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1. Introduction 
 
1.1 General 
Few substances have found such lasting and widespread use in the history of mankind as 
mercury (Hg). Its application within medicine, agriculture, art, science and technology spans 
thousands of years. Hg is still thought of as a superior and irreplaceable component of some 
technological devices. However, Hg is also poisonous and consequently there have been 
documented negative health, or environmental, effects following nearly every new application 
of its use.  
 
At present, fossil fuel burning is considered to be among the most important sources of 
anthropogenic (man made) Hg emissions to the environment. Gaseous mercury (Hg(g)) from 
such emissions may be atmospherically transported over vast distances. This is evident from 
the elevated concentrations of Hg found in the arctic regions, far away from anthropogenic 
sources. During the last decade, there have been massive national and international efforts to 
limit the emissions and use of Hg both in Europe and in the US. 
 
Hg exists as free atoms in the elemental (0) state, but can also take on higher (I, II) oxidation 
states and combine with other elements, thereby forming a variety of compounds and 
complexes. Each form has unique chemical, physical and toxicological properties. 
Consequently, effective pollution control for various industrial processes, including fossil fuel 
burning and waste incineration, relies on good knowledge of the different Hg compounds 
present in these processes. Once emitted to the environment, the fate and transport of Hg is 
also dependent on its chemical and physical form.  
 
Chemical analysis provides the foundation of knowledge about the occurrence of Hg and 
processes related to this element, both within industry and the environment. This thesis 
concerns instrumental and methodological developments for reliable determination of the 
concentration of individual forms of Hg(g) in gaseous samples, based on isotope dilution 
analysis (IDA). 
 
1.2 Historical overview 
Symptoms of Hg poisoning in people working in Cinnabar mines, or those coming into 
contact with pigments, aphrodisiacs and traditional medicines later produced from this 
mineral, have probably been known for thousands of years within the ancient cultures 
worldwide.1 Although documentation is scarce from these early times, it is a fact that for 
nearly every application of Hg throughout history, there seems to have been negative side 
effects in the form of either poisoning or environmental pollution. Some examples will be 
given in the following section. 

Hg poisoning is known under many names, such as mercurialism, hydrargyria and acrodynia. 
The latter was relatively common among small children until around the 1940-50s, when it 
was found that the symptoms of rashes, pain and pink discolouration of hands and legs were 
caused by teething powders containing mercurous chloride, an inorganic Hg salt.2 The same 
compound has also been used as the active ingredient in various skin bleeching cosmetics. 

Another example of the symptoms caused by Hg poisoning and perhaps more familiar to the 
general public, is that of the mad hatter, described in the book Alice in Wonderland by Lewis 
Carroll. This fictitious character was probably based on reality, since many so called hatters 
(hat makers) over the past three centuries actually experienced nervous disorders, odd 
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behaviour and symptoms of madness. The cause of these symptoms was related to a 
prolonged exposure to Hg vapour, formed during a process called carroting. The process, 
which is now banned, involved washing animal furs with an orange coloured solution 
containing mercury nitrate in order to facilitate the separation of the fur from the pelt and to 
make it mat together smoothly.3,4  

The ability of liquid elemental mercury (Hg0) to form solid alloys, amalgams, with other 
metals has been extensively exploited throughout history. Dental amalgam is a classical 
example of the alloy formed between Hg and metals, such as silver, tin, copper and zinc.5 The 
use of dental amalgam has been debated over the past three decades, mainly because of the 
occupational risks involved in its use and the considerable amounts of Hg containing waste 
being generated. Within the European Community (EC) these amalgams have now been 
largely replaced by plastic polymers, mainly as a result of the strategy for phasing out the 
source and demand of Hg.  
 
The principle of amalgamation has also been widely used in gold mining. The gold bearing 
ore is crushed and the gold reacted with Hg0, thereby forming an amalgam. The amalgam is 
separated from the mineral and Hg0 fractions by sluice and filtering processes, and the Hg is 
subsequently removed by heating the alloy, causing evaporation of the Hg0 into the air and 
leaving a solid gold residue. Not very surprisingly, some of the Hg used for extraction is not 
recovered from the air and sediment, and may thereby enter into the local ecosystems.6 The 
use of Hg in gold mining is currently an issue in several regions of South America, West 
Africa and Asia. 

Organic Hg compounds (compounds containing either one or two carbon-mercury covalent 
bonds) were first chemically synthesised in the 1860s in the form of methyl Hg. The inherent 
toxicity of the synthesised compound was immediately apparent, as two of the laboratory 
personnel died of acute poisoning.7 The antifungal and antibacterial properties of organic Hg 
compounds led to a widespread global use of these in the early to mid 20th century. Short 
chained alkyl Hg compounds were applied to seed grains as an antifungal agent, thereby 
avoiding fungal infections and leading to increased harvest.7 Phenyl Hg was commonly used 
to minimise the production of bacterial slime during production of paper and pulp.  

