024, 10 (4), e26133.
https://doi.org/10.1016/j.heliyon.2024.e26133.

(17) Regulation (EU) 2017/852 of the European Parliament and of the Council of 17 May
2017 on mercury, and repealing Regulation (EC) No 1102/2008 (Text with EEA
relevance). https://webarchive.nationalarchives.gov.uk/eu-exit/https://eur-
lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32017R0852.
https://www.legislation.gov.uk/eur/2017/852/contents (accessed 2024-05-03).

(18) Fowler, B. A.; Zalups, R. K. Mercuryx*. In Handbook on the Toxicology of Metals (Fifth
Edition); Nordberg, G. F., Costa, M., Eds.; Academic Press, 2022; pp 539-599.
https://doi.org/10.1016/B978-0-12-822946-0.00020-9.

(19) Seydi, E.; Pourahmad, J. 25 - The Effect of Mercury on the Mitochondria. In
Mitochondrial Intoxication; de Oliveira, M. R., Ed.; Academic Press, 2023; pp 547-555.
https://doi.org/10.1016/B978-0-323-88462-4.00017-1.

(20) Genuis, S. J. Toxic Causes of Mental lliness Are Overlooked. NeuroToxicology 2008, 29
(6), 1147-1149. https://doi.org/10.1016/j.neuro.2008.06.005.

(21) Walach, H.; Mutter, J.; Deth, R. Chapter 55 - Inorganic Mercury and Alzheimer’s
Disease—Results of a Review and a Molecular Mechanism. In Diet and Nutrition in
Dementia and Cognitive Decline; Martin, C. R., Preedy, V. R., Eds.; Academic Press: San
Diego, 2015; pp 593-601. https://doi.org/10.1016/B978-0-12-407824-6.00055-0.

(22) McKnight, S.; Hack, N. Toxin-Induced Parkinsonism. Neurol. Clin. 2020, 38 (4), 853—865.
https://doi.org/10.1016/j.ncl.2020.08.003.

(23) Fretham, S. J. B.; Martinez-Finley, E. J.; Aschner, M. Chapter 26 - Mercury and
Neurodegeneration. In Bioactive Nutraceuticals and Dietary Supplements in
Neurological and Brain Disease; Watson, R. R., Preedy, V. R., Eds.; Academic Press: San
Diego, 2015; pp 237—-244. https://doi.org/10.1016/B978-0-12-411462-3.00026-6.

(24) Miller, S.; Pallan, S.; Gangji, A. S.; Lukic, D.; Clase, C. M. Mercury-Associated Nephrotic
Syndrome: A Case Report and Systematic Review of the Literature. Am. J. Kidney Dis.
2013, 62 (1), 135-138. https://doi.org/10.1053/j.ajkd.2013.02.372.

(25) Pérez, C. A.; Shah, E. G.; Butler, I. J. Mercury-Induced Autoimmunity: Report of Two
Adolescent Siblings with Morvan Syndrome “plus” and Review of the Literature. J.
Neuroimmunol. 2020, 342, 577197. https://doi.org/10.1016/j.jneuroim.2020.577197.

(26) Sakamoto, M.; Murata, K.; Kubota, M.; Nakai, K.; Satoh, H. Mercury and Heavy Metal
Profiles of Maternal and Umbilical Cord RBCs in Japanese Population. Ecotoxicol.
Environ. Saf. 2010, 73 (1), 1-6. https://doi.org/10.1016/j.ecoenv.2009.09.010.



57

(27) Sakamoto, M.; Haraguchi, K.; Tatsuta, N.; Nakai, K.; Nakamura, M.; Murata, K. Plasma
and Red Blood Cells Distribution of Total Mercury, Inorganic Mercury, and Selenium in
Maternal and Cord Blood from a Group of Japanese Women. Environ. Res. 2021, 196,
110896. https://doi.org/10.1016/j.envres.2021.110896.

(28) Igata, A. Epidemiological and Clinical Features of Minamata Diseasel. In
Neurobehavioral Methods and Effects in Occupational and Environmental Health;
Araki, S., Ed.; Academic Press, 1994; pp 33—45. https://doi.org/10.1016/B978-0-12-
059785-7.50008-9.

(29) Saito, H. Congenital Minamata Disease: A Description of Two Cases in Niigata.
NeuroToxicology 2020, 81, 360-363. https://doi.org/10.1016/j.neuro.2020.09.030.

(30) The Not-So-Mad Hatter: Occupational Hazards of Mercury.
https://web.archive.org/web/20131202231127/http://www.cas.org/news/insights/sci
ence-connections/mad-hatter (accessed 2024-05-03).

(31) A study of chronic mercurialism in the hatters’ fur-cutting industry / From the Division
of Industrial Hygiene, Senior Surgeon R.R. Sayers, medical officer in charge. Medical
studies by: Paul A. Neal, P.A. surgeon, Roy R. Jones, P.A. surgeon. Engineering studies
by: J.J. Bloomfield, P.A. sanitary engineer, J.M. Dallaville, P.A. sanitary engineer.
Statistical analysis by: Thomas I. Edwards, technical editor. Prepared by direction of the
Surgeon General. Wellcome Collection.
https://wellcomecollection.org/works/wfd3wg5h/items (accessed 2024-05-03).

(32) Regulation (EC) No 1907/2006 of the European Parliament and of the Council of
18 December 2006 Concerning the Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH), Establishing a European Chemicals Agency,
Amending Directive 1999/45/EC and Repealing Council Regulation (EEC) No 793/93 and
Commission Regulation (EC) No 1488/94 as Well as Council Directive 76/769/EEC and
Commission Directives 91/155/EEC, 93/67/EEC, 93/105/EC and 2000/21/EC; 2006; Vol.
396. http://data.europa.eu/eli/reg/2006/1907/0j/eng (accessed 2024-05-03).

(33) Directive (EU) 2017/2398 of the European Parliament and of the Council of 12
December 2017 amending Directive 2004/37/EC on the protection of workers from the
risks related to exposure to carcinogens or mutagens at work (Text with EEA relevance)
(c. 2398).
https://www.legislation.gov.uk/eudr/2017/2398/data.xht?view=snippet&wrap=true
(accessed 2024-05-03).

(34) Regulation (EC) No 1272/2008 - classification, labelling and packaging of substances
and mixtures (CLP) | Safety and health at work EU-OSHA.
https://osha.europa.eu/en/legislation/directives/regulation-ec-no-1272-2008-
classification-labelling-and-packaging-of-substances-and-mixtures (accessed 2024-05-
03).

(35) Ertas, O.S.; Tezel, H. A Validated Cold Vapour-AAS Method for Determining Mercury in
Human Red Blood Cells. J. Pharm. Biomed. Anal. 2004, 36 (4), 893—-897.
https://doi.org/10.1016/j.jpba.2004.08.014.

(36) Xu, W.; Park, S. K.; Gruninger, S. E.; Charles, S.; Franzblau, A.; Basu, N.; Goodrich, J. M.
Associations between Mercury Exposure with Blood Pressure and Lipid Levels: A Cross-
Sectional Study of Dental Professionals. Environ. Res. 2023, 220, 115229.
https://doi.org/10.1016/j.envres.2023.115229.

(37) Dereumeaux, C.; Saoudi, A.; Pecheux, M.; Berat, B.; de Crouy-Chanel, P.; Zaros, C.;
Brunel, S.; Delamaire, C.; le Tertre, A.; Lefranc, A.; Vandentorren, S.; Guldner, L.



(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

58

Biomarkers of Exposure to Environmental Contaminants in French Pregnant Women
from the Elfe Cohort in 2011. Environ. Int. 2016, 97, 56—67.
https://doi.org/10.1016/j.envint.2016.10.013.

Asante, K. A.; Agusa, T.; Subramanian, A.; Ansa-Asare, O. D.; Biney, C. A.; Tanabe, S.
Contamination Status of Arsenic and Other Trace Elements in Drinking Water and
Residents from Tarkwa, a Historic Mining Township in Ghana. Chemosphere 2007, 66
(8), 1513-1522. https://doi.org/10.1016/j.chemosphere.2006.08.022.

de Sousa Parreira, J.; Cabral, C. da S.; Crispim, P. di T. B.; Ott, A. M. T.; Dérea, J. G.;
Bastos, W. R. Mercury in the Brain (Tumor Tissues) and in Markers (Hair and Blood) of
Exposure in Western Amazonia Patients. J. Trace Elem. Med. Biol. 2022, 72, 126994.
https://doi.org/10.1016/j.jtemb.2022.126994.

Lemos, V. A.; dos Santos, L. O. A New Method for Preconcentration and Determination
of Mercury in Fish, Shellfish and Saliva by Cold Vapour Atomic Absorption
Spectrometry. Food Chem. 2014, 149, 203-207.
https://doi.org/10.1016/j.foodchem.2013.10.109.

Gonzalez-Rubio, J. M.; Dominguez-Morueco, N.; Pedraza-Diaz, S.; Cafias Portilla, A.;
Lucena, M. A.; Rodriguez, A.; Castafio, A.; Esteban-Lépez, M. A Simple Method for
Direct Mercury Analysis in Dried Blood Spots (DBS) Samples for Human Biomonitoring
Studies. Environ. Int. 2023, 177, 107958.
https://doi.org/10.1016/j.envint.2023.107958.

Abranko, L.; Kmellar, B.; Fodor, P. Comparison of Extraction Procedures for
Methylmercury Determination by a SPME-GC-AFS System. Microchem. J. 2007, 85 (1),
122-126. https://doi.org/10.1016/j.microc.2006.04.001.

Burm, E.; Song, |.; Ha, M.; Kim, Y.-M.; Lee, K. J.; Kim, H.-C,; Lim, S.; Kim, S.-Y.; Lee, C.-G.;
Kim, S. Y.; Cheong, H.-K.; Sakong, J.; Kang, H.-T.; Son, M.; Oh, G.-J.; Kim, Y.; Yang, J.-Y.;
Hong, S.-J.; Seo, J.-H.; Kim, J.; Oh, S.; Yu, J.; Chang, S.-S.; Kwon, H.-J.; Choi, Y.-H.; Choi,
W.; Kim, S.; Yu, S. D. Representative Levels of Blood Lead, Mercury, and Urinary
Cadmium in Youth: Korean Environmental Health Survey in Children and Adolescents
(KoreHS-C), 2012—-2014. Int. J. Hyg. Environ. Health 2016, 219 (4), 412-418.
https://doi.org/10.1016/j.ijheh.2016.04.004.