A growing awareness of the toxicity of organic Hg compounds towards man and the 
environment took place during the second half of the 20th century, much due to a series of 
catastrophes, such as the Minamata Bay disaster in Japan in the 1950 - 60s and in Iraq in the 
early 1970s. Several thousands of people were poisoned in these events, resulting in 
neurological disorders, birth defects and deaths.1 In the case of Minamata, people were 
poisoned by eating fish containing elevated levels of methyl Hg. This compound had 
unintentionally been discharged into the bay from a nearby chemical factory which was using 
inorganic Hg as a catalyst in the production of acetaldehyde. Apparently, methyl Hg was 
formed as a by-product in the industrial process. The incidents in Iraq were due to people 
preparing bread from methyl Hg treated grains intended for sowing. Later it became apparent 
that the victims had used the poisoned grain, believing that they had removed the poison 
along with the indicative red dye, by simply washing the grain with water. 

At about the same time several important discoveries related to the fate of Hg in the 
environment were made. During the 1950 – 60s it was observed that birds in Sweden, 
especially predatory species at the top of the food chain, but also those feeding directly from 
grain on the fields, were developing neurological disorders.1 Within these groups there were 
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also signs of decreased fertility among the adults, as well as increased mortality among the 
offspring. The symptoms were found to be caused by consumption of alkyl Hg treated grain, 
either as a direct cause or by subsequent magnification within the food web.  

It was also found that a natural conversion of inorganic Hg to methyl Hg was taking place in 
aquatic systems.8 As a result of this process and the subsequent accumulation and 
magnification of methyl Hg from lower onto higher organisms in the aquatic food chain, 
thousands of lakes in Sweden, Finland and Norway contain predatory fish, such as pike and 
perch, with methyl Hg concentrations passing the regulatory limits set out by the authorities. 9  

Studies of processes leading to conversion of Hg compounds and bio-accumulation of specific 
forms became a large field of interest within the chemical and environmental scientific 
communities. Such studies were largely responsible for terminating the use of organic Hg 
compounds as antifungal and antibacterial agents within agriculture and the paper and pulp 
industry. They also played an important role in the development of a new directionality within 
chemical analysis, namely speciation analysis, focusing on the distribution and concentration 
of individual forms of elements, rather than on the total element concentrations. Most papers 
published on speciation analysis of Hg have been concerned with methyl Hg in sediment and / 
or biota, whereas relatively few papers have dealt with the speciation analysis of Hg(g). 
 
1.3 Definitions and analytical principles  
As the name implies, total analysis provides the concentration of the element within a sample, 
regardless of its form. Extreme analytical sample pre-treatment conditions such as strong 
oxidising reagents, acids, catalysts or high temperatures, are typical of procedures used for 
total analysis. These conditions are intended to cause iso-formation of the sample incipient 
species (the formation of a single product species). 
 
Speciation analysis and fractionation are both aimed at providing more detailed information 
about different elemental forms originally present in a sample and therefore generally apply 
softer sample pre-treatment conditions compared to those used for total analysis. To avoid 
misconception, the international union of pure and applied chemistry (IUPAC) has provided a 
definition of these and related concepts, as follows.10  
  
i. Chemical species. Chemical elements: specific form of an element defined as to isotopic 
composition, electronic or oxidation state, and / or complex or molecular structure 
 
ii. Speciation analysis. Analytical chemistry: analytical activities of identifying and/or 
measuring the quantities of one or more individual chemical species in a sample 
 
iii. Speciation of an element; speciation. Distribution of an element amongst defined chemical 
species in a system.  
 
iv. Fractionation. Process of classification of an analyte or a group of analytes from a certain 
sample according to physical (e.g., size and solubility) or chemical (e.g., bonding and 
reactivity) properties. 
 
Analytical methods based on fractionation are often referred to as being empirical or 
operationally defined, meaning that the results obtained are dependent on the analytical 
conditions applied and therefore different procedures are expected to yield unique results. 
Normally, species residing within the isolated fractions are collectively quantified by total 
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element analysis without attempting to determine their actual identity, since this would lead 
into speciation analysis.  
 
In practice it can be difficult to make precise distinctions between fractionation and speciation 
analysis. The IUPAC definition of fractionation encompasses many of the procedural steps 
commonly used within speciation analysis, such as filtration, which provides separation 
according to physical size, and extraction, which provides separation based on solubility. 
Derivatisation, normally by employing various alkylation reagents, is commonly used for 
increasing the volatility and stability of ionic Hg complexes during gas chromatographic 
analysis. This is also a form of fractionation, since it leads to the formation of one or several 
groups of alkyl Hg species out of an initially larger and more diverse group of species, in 
terms of their chemical and physical properties. In addition, some of the original species may 
be to stable for quantitative conversion to be achieved under the specific analytical conditions 
applied. 
 
1.4 Sources and cycling of mercury in the environment 
Hg occurs naturally in the earth’s crust at an average concentration of approximately 50 µg 
kg-1. Higher concentrations (up to 70 %) are found associated mainly with Cinnabar ore, at 
several localities world wide. Hg is naturally emitted to the atmosphere in various forms as a 
result of biogeochemical processes, including volcanic emissions, degassing of geological 
materials and conversions between different forms of the element, leading to volatilisation 
from both terrestrial and marine environments.11  
 
The global emissions of Hg to the atmosphere have recently been estimated to 4,400 - 7,500 
tons per year, with 1/3 - 2/3 corresponding to anthropogenic sources, of which burning of 
fossil fuels and waste incineration are among the most important ones. 9,11,12 There is a large 
uncertainty in the above figures, much due to the widespread use of Hg in various 
applications but also because Hg is continuously being converted between different forms, 
while at the same time circulating between the different environmental compartments. Hence, 
a fraction of the Hg circulating in the environment is due to re-emission from a pool of Hg 
which has been deposited to the earth's surface after mobilization by either anthropogenic or 
natural activities. Once emitted to the environment, the fate and transport of Hg is largely 
dependent on its chemical form.  

The current global supply and demand for Hg is around 3,000 – 4,000 tonnes yearly. Roughly 
75% of the Hg is used for gold mining, manufacture of batteries, or for production of chlorine, 
hydrogen and sodium within the chlor-alkali industry.13 The demand within the EC was 
estimated to be 300 tonnes in 2003, and the export from the EC has been estimated to be 
approximately 1,000 tonnes more recently.13 Hg has been traded freely on the world market at 
a price of only €5 per kg, but in 2006 the European Parliament agreed to phase out the use of 
Hg and prohibit its export by 2010 at the latest.13,14 

The constant demand and widespread use of Hg implies that extensive emissions and 
considerable amounts of waste are potentially being generated. Owing to the volatility of Hg 
and many of its compounds, the atmosphere is an important recipient in many of these cases. 
Apart from the above listed sources, Hg containing bi-products from mining, roasting and 
smelting of metals, dental surgeries, crematories, as well as from the removal of Hg in 
petroleum, contribute significantly. Cement and paper pulp industries and those producing 
polyvinyl chloride plastics are other historically important sources, intimately related to 
pollution. The list of Hg sources is actually very long and includes pigments, cosmetics, 
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catalysts, electrical switches, batteries, fluorescent lamps and preservatives, as well as various 
laboratory and medical devices, such as blood pressure manometers, thermometers and 
barometers, to name just a few of these.  
 
1.5 Gaseous mercury species 
Hg exists in the atmosphere both in particulate (Hg(p)) and gaseous (Hg(g)) forms. The 
concentration and composition of these fractions vary depending on time, location and 
atmospheric conditions. Hg(p) consists of various forms of Hg, which are either bound or 
adsorbed to particulate matter. It normally constitutes a few percent or less of the total 
atmospheric Hg, but levels similar to that of the Hg(g) concentration have been observed in 
urban and industrialized areas.15  
 
The background concentration of Hg(g) is about 1.5 ng m-3 throughout the world, with 
elemental Hg (Hg0) being the main component.16 Other minor forms of Hg(g) include alkyl 
Hg species, and a group of ionic Hg complexes collectively referred to as reactive gaseous 
mercury (RGM).  
 
Alkyl Hg species, such as monomethyl Hg complexes (CH3HgX, where X is the counter ion, 
see below) and dimethyl Hg ((CH3)2Hg) are of interest primarily due to their extreme toxicity 
and tendency to bio-accumulate. These species have been detected in atmospheric gaseous 
samples at low pg m-3 concentrations.17,18 In addition, (CH3)2Hg has been found in ng m-3 
levels in gaseous samples from anaerobic environments, such as landfills and sewage sludge 
fermenters, among others.19,20, 21 Alkyl Hg species are present in natural gas condensates and 
therefore are a probable constituent of the gaseous phase, as well.22 Based on the 
concentrations found in condensate and the relatively higher gas / liquid partitioning 
coefficient of Hg0(g) compared to alkyl Hg species in hydrocarbon systems (see Table 1 for 
solubility data), the elemental form is considered to be dominating in natural gas.23  
 
The concentration of RGM in the atmosphere is typically 20 – 100 pg m-3, but may vary from 
1 to 900 pg m-3 depending on time and location.16,24,25 The main Hg species within this 
fraction are most likely constituted of inorganic divalent Hg complexes (mercuric species, 
HgX2, with X being the counter anion), and to a lesser extent CH3HgX complexes. The most 
probable counter anion of these complexes is believed to be one of the halides or a hydroxyl 
ion.16,26 Ionic Hg species have quite different properties than Hg0 with regards to for example 
oxidation state, volatility and solubility in various media (see Table 1).  
 
Table 1. Selected physiochemical properties of some of the studied Hg(g) species. 22,27,28,29, 30 
The solubilities (Sol., g L-1) are at 25°C if not stated otherwise. Mpt and Bpt are the melting 
and boiling points (°C), respectively.  
 