Calao-Ramos, C.; Bravo, A. G.; Paternina-Uribe, R.; Marrugo-Negrete, J.; Diez, S.
Occupational Human Exposure to Mercury in Artisanal Small-Scale Gold Mining
Communities of Colombia. Environ. Int. 2021, 146, 106216.
https://doi.org/10.1016/j.envint.2020.106216.

Palomares-Bolafios, J.; Alvarez-Ortega, N.; Fortich-Vega, J.; Olivero-Verbel, J.;
Caballero-Gallardo, K. P07-56 Hematological Characterization and Its Relationship with
Total Mercury Levels in Hair and Blood of Children from an Agricultural and Mining
Area of the Colombian Caribbean. Toxicol. Lett. 2022, 368, S140-S141.
https://doi.org/10.1016/j.toxlet.2022.07.399.

Shirkhanloo, H.; Habibnia, M.; Rashidi, A.; Faghihi Zarandi, A.; Dehghani Mobarake, M.
Simultaneously Speciation of Mercury in Water, Human Blood and Food Samples Based
on Pyrrolic and Pyridinic Nitrogen Doped Porous Graphene Nanostructure. Food Chem.
2023, 403, 134394. https://doi.org/10.1016/j.foodchem.2022.134394.

Chan, M. H. M.; Chan, I. H. S.; Kong, A. P. S.; Osaki, R.; Cheung, R. C. K.; Ho, C. S.; Wong,
G.W.K.; Tong, P. C.Y.; Chan, J. C. N.; Lam, C. W. K. Cold-Vapour Atomic Absorption
Spectrometry Underestimates Total Mercury in Blood and Urine Compared to
Inductively-Coupled Plasma Mass Spectrometry: An Important Factor for Determining



(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

59

Mercury Reference Intervals. Pathology (Phila.) 2009, 41 (5), 467—-472.
https://doi.org/10.1080/00313020903041085.

Lech, T. ICP OES and CV AAS in Determination of Mercury in an Unusual Fatal Case of
Long-Term Exposure to Elemental Mercury in a Teenager. Forensic Sci. Int. 2014, 237,
el-e5. https://doi.org/10.1016/j.forsciint.2014.02.015.

Korpiel, J. A.; Vidic, R. D. Effect of Sulfur Impregnation Method on Activated Carbon
Uptake of Gas-Phase Mercury. Environ. Sci. Technol. 1997, 31 (8), 2319-2325.
https://doi.org/10.1021/es9609260.

Paruchuri, Y.; Siuniak, A.; Johnson, N.; Levin, E.; Mitchell, K.; Goodrich, J. M.; Renne, E.
P.; Basu, N. Occupational and Environmental Mercury Exposure among Small-Scale
Gold Miners in the Talensi-Nabdam District of Ghana’s Upper East Region. Sci. Total
Environ. 2010, 408 (24), 6079-6085. https://doi.org/10.1016/j.scitotenv.2010.08.022.
Cho, H. W.; Kim, S.-H.; Park, M. J. An Association of Blood Mercury Levels and
Hypercholesterolemia among Korean Adolescents. Sci. Total Environ. 2020, 709,
135965. https://doi.org/10.1016/j.scitotenv.2019.135965.

Yusa, V.; Pérez, R.; Suelves, T.; Corpas-Burgos, F.; Gormaz, M.; Dualde, P.; Coscolla, C.;
Quiles, J.; Roca, M.; Vento, M. Biomonitoring of Mercury in Hair of Breastfeeding
Mothers Living in the Valencian Region (Spain). Levels and Predictors of Exposure.
Chemosphere 2017, 187, 106—-113.
https://doi.org/10.1016/j.chemosphere.2017.08.100.

Mambrey, V.; Rakete, S.; Tobollik, M.; Shoko, D.; Moyo, D.; Schutzmeier, P.; Steckling-
Muschack, N.; Muteti-Fana, S.; Bose-O’Reilly, S. Artisanal and Small-Scale Gold Mining:
A Cross-Sectional Assessment of Occupational Mercury Exposure and Exposure Risk
Factors in Kadoma and Shurugwi, Zimbabwe. Environ. Res. 2020, 184, 109379.
https://doi.org/10.1016/j.envres.2020.109379.

Rio Segade, S.; Tyson, J. F. Determination of Inorganic Mercury and Total Mercury in
Biological and Environmental Samples by Flow Injection-Cold Vapor-Atomic Absorption
Spectrometry Using Sodium Borohydride as the Sole Reducing Agent. Spectrochim.
Acta Part B At. Spectrosc. 2003, 58 (5), 797—-807. https://doi.org/10.1016/S0584-
8547(03)00015-6.