Species Mpt    Bpt  Sol. (water) Sol. (hexane) 
 
Hg0 -39 357 0.00005 0.001096 
HgCl2 276 302 69 (20°C) 0.0115 
(CH3)2Hg -43 93-94 insoluble ∞ 
CH3HgCl 170-173 not found < 0.1 (21°C ) > 1 

 
The combination of these characteristics has lead to the conclusion that Hg0, which has an 
atmospheric residence time of several months, is mainly responsible for the long distance 
transport of Hg. RGM and Hg(p) are considered to be of major importance to the deposition 
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of Hg from the atmosphere, both by dry and wet deposition processes. Elevated levels of 
Hg(p) and RGM are found in urban and industrial areas with high local atmospheric Hg 
deposition loads, thereby supporting this hypothesis.15,16  
 
Elevated and highly fluctuating levels of RGM have been found to occur in the polar regions 
during spring time. These so called atmospheric mercury depletion events (AMDE) are 
characterised by sharp declines of the Hg(g) concentration and increased RGM and snow 
surface Hg concentrations. 31,32,25 Fluctuations occur on both a diurnal and seasonal basis and 
research indicates that photo-chemically driven reactions in the troposphere, involving ozone 
and halogens, play a key role in the formation of RGM by oxidation of Hg0(g).32 AMDE 
thereby provide a reasonable explanation for the high concentrations of Hg found in the polar 
regions, far from anthropogenic emission sources. 
 
1.6 Mercury strategy and legislation 
The increasing awareness of the role of Hg as an atmospheric pollutant of trans-boundary 
perspectives has lead to national and international efforts in limiting the emissions and use of 
Hg, both within the EC and the US. Hg is acknowledged by the EC as a priority hazardous 
substance under the 2000/60/EC Water Framework Directive. References13,33,34 contain a list 
of documents related to the strategy and legislation for Hg. The current Hg strategy adopted 
by the EC in 2005 has the following main objectives:  
 
1. Reducing Hg emissions. 
2. Reducing the entry into circulation of Hg in society by cutting supply and demand. 
3. Resolving the long-term fate of Hg surpluses and societal reservoirs.  
4. Protecting against Hg exposure.  
5. Improving the understanding of the Hg problem and its solutions. 
6. Supporting and promoting international action on Hg. 
 
Reference35 contains a list of the legal documents specifically related to ambient air and 
stationary source emissions to air, including large combustion and incineration plants. 
Emissions from such sources are reported by the EC states to the publicly available European 
Pollutant Emission Register (EPER).36 Emissions from crematoria are not covered by EC law, 
but are regulated in several Member States.13  
 
The 4th Daughter Directive37,38

 proposed in 2003, under the 96/62/EC Air Quality Framework 
Directive, does not set a target value or air quality standard for Hg. The Hg levels in European 
ambient air are considered to be well below those believed to have adverse health effects on 
the general public, and in addition not enough is known about the cycle of Hg in the 
environment. However, Hg concentrations and deposition rates are to be measured to show 
geographical and temporal trends.13  
 
A comprehensive list of US laws and regulations concerning Hg is provided by reference39. 
Notably, more stringent regulations regarding atmospheric emissions from stationary sources 
were issued by the US EPA in 2005, in the form of the Clean Air Mercury Rule (CAMR). 
When fully implemented, CAMR is expected to reduce emissions from US coal-fired power 
plants from 48 tons to 15 tons yearly.12  
 
1.7 Motives and aim of thesis 
There is a need for pollution control technologies with a high removal efficiency of Hg(g) to 
ensure compliance with emission regulations for stationary combustion, and other, sources. 
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Optimised performance of such systems is highly dependent on solid knowledge about the 
occurrence and distribution of various Hg(g) species within those processes.  
 
In addition, the knowledge of atmospheric Hg transport and transformation processes needs to 
be improved, in order to be able to accurately model source-recipient relationships and to 
evaluate the effect of regulative measures. This includes a need for studies of natural 
processes leading to emissions of Hg(g) to the atmosphere. 
 
In order to comply with current regulations, many companies are legally forced to remediate 
or remove soil and sediment from contaminated industrial areas. Knowledge about the 
different forms of Hg present could be important for several judgements during these actions, 
such as decisions concerning exposure to Hg(g) and the type of protective gear needed. 
 
The presence of Hg in oil and natural gas is of concern to the petroleum industry. Natural gas 
is forecasted to be one of the most important fuel sources in the nearest future. Apart from the 
obvious public and occupational health related issues, Hg is also an important quality 
parameter within gas production for purely technical reasons. It can foul catalysts and under 
certain conditions it can promote the corrosion of aluminium, thereby causing danger and / or 
costly process shutdown. Efficient removal of Hg is therefore of prime importance and 
accurate determination of Hg(g) in natural gas forms a basis for the initial design of 
production plants, as well as for the continuous monitoring of the efficiency of the removal 
technology, during processing of the gas.  
 
Speciation analysis of Hg(g) could become an important tool for the above purposes among 
others, but accurate methodology, to a large extent, remains to be developed. There are 
several complicating factors that need to be addressed, including the low Hg(g) species 
concentrations generally encountered in gaseous samples, the adsorption of ionic Hg(g) 
species leading to memory effects within the analytical system, the species and matrix 
dependent conversions and losses of Hg(g) species occurring during the analytical procedures 
used, and the lack of certified reference materials (CRM) to be used for quality assurance of 
results.  
 