Li, L.; Jiang, C.; Xiao, J.; Luo, H.; Zhang, S.; Zou, Z.; Huang, K. Applications of
Photochemical Vapor Generation-Analytical Atomic Spectrometry for the Speciation
Analysis of Arsenic, Mercury and Selenium. Spectrochim. Acta Part B At. Spectrosc.
2023, 199, 106579. https://doi.org/10.1016/j.sab.2022.106579.

Li, P.; Feng, X.; Shang, L.; Qiu, G.; Meng, B.; Zhang, H.; Guo, Y.; Liang, P. Human Co-
Exposure to Mercury Vapor and Methylmercury in Artisanal Mercury Mining Areas,
Guizhou, China. Ecotoxicol. Environ. Saf. 2011, 74 (3), 473—-479.
https://doi.org/10.1016/j.ecoenv.2010.10.030.

Liang, P.; Feng, X.; Zhang, C.; Zhang, J.; Cao, Y.; You, Q.; Leung, A. O. W.; Wong, M.-H.;
Wu, S.-C. Human Exposure to Mercury in a Compact Fluorescent Lamp Manufacturing
Area: By Food (Rice and Fish) Consumption and Occupational Exposure. Environ. Pollut.
2015, 198, 126—132. https://doi.org/10.1016/j.envpol.2014.12.036.

Montuori, P.; Jover, E.; Alzaga, R.; Diez, S.; Bayona, J. M. Improvements in the
Methylmercury Extraction from Human Hair by Headspace Solid-Phase Microextraction
Followed by Gas-Chromatography Cold-Vapour Atomic Fluorescence Spectrometry. J.
Chromatogr. A 2004, 1025 (1), 71-75. https://doi.org/10.1016/j.chroma.2003.07.004.



60

(59) Webb, J.; Coomes, O. T.; Ross, N.; Mergler, D. Mercury Concentrations in Urine of
Amerindian Populations near Qil Fields in the Peruvian and Ecuadorian Amazon.
Environ. Res. 2016, 151, 344-350. https://doi.org/10.1016/j.envres.2016.07.040.

(60) Cegolon, L.; Mastrangelo, G.; Covelli, S.; Petranich, E.; Pavoni, E.; Larese Filon, F.
Occupational Exposure to Mercury from Cinnabar Enriched Sand in Workers of Grado
Beach, Gulf of Trieste (North-Eastern Italy, Upper Adriatic Sea). Mar. Pollut. Bull. 2022,
184, 114057. https://doi.org/10.1016/j.marpolbul.2022.114057.

(61) Zhang, W.; Li, F.; Gao, L.; Sun, G.; Cui, Z.; Chen, F.; Li, P.; Feng, X.; Shang, L.
Understanding the Excretion Rates of Methylmercury and Inorganic Mercury from
Human Body via Hair and Fingernails. J. Environ. Sci. 2022, 119, 59-67.
https://doi.org/10.1016/j.jes.2022.01.041.

(62) Santa-Rios, A.; Barst, B. D.; Tejeda-Benitez, L.; Palacios-Torres, Y.; Baumgartner, J.;
Basu, N. Dried Blood Spots to Characterize Mercury Speciation and Exposure in a
Colombian Artisanal and Small-Scale Gold Mining Community. Chemosphere 2021, 266,
129001. https://doi.org/10.1016/j.chemosphere.2020.129001.

(63) Zangmo, T.; Siripinyanond, A. Exploring the Applicability of Nano-Selenium for Capture
of Mercury Vapor: Paper Based Sorbent and a Chemical Modifier in Graphite Furnace
Atomic Absorption Spectrometry. Anal. Chim. Acta 2019, 1085, 29-38.
https://doi.org/10.1016/j.aca.2019.08.021.

(64) Wang, B.; Yang, S.; Li, P.; Qin, C.; Wang, C.; Ali, M. U.; Yin, R.; Maurice, L.; Point, D.;
Sonke, J. E.; Zhang, L.; Feng, X. Trace Mercury Migration and Human Exposure in
Typical Mercury-Emission Areas by Compound-Specific Stable Isotope Analysis.
Environ. Int. 2023, 174, 107891. https://doi.org/10.1016/j.envint.2023.107891.

(65) Ohno, T.; Sakamoto, M.; Kurosawa, T.; Dakeishi, M.; lwata, T.; Murata, K. Total Mercury
Levels in Hair, Toenail, and Urine among Women Free from Occupational Exposure and
Their Relations to Renal Tubular Function. Environ. Res. 2007, 103 (2), 191-197.
https://doi.org/10.1016/j.envres.2006.06.009.

(66) Nevado, J. J. B.; Martin-Doimeadios, R. C. R.; Moreno, M. J.; do Nascimento, J. L. M.;
Herculano, A. M.; Crespo-Lépez, M. E. Mercury Speciation Analysis on Cell Lines of the
Human Central Nervous System to Explain Genotoxic Effects. Microchem. J. 2009, 93
(1), 12—-16. https://doi.org/10.1016/j.microc.2009.03.008.

(67) Kwaansa-Ansah, E. E.; Basu, N.; Nriagu, J. O. Environmental and Occupational
Exposures to Mercury among Indigenous People in Dunkwa-On-Offin, a Small Scale
Gold Mining Area in the South-West of Ghana. Bull. Environ. Contam. Toxicol. 2010, 85
(5), 476-480. https://doi.org/10.1007/s00128-010-0141-7.

(68) Fakour, H.; Esmaili-Sari, A.; Zayeri, F. Scalp Hair and Saliva as Biomarkers in
Determination of Mercury Levels in Iranian Women: Amalgam as a Determinant of
Exposure. J. Hazard. Mater. 2010, 177 (1), 109-113.
https://doi.org/10.1016/j.jhazmat.2009.12.002.

(69) Li, P.; Feng, X.; Qiu, G.; Wan, Q. Hair Can Be a Good Biomarker of Occupational
Exposure to Mercury Vapor: Simulated Experiments and Field Data Analysis. Sci. Total
Environ. 2011, 409 (20), 4484—4488. https://doi.org/10.1016/j.scitotenv.2011.06.045.

(70) Baeuml, J.; Bose-O'Reilly, S.; Gothe, R.; Lettmeier, B.; Roider, G.; Drasch, G.; Siebert, U.
Human Biomonitoring Data from Mercury Exposed Miners in Six Artisanal Small-Scale
Gold Mining Areas in Asia and Africa. Minerals 2011, 1.
https://doi.org/10.3390/min1010122.



(71)

(72)

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

61

Croes, K.; De Coster, S.; De Galan, S.; Morrens, B.; Loots, |.; Van de Mieroop, E.; Nelen,
V.; Sioen, I.; Bruckers, L.; Nawrot, T.; Colles, A.; Hond, E. D.; Schoeters, G.; van
Larebeke, N.; Baeyens, W.; Gao, Y. Health Effects in the Flemish Population in Relation
to Low Levels of Mercury Exposure: From Organ to Transcriptome Level. Int. J. Hyg.
Environ. Health 2014, 217 (2), 239-247. https://doi.org/10.1016/].ijheh.2013.06.004.
Goodrich, J. M.; Wang, Y.; Gillespie, B.; Werner, R.; Franzblau, A.; Basu, N.
Methylmercury and Elemental Mercury Differentially Associate with Blood Pressure
among Dental Professionals. Int. J. Hyg. Environ. Health 2013, 216 (2), 195-201.
https://doi.org/10.1016/j.ijheh.2012.03.001.

Vacchina, V.; Séby, F.; Chekri, R.; Verdeil, J.; Dumont, J.; Hulin, M.; Sirot, V.; Volatier, J.-
L.; Serreau, R.; Rousseau, A.; Simon, T.; Guérin, T. Optimization and Validation of the
Methods for the Total Mercury and Methylmercury Determination in Breast Milk.
Talanta 2017, 167, 404-410. https://doi.org/10.1016/j.talanta.2017.02.046.

Narvaez, D. M.; Groot, H.; Diaz, S. M.; Palma, R. M.; Mufioz, N.; Cros, M.-P.; Hernandez-
Vargas, H. Oxidative Stress and Repetitive Element Methylation Changes in Artisanal
Gold Miners Occupationally Exposed to Mercury. Heliyon 2017, 3 (9), e00400.
https://doi.org/10.1016/j.heliyon.2017.e00400.

Packull-McCormick, S.; Ratelle, M.; Lam, C.; Napenas, J.; Bouchard, M.; Swanson, H.;
Laird, B. D. Hair to Blood Mercury Concentration Ratios and a Retrospective Hair
Segmental Mercury Analysis in the Northwest Territories, Canada. Environ. Res. 2022,
203, 111800. https://doi.org/10.1016/j.envres.2021.111800.

Montuori, P.; Jover, E.; Alzaga, R.; Diez, S.; Bayona, J. M. Improvements in the
Methylmercury Extraction from Human Hair by Headspace Solid-Phase Microextraction
Followed by Gas-Chromatography Cold-Vapour Atomic Fluorescence Spectrometry. J.
Chromatogr. A 2004, 1025 (1), 71-75. https://doi.org/10.1016/j.chroma.2003.07.004.
Santa-Rios, A.; Barst, B. D.; Tejeda-Benitez, L.; Palacios-Torres, Y.; Baumgartner, J.;
Basu, N. Dried Blood Spots to Characterize Mercury Speciation and Exposure in a
Colombian Artisanal and Small-Scale Gold Mining Community. Chemosphere 2021, 266,
129001. https://doi.org/10.1016/j.chemosphere.2020.129001.

Mergler, D.; Anderson, H. A.; Chan, L. H. M.; Mahaffey, K. R.; Murray, M.; Sakamoto,
M.; Stern, A. H.; Panel on Health Risks and Toxicological Effects of Methylmercury.
Methylmercury Exposure and Health Effects in Humans: A Worldwide Concern. Ambio
2007, 36 (1), 3—11. https://doi.org/10.1579/0044-7447(2007)36[3:meahei]2.0.co;2.
Goullg, J.-P.; Mahieu, L.; Castermant, J.; Neveu, N.; Bonneau, L.; Lainé, G.; Bouige, D.;
Lacroix, C. Metal and Metalloid Multi-Elementary ICP-MS Validation in Whole Blood,
Plasma, Urine and Hair: Reference Values. Forensic Sci. Int. 2005, 153 (1), 39-44.
https://doi.org/10.1016/j.forsciint.2005.04.020.