The aim of this thesis is to challenge these difficulties and to increase the accuracy and 
traceability of results, by developing new instrumentation and methodology based on isotope 
dilution analysis (IDA). The use of IDA and gas chromatography coupled to inductively 
coupled plasma mass spectrometry (GC-ICPMS) can provide low detection limits and 
correction for losses and transformations of Hg(g) species occurring during the analytical 
procedure. Furthermore, IDA offers significant advantages with respect to quality assurance, 
both when it comes to rational development of new methodology, as well as for continuous 
validation of existing procedures.  
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2 Toxicology 
This thesis focuses on problems related to Hg from an analytical, rather than a toxicological, 
point of view. However, a major motive for developing analytical methodology for Hg can be 
found in the toxicological properties of this element. Hg is potentially harmful to humans in 
nearly all its forms and therefore adequate precautions need to be taken when working with 
Hg. As a basic rule, the amounts handled in various procedures, such as during synthesis of 
specific alkyl Hg species, should be kept minimal in case of an accident. In addition to this, 
one should be aware of the specific properties of the different Hg species handled and how 
they most likely will enter into the body, as well as the general symptoms of poisoning. The 
following section is included to provide a wider understanding of these characteristics. It is 
not intended as a deep review of all the toxicological aspects, but may function as an eye-
opener to some of the readers working with Hg.  
 
2.1 Routes of exposure 
The toxicological effects are highly dependent on the specific chemical form of Hg, to which 
a human or other receptor has been exposed. The dose and its duration, as well as the routes 
of exposure and absorption into the body, are of importance.40 The main routes of absorption 
to the general public are through inhalation of elemental Hg vapours from dental amalgams or 
other sources, through the consumption of fish and seafood containing methyl Hg, and 
possibly through ethyl Hg, when used as an antiseptic in some vaccines.7  
 
In a policy paper from 2005, the world health organisation (WHO) recognises inhalation of 
elemental Hg vapours to be the most common potential mode of occupational exposure to 
Hg.41 People working within the health care sector are especially at risk. If not cleaned up 
properly, even small spills of elemental Hg, such as from breakage of thermometers or other 
equipment, can contaminate the indoor air above the regulatory limits and lead to serious 
health consequences. Since Hg vapour is odourless and colourless, people can be breathing it 
unknowingly. Hg contained in dental amalgam is recognised by the WHO as the greatest 
source of Hg vapour in non-industrialized areas, exposing the concerned population to Hg 
levels significantly exceeding those set for food and for air. 
 
2.2 Absorption 
Absorption of Hg0 occurs rapidly through the lungs with an efficiency of about 80 %,42 but it 
is only absorbed to a small extent (0.01 %)43 by the gastrointestinal tract when ingested. 
Inorganic Hg(II) complexes generally show lower uptake (although up to 40% by lung), 
whereas alkyl Hg species, and especially dialkyl Hg species, are very efficiently absorbed 
regardless of the type of exposure (skin contact, inhalation or ingestion). Methyl Hg present in 
fish is nearly quantitatively (approximately 95 %) absorbed by the human gastrointestinal 
tract,44 and there are reported cases of fatal outcome resulting from exposure of tiny amounts 
of concentrated dialkyl Hg to the skin.7  
 
2.3 Distribution and excretion 
Once absorbed by the body, the toxicological effects of Hg are (besides from dose and 
duration) largely dependent on the stability of the specific compounds absorbed and their 
ability to cross biological membranes. Hg0 and dialkyl Hg species are non polar and fat 
soluble and can thereby easily cross biological membranes, such as the skin, as well as the 
placental and blood brain barrier. Methyl Hg is predominantly attached to the sulphur atom of 
thiol ligands and crosses the cell membranes as an actively carried complex with L-cysteine, 
probably due to its close structural resemblance to L-methionine.7 
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Hg0 and methyl Hg are distributed to all tissues of the body within hours after absorption and 
they both have an approximate elimination half time of 1.5 – 2.5 months.40 As stated above, in 
the elemental form Hg can be efficiently distributed within the body. However, once absorbed 
into the cells it is rapidly and enzymatically oxidised via the hydrogen peroxidase-catalase 
pathway.45 The resulting inorganic Hg(II) complexes lack the ability to efficiently cross 
biological membranes and have a strong tendency to form bonds with thiol functional groups 
of proteins, especially metallothioneins. Oxidation of Hg0 taking place, for example in the 
central nervous system, can thereby cause retention of Hg in this organ. Because of oxidation, 
the excretion pathway of Hg0 also changes over time. Elimination by exhaled air in the form 
of Hg0 is initially important, whereas excretion as inorganic Hg(II) in faeces and urine 
becomes more important with time.  
 
The majority (around 85 %) of inorganic Hg(II) ingested by humans is excreted in the faeces 
within a few days, without being absorbed by the body, whereas the absorbed fraction is 
believed to be mainly excreted by urine and faeces.46 Elimination of methyl Hg occurs slowly 
through repeated cycles of excretion and re-absorption within the gastrointestinal tract. 
Methyl Hg is secreted into the bile as a glutathione complex and subsequently, to a large 
extent, reabsorbed to the blood. A small fraction is, however, de-methylated by microbes in 
the intestines and subsequently excreted as Hg(II) in the faeces.40 Part of the methyl Hg is de-
methylated into inorganic Hg(II) in the central nervous system, where it slowly accumulates 
and may reside for prolonged time. Damage to the central nervous system is, for example, 
caused by inhibition of protein synthesis, thereby leading to reduced division and migration of 
neuronal cells. 7,40 
 
2.4 Symptoms 
Exposure to elevated levels of Hg0 may result in severe damage, mostly to the central nervous 
system, but also to kidneys and lungs. Inorganic Hg(II) mainly affect the intestines and 
kidneys with various dysfunctional states as a result, whereas the central and peripheral 
nervous system is the main target organ of alkyl Hg.  
 