Kanwal, S.; Yamakawa, A.; Narukawa, T.; Yoshinaga, J. Speciation and Isotopic
Characterization of Mercury Detected at High Concentration in Pakistani Hair Samples.
Chemosphere 2019, 233, 705-710.
https://doi.org/10.1016/j.chemosphere.2019.05.275.

Bajaj, A. O.; Parker, R.; Farnsworth, C.; Law, C.; Johnson-Davis, K. L. Method Validation
of Multi-Element Panel in Whole Blood by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS). J. Mass Spectrom. Adv. Clin. Lab 2023, 27, 33—-39.
https://doi.org/10.1016/j.jmsacl.2022.12.005.

(82) Jones, D. R.; Jarrett, J. M.; Tevis, D. S.; Franklin, M.; Mullinix, N. J.; Wallon, K. L.; Derrick

Quarles, C.; Caldwell, K. L.; Jones, R. L. Analysis of Whole Human Blood for Pb, Cd, Hg,



(83)

(84)

(85)

(86)

(87)

62

Se, and Mn by ICP-DRC-MS for Biomonitoring and Acute Exposures. Talanta 2017, 162,
114-122. https://doi.org/10.1016/j.talanta.2016.09.060.

Jia, X.; Zhao, J.; Ren, H.; Wang, J.; Hong, Z.; Zhang, X. Zwitterion-Functionalized Polymer
Microspheres-Based Solid Phase Extraction Method on-Line Combined with HPLC—ICP-
MS for Mercury Speciation. Talanta 2019, 196, 592—-599.
https://doi.org/10.1016/j.talanta.2019.01.013.

Li, L.; Wang, Z.; Zhang, S.; Wang, M. Directly-Thiolated Graphene Based Organic
Solvent-Free Cloud Point Extraction-like Method for Enrichment and Speciation of
Mercury by HPLC-ICP-MS. Microchem. J. 2017, 132, 299-307.
https://doi.org/10.1016/j.microc.2017.02.011.

Rodrigues, J. L.; de Souza, S. S.; de Oliveira Souza, V. C.; Barbosa, F. Methylmercury and
Inorganic Mercury Determination in Blood by Using Liquid Chromatography with
Inductively Coupled Plasma Mass Spectrometry and a Fast Sample Preparation
Procedure. Talanta 2010, 80 (3), 1158-1163.
https://doi.org/10.1016/j.talanta.2009.09.001.

Hippler, J.; Hoppe, H. W.; Mosel, F.; Rettenmeier, A. W.; Hirner, A. V. Comparative
Determination of Methyl Mercury in Whole Blood Samples Using GC—ICP-MS and GC-
MS Techniques. J. Chromatogr. B 2009, 877 (24), 2465-2470.
https://doi.org/10.1016/j.jchromb.2009.06.004.

Suarez-Criado, L.; Rodriguez-Gonzalez, P.; Marrugo-Negrete, J.; Garcia Alonso, J. |.;
Diez, S. Determination of Methylmercury and Inorganic Mercury in Human Hair
Samples of Individuals from Colombian Gold Mining Regions by Double Spiking Isotope
Dilution and GC-ICP-MS. Environ. Res. 2023, 231, 115970.
https://doi.org/10.1016/j.envres.2023.115970.

(88) Tevis, D. S.; Jarrett, J. M.; Jones, D. R.; Cheng, P.-Y.; Franklin, M.; Mullinex, N.; Caldwell,

(89)

(90)

(91)

(92)

(93)

K. L.; Jones, R. L. Assessing the Stability of Cd, Mn, Pb, Se, and Total Hg in Whole
Human Blood by ICP-DRC-MS as a Function of Temperature and Time. Clin. Chim. Acta
2018, 485, 1-6. https://doi.org/10.1016/j.cca.2018.05.043.

Li, Z.; Lewin, M.; Ruiz, P.; Nigra, A. E.; Henderson, N. B.; Jarrett, J. M.; Ward, C.; Zhu, J.;
Umans, J. G.; O’Leary, M.; Zhang, Y.; Ragin-Wilson, A.; Navas-Acien, A. Blood Cadmium,
Lead, Manganese, Mercury, and Selenium Levels in American Indian Populations: The
Strong Heart Study. Environ. Res. 2022, 215, 114101.
https://doi.org/10.1016/j.envres.2022.114101.

Cheng, H.; Zhang, W.; Wang, Y.; Liu, J. Interfacing Nanoliter Liquid Chromatography and
Inductively Coupled Plasma Mass Spectrometry with an In-Column High-Pressure
Nebulizer for Mercury Speciation. J. Chromatogr. A 2018, 1575, 59-65.
https://doi.org/10.1016/j.chroma.2018.09.023.

Petry-Podgérska, I.; Schrenkova, V.; Migasova, M.; Matousek, T.; Kratzer, J. Speciation
Analysis of Mercury Employing Volatile Species Generation: Approaches to Reliable
Determination in Blood and Hair. Microchem. J. 2021, 170, 106606.
https://doi.org/10.1016/j.microc.2021.106606.