Hg poisoning symptoms related to the nervous system often become apparent with a latency 
period of several weeks or months. Depending on the species and severity of the poisoning, 
symptoms may include numbness, prickling sensation of the extremities; tremors and muscle 
incordination; insomnia; headaches; personality changes with increased irritability, 
depression, excessive shyness and nervousness; impaired peripheral vision, hearing, taste and 
smell; slurred speech; memory loss and cognitive deficiencies. The symptoms are vague and 
individual, and may therefore easily be mistaken for other physical or psychic illnesses. 
Ultimately, the symptoms may end with unconsciousness or death.40  
 
Evidence from the Minamata and Iraq poisonings show that the prenatal and developing 
nervous system is especially susceptible to neurological developmental delays and disorders 
when exposed to elevated maternal blood levels of methyl Hg.40 This has brought about 
recommendations from various national authorities to some identified risk groups, such as 
pregnant women, women of child bearing age and young children, to limit their intake of fish 
known to contain methyl Hg in high concentrations.  
 
2.5 Regulatory limits  
It is important to differentiate between limit values intended for occupational health and the 
general public, respectively. Occupational health limits are meant to protect nearly all 
workers from harmful symptoms of exposure, meaning that the benefits over costs have been 
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balanced.47 Guidelines set out for the general public are based on the safety of all exposed 
individuals, with reasonable marginal, and does not involve any economic considerations.48  
 
In the WHO air quality guidelines48 the lowest observed adverse effect level (LOAEL) of 
Hg(g), obtained by systematic studies on workers subjected to long-term exposure to Hg 
vapour, is claimed to be on the order of 10-30 µg m-3. The symptoms observed at the LOAEL 
concentration include tremor, renal tubular effects with changes in plasma enzymes and other 
non specific symptoms. Based on the LOAEL, and considering the inherent uncertainties of 
such studies, the WHO states an estimated general public guideline concentration for Hg(g) in 
air of a mere 1 - 2 µg m-3

. The saturation concentration of Hg0(g) in air at room temperature is 
approximately 10,000 times higher, implying that the guideline concentration can easily be 
exceeded in certain environments. 
 
Occupational threshold limit values (TLV) and biological exposure indices (BEI) are reported 
for elemental Hg and some classes of Hg compounds by the American Conference of 
Governmental Industrial Hygienists (ACGIH).47 The TLV is reported in the form of time 
weighted averages (TWA) and short term exposure limits (STEL). The TWA is based on an 8 
hour day and 40 hour workweek, during a working lifetime. The STEL corresponds to a 15 
minute time weighted average, which should not be exceeded more than four times a day. The 
specific BEI values are; total inorganic Hg in urine prior to shift 35 µg g-1 creatinine, and total 
inorganic Hg in blood at end of workweek 15 µg L-1. The TLV values are; 0.01 mg m-3 TWA 
and 0.03 mg m-3 STEL for alkyl Hg, 0.1 mg m-3 TWA for aryl Hg and 0.025 mg m-3 TWA for 
elemental and inorganic Hg). These reported values are in reasonable accordance with most 
national standards. The STEL-value reported for alkyl Hg indicates that there are serious risks 
associated with even short term exposures above 0.03 mg m-3 concentration. 
 
Paper (IV) includes a brief report on the application of the Hg(g) speciation methodology 
described in this thesis, for assessing occupational risks in the working environment. Hg 
contaminated soil from a disused poly vinyl chloride industry was considered for remediation. 
The company responsible for the remediation was concerned that the workers might be 
exposed to high Hg(g) levels, especially organic Hg(g) compounds, during excavation of the 
soil. Initial speciation analysis of solid samples showed that Hg was present in the soil mainly 
as inorganic Hg(II), assumed to give low Hg(g) concentration. However, measurements of the 
gas phase of soil samples after they had been stored in sealed containers for 4 months 
revealed initial average concentrations of 0.18 mg Hg0 m-3 of air at room temperature, thereby 
exceeding the occupational TWA limits by approximately 6 times. The speciation analysis 
showed that 98 – 99 % of the Hg(g) consisted of Hg0, 1 – 2 % was present as inorganic HgX2 
and the amounts of methylated forms were negligible. The initially high Hg(g) levels were 
found to be substantially lower at 0 °C and, in addition, rapidly declined as the soil samples 
were flushed with gas. The excavation of the soil was therefore considered possible to carry 
out during winter time and at a relatively low cost, by using conventional machines and 
workers equipped with carbon / particle filter masks to minimize the Hg exposure from dust. 
No elevated blood levels were found in the health examinations of the workers after the 
remediation was completed. 
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3 Methodology for the analysis of gaseous mercury 
 