Haines, D. A.; Saravanabhavan, G.; Werry, K.; Khoury, C. An Overview of Human
Biomonitoring of Environmental Chemicals in the Canadian Health Measures Survey:
2007-2019. Int. J. Hyg. Environ. Health 2017, 220 (2, Part A), 13-28.
https://doi.org/10.1016/].ijheh.2016.08.002.

Larsen, T.J.; Jgrgensen, M. E.; Larsen, C. V. L.; Dahl-Petersen, I. K.; Rgnn, P. F;
Bjerregaard, P.; Byberg, S. Whole Blood Mercury and the Risk of Cardiovascular Disease



63

among the Greenlandic Population. Environ. Res. 2018, 164, 310-315.
https://doi.org/10.1016/j.envres.2018.03.003.

(94) Shih, T.-T.; Chen, J.-Y.; Luo, Y.-T.; Lin, C.-H.; Liu, Y.-H.; Su, Y.-A.; Chao, P.-C.; Sun, Y.-C.
Development of a Titanium Dioxide-Assisted Preconcentration/on-Site Vapor-
Generation Chip Hyphenated with Inductively Coupled Plasma-Mass Spectrometry for
Online Determination of Mercuric lons in Urine Samples. Anal. Chim. Acta 2019, 1063,
82-90. https://doi.org/10.1016/j.aca.2019.02.035.

(95) Queipo Abad, S.; Rodriguez-Gonzalez, P.; Garcia Alonso, J. I. Evidence of the Direct
Adsorption of Mercury in Human Hair during Occupational Exposure to Mercury
Vapour. J. Trace Elem. Med. Biol. 2016, 36, 16-21.
https://doi.org/10.1016/j.jtemb.2016.03.012.

(96) So, S. C. A.; Tsoi, M. F.; Cheung, A. J.; Cheung, T. T.; Cheung, B. M. Y. Blood and Urine
Inorganic and Organic Mercury Levels in the United States from 1999 to 2016. Am. J.
Med. 2021, 134 (1), e20—e30. https://doi.org/10.1016/j.amjmed.2020.06.023.

(97) McShane, W. J.; Pappas, R. S.; Wilson-McElprang, V.; Paschal, D. A Rugged and
Transferable Method for Determining Blood Cadmium, Mercury, and Lead with
Inductively Coupled Plasma-Mass Spectrometry. Spectrochim. Acta Part B At.
Spectrosc. 2008, 63 (6), 638—644. https://doi.org/10.1016/j.sab.2008.03.016.

(98) de Souza, S. S.; Campiglia, A. D.; Barbosa, F. A Simple Method for Methylmercury,
Inorganic Mercury and Ethylmercury Determination in Plasma Samples by High
Performance Liquid Chromatography—Cold-Vapor-Inductively Coupled Plasma Mass
Spectrometry. Anal. Chim. Acta 2013, 761, 11-17.
https://doi.org/10.1016/j.aca.2012.11.038.

(99) Wiseman, C. L. S.; Parnia, A.; Chakravartty, D.; Archbold, J.; Copes, R.; Cole, D. Total,
Methyl and Inorganic Mercury Concentrations in Blood and Environmental Exposure
Sources in Newcomer Women in Toronto, Canada. Environ. Res. 2019, 169, 261-271.
https://doi.org/10.1016/j.envres.2018.11.011.

(100) Tanvir, E. M.; Komarova, T.; Comino, E.; Sumner, R.; Whitfield, K. M.; Shaw, P. N.
Effects of Storage Conditions on the Stability and Distribution of Clinical Trace Elements
in Whole Blood and Plasma: Application of ICP-MS. J. Trace Elem. Med. Biol. 2021, 68,
126804. https://doi.org/10.1016/j.jtemb.2021.126804.

(101) Packull-McCormick, S.; Ashley-Martin, J.; Singh, K.; Fisher, M.; Arbuckle, T. E.;
Lanphear, B.; Laird, B. D.; Muckle, G.; Booij, L.; Asztalos, E.; Walker, M.; Bouchard, M.
F.; Saint-Amour, D.; Boivin, M.; Borghese, M. Prenatal and Concurrent Blood Mercury
Concentrations and Associations with IQ in Canadian Preschool Children. Environ. Res.
2023, 233, 116463. https://doi.org/10.1016/j.envres.2023.116463.

(102) Bulska, E.; Krata, A.; Wojciechowski, M. Critical Comparison of Analytical
Performance of CVAAS and ICP-MS for the Determination of Mercury in Environmental
Samples; Department of Chemistry, University of Warsaw, Pasteura 1, 02-093 Warsaw,
Poland: Gdansk University of Technology, Poland, 2008.



64

6 Appendix

The calibration curve for the determination of inorganic mercury using 1.1% SnCl; as reducing

agent is shown in Figure 1a.

InHg, SnCl,

0,3500
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R*=0,9995
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0,1000
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Figure 1a. Calibration curve for the analysis of InHg standard solutions with SnCl, reductant.

Standard deviation of intercept was calculated using the Equation 1a:

SE 0,0008244 pg/L
SDy =% = T‘*g = 0.0003 pg/L (1a)

where n refers to the number of measurements, SE, refers to standard error of intercept
calculated using the Regression analysis function in Microsoft Excel as 0.0008244 ng/L.

Limit of detection was calculated using the Equation 2a:

0.0003 pg/L

B8 — 0,07 ug/L (2a)

LOD = 3.3% =33

Limit of quantification was calculated using the Equation 3a:

0.0003 pg/L
0.0163

LOQ = 1022 =10 =0.21 ng/L (3a)



Table 1a. The dilution proportions of working reductant solutions NaBH4 in NaOH
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Target concentration of

0.004% NaBH4 in 0.001%

0.001% NaOH, ml

NaBH4, % NaOH, mli
0.0001 2.5 97.5
0.001 25 75
0.0013 32.5 67.5
0.0014 35 65
0.0015 37.5 62.5
0.0016 40 60
0.0017 42.5 57.5
0.0018 45 55
0.0019 47.5 52.5
0.0020 50 50
0.0021 52.5 47.5
0.0022 55 45
0.0023 57.5 42.5
0.0024 60 40
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The calibration curve for the determination of total mercury using 0.2% NaBH4 in 0.05% NaOH

as reducing agent is shown in Figure 2a.

Calibration, NaBH,, TotHg
0,3000

0,2500

0,2000

0,1500
y =0,0123x + 0,0091

R?=0,9926

Absorbance

0,1000
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0 5 10 15 20 25
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Figure 2a. Calibration curve for the analysis of TotHg standard solutions with NaBH, in NaOH as

reductant.

Standard deviation of intercept was calculated using the Equation 4a:

__ SEy _ 0,004957 pg/L
Yo yn V6

where n refers to the number of measurements, SEy refers to standard error of intercept

SD = 0.002 pg/L (4a)

calculated using the Regression analysis function in Microsoft Excel as 0,004957 ug/L.
Limit of detection was calculated using the Equation 5a:

LOD = 3.3°2x — 33000202 g/l

” o105 = 0.54 ng/L (5a)

Limit of quantification was calculated using the Equation 6a:

0.00202 pg/L

LOQ = 1022 = 10
a 0.0123

= 1.64 pg/L (6a)
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The preparation process for adjusting the concentration of NaOH in reducing solution (Figure

3a).

NaOH
NaBH,
H:0
0.2% NaBH. 0.2% NaBH,
1% NaOH > 0.05% NaOH
8] (32\ D {p
RP %%
SO g 40 1110 H.0
6:‘/ % 1:100.005% NaOH
: %
R
1:100 H:0

0.002% NaBH,
0.1% NaOH

0.002% NaBH,
0.5% NaOH

0.002% NaBH,
0.005% NaOH

Y

0.002% NaBH,
0.01% NaOH

Figure 3a. Preparation scheme for NaBHa4 in NaOH solutions.

1% w/v NaOH: 1 pellet of NaOH is weighed and dissolved in an appropriate amount of water
based on the proportion 1g of NaOH per 100 ml of water.

0.1% w/v NaOH: 10 mL of 1% w/v NaOH was pipetted into half-filled with water 100 mL
volumetric flask and then filled with water to the mark.

0.01% w/v NaOH: 20 mL of 0.05% w/v NaOH was diluted with 80 mL of water.

0.005% w/v NaOH: 10 mL of 0.05% w/v NaOH was diluted with 80 mL of water.

0.001% w/v NaOH: 20 mL of 0.05% w/v NaOH was diluted with water in a 1 L volumetric flask.
0.2% w/v NaBHg4 in 1% w/v NaOH: 0.1g of NaBH4 was dissolved in 50 mL 1% w/v NaOH.
0.002% w/v NaBH4 in 0.1% w/v NaOH: 1 mL of 0.2% w/v NaBHa4 in 1% w/v NaOH was pipetted
into 10 mL of water and then diluted with 0.1% w/v NaOH to the mark in 100 mL volumetric
flask.

0.002% w/v NaBH4 in 0.5% w/v NaOH: 1 mL of 0.2% w/v NaBH4 in 1% w/v NaOH was diluted

with 0.5% w/v NaOH to the mark in 100 mL volumetric flask.
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0.05% w/v NaOH and intermediate solution 0.2% w/v NaBH4 in 0.05% w/v NaOH: as described
in Section 2.2.

0.04% w/v NaBH4 in 0.01% w/v NaOH: 10 mL of 0.2% w/v NaBH4 in 0.05% w/v NaOH was
diluted with 40 mL of water.

0.002% w/v NaBH, in 0.01% w/v NaOH: 5 mL of 0.04% w/v NaBH4 in 0.01% w/v NaOH is
diluted with water in 100 mL volumetric flask.

0.02% w/v NaBH4 in 0.005% w/v NaOH: 5 mL of 0.2% w/v NaBH4 in 0.05% w/v NaOH is diluted
with water in 50 mL volumetric flask.

0.002% w/v NaBHs in 0.005% w/v NaOH: 10 mL of 0.02% w/v NaBH4 in 0.005% w/v NaOH is
diluted with 0.005% w/v NaOH in 100 mL volumetric flask.

This thesis utilized Al language model ChatGPT 3.5 for language correction and editing
purposes.

The illustrations are drawn with BioRender.