3.1 Sampling 
Within analytical chemistry the purpose of sampling is normally to obtain a sample in the 
form of a small but representative portion of material selected from a larger quantity of 
material. This is the first and in many cases the most critical step of the analysis, since 
uncertainties introduced at this point will propagate through the whole analytical procedure. 
The term sample in itself implies the existence of an uncertainty, since the portion taken will 
only be an estimate of the full properties of the original parent material. Apart from the 
statistical strategies adopted, representative sampling is also highly dependent on technical 
considerations and experience. This is especially true for the analysis of Hg(g) where several 
factors, such as temperature, time and location of sample obtainment, sample matrix 
composition, surface conditioning procedures, materials, flow rates and volumes used, can 
and often will have a tremendous effect on the result. The IDA based procedures described in 
this thesis offer large advantages over pre-existing procedures for the analysis of Hg(g) 
species, but they can only partly compensate for the problems inherent in the process of 
obtaining representative samples. 
 
3.2 Selection of materials  
The selection of suitable wetted materials (those that are in contact with the sample) of the 
analytical system often involves a compromise between several more or less desirable 
properties. Ideally the materials should be cheap, inert, impermeable and machineable. 
Polytetrafluoroethylene (PTFE) and related polymers fulfil many of these qualities, except for 
being impermeable. The permeability can cause blanks and memory effects. Sulfinert 
materials are based on a coating process for deactivation of stainless steel. The product is 
claimed to be highly inert. In addition, the stainless steel support is completely impermeable, 
which makes this an interesting material for applications involving high temperature and 
pressure within the petrochemical industry. Sulfinert is rather costly, non flexible and 
customised parts must be sent to the patent holding company for coating.  
 
3.3 Adsorption effects  
Analyte adsorption effects occurring in tubing and other parts of the analytical system, prior 
to pre-concentration, may lead to increased uncertainty of results due to delayed response 
times, risks of memory effects and induced transformation reactions of Hg(g) species. These 
problems are generally much worse for ionic Hg(g) complexes, compared to Hg0(g) and 
dialkyl Hg(g) species. The negative effects of adsorption can be minimised by a number of 
measures, including pre-conditioning of surfaces which are in contact with the sample, 
increasing the flow rate and temperature if possible and by converting ionic Hg complexes to 
dialkyl Hg derivatives at an early stage of the analytical procedure. The effect of pre-
conditioning is illustrated below (see Fig 1, unpublished results) for different tubing materials 
and Hg(g) tracers. The results presented for Sulfinert are similar to those obtained for PTFE 
tubing, which has been used extensively throughout this thesis. Notably, several hours of pre-
conditioning may be needed for the analysis of HgX2(g) species. Polyetheretherketone 
(PEEK) is more impermeable than PTFE, but it interacts strongly with ionic Hg(g) species 
and is therefore unsuitable for speciation purposes. 
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Fig 1. Transport efficiency of Hg(g) tracers through PEEK and Sulfinert tubing over time. 
The experiments were performed at room temperature with 0.1 L min-1 N2 as carrier gas and 
100 × 3.2 × 1.6 mm test tubing dimensions. The results were obtained by an on-line double 
spiking procedure with up to eight individual tracers, followed by derivatisation of ionic Hg 
species according to paper (II) and subsequent collection on a solid phase micro extraction 
(SPME) Carboxen fibre. 
 
The above example is idealised since the experiments are based on a dry and inert test gas. In 
real samples, the matrix composition is variable and can largely affect the Hg(g) species 
adsorption, as shown for the combination of hydrogen sulphide (H2S) and stainless steel in 
paper (III). H2S is a natural constituent of sour gases. These are acidic natural gases, 
containing high concentrations of mainly hydrogen sulphide (H2S), carbon dioxide (CO2) and 
mercaptans (R-SH). Within the petrochemical industry, such gases have been found to cause 
unexplained and highly variable results for Hg(g). Stainless steel is a prescribed material for 
the analytical apparatus described in the ISO 6978-2 standard method for determination of Hg 
in natural gases (see table 3, section 5.2), and it is present in gas lines of the production 
facilities. In paper (III) we show that the variability of results may be caused by reaction of 
H2S with stainless steel surfaces, leading to the formation of elemental sulphur (S0). Hg0 does 
not react spontaneously with H2S at standard conditions, but is known to react with S0 thereby 
forming mercuric sulphide (HgS), which is highly stable and of low volatility. Depending on 
the temperature applied both Hg adsorption and memory effects were observed upon contact 
with the stainless steel surfaces in the presence of H2S. These phenomena were not observed 
for PTFE tubing, which shows the importance of using appropriate wetted materials. 
 
3.4 Calibration techniques 
IUPAC has defined calibration in chemical analysis as the set of operations which establish, 
under specified conditions, the relationship between values indicated by the analytical 
instrument and the corresponding known values of an analyte.49 This relationship is normally 
determined by use of a calibration material (a material of known composition or properties) 
which can be presented to the analytical instrument for calibration purposes.50 Calibration 
materials may be divided into external and internal standards.  
 
3.4.1 External standards 
An external standard is a calibration material which is analysed separately from the unknown 
sample. This approach offers procedural simplicity and speed of analysis. A complicating 
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aspect of external calibration for Hg(g) speciation analysis is that compromise analytical 
conditions need to be employed, generally resulting in non quantitative and variable analyte 
recoveries. Furthermore, the matrix of the calibration material and the sample is in most cases 
different, possibly leading to spectral and non spectral interferences. Spectral interferences are 
generally not a problem for Hg(g) analysis based on separation and detection with GC-ICPMS 
(gas chromatography hyphenated to inductively coupled plasma mass spectrometry). Non 
spectral interferences can occur at all steps of the analytical procedure and may be corrected 
for by the use of internal standards.  
 
3.4.2 Internal standards 
An internal standard is a compound added to the sample in known concentration to facilitate 
the qualitative indentification and / or quantitative determination of the sample components.49 
The accuracy obtained by use of this approach is directly dependent on the choice of model 
compounds and their ability to mimic the chemical and physical properties of the analytes 
during different stages of the analytical procedure.  
 
In standard addition (SA) and isotope dilution analysis (IDA), the model compounds used for 
internal standardisation are assumed to be homogeneously distributed within the sample and 
fully equilibrated with the analytes of interest and the matrix. Fulfilment of these criteria 
would ensure that the internal standards and their corresponding analytes behave identically 
during the various steps of the analytical procedure, and accurate correction for non spectral 
matrix interferences would therefore be provided. In practice, these criteria are more likely 
fulfilled for the sample extract, rather than for the original sample.  
 
Despite the similarities, there are some fundamental differences between SA and IDA. SA 
relies on extrapolation of the within sample calibration function for determination of the 
analyte concentration and therefore a minimum of two analyses performed at different 
concentration levels are needed for each sample. Hg(g) results obtained for SA may be biased 
by between sample variability, for example due to fluctuations in the analyte concentrations 
of the sample over time and inconsistencies in the analytical processing of samples. Other 
potential causes of biased results are instrumental drift during analysis and non linearity of the 
calibration function. Most importantly, the possibilities for identification and correction of 
transformations involving several species are limited for SA. 
 
3.4.3 Isotope dilution analysis 
In IDA the determination of analyte concentration is based on isotope ratio measurements. 
Approximately 80 elements have two or more naturally occurring stable isotopes. Each 
isotope has a specific abundance (relative fraction of the total number of atoms in a sample) 
which is relatively constant in nature, but may vary slightly between samples of different 
origin as a result of isotopic fractionation. Isotope enriched standards (commonly referred to 
as tracers) are added to the sample, in order to produce a change in the isotope ratios of the 
resulting mixture. By measuring the isotope ratios of the sample, tracer and mixture, and 
registering the relative amounts (mass or volume) of the added tracers and sample, it is 
possible to determine the concentration of species originally present in the sample (commonly 
referred to as sample incipient or native species).  
 
There are 7 stable Hg isotopes, all of which can be obtained in enriched form. The 
simultaneous use of several Hg(g) tracers of different molecular structure, each specifically 
labelled with a stable enriched isotope, enables identification of both species specific and 
matrix dependent losses and transformations of Hg(g) species occurring in individual 
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samples. The species specific approach allows for minimisation of these problems by 
methodological development, as well as for correction by mathematical calculations.  
 
Papers (I and II) give examples of the identification, minimisation and correction of matrix 
induced species transformations, by the use of IDA. An illustrative example of the ability of 
this calibration technique to provide high precision and accuracy despite of low and variable 
recovery of Hg(g) during pre-concentration is given in paper (II). Results from the microcosm 
experiments performed in this paper showed very good correlation between Hg0(g) results (< 
1 % deviation, n: 10) regardless of whether they were based on Hg0(g) collected on Tenax TA 
or Au–Pt. During these experiments, the recovery of Hg0(g) by collection on Tenax TA was 
61 ± 15 %, whereas the Au-Pt used as backup provided quantitative recovery.   
 
3.5 Generation of gaseous mercury tracers 
Permeation tubes offer a simple method for generation of internal standard gas mixtures of 
low concentrations, which can be continuously added during sample acquisition. Devices 
based on this principle are commercially available, in several designs and materials, and for 
several hundreds of compounds.51 Permeation tubes can rather easily be manually fabricated 
in the lab at a low cost. The technique has been used by others in a number of Hg(g) related 
studies,52,53,54,55 but not in combination with isotopically enriched Hg(g) tracers as the 
generated species intended for species specific IDA.  
 
The permeation tubes used in this thesis were made of sealed PTFE or polyethylene tubing, 
containing a solid, or liquid, standard of the Hg species of interest. For details on dimensions, 
the synthesis of enriched isotope standards and the schematic description of the apparatus 
used, please refer to papers (I-II).  
 
3.5.1 Prototype apparatus 
The instrumentation for the generation of Hg(g) tracers has constantly been modified over 
time and has resulted in a commercialised prototype apparatus for the Petrochemical industry 
(see Fig 2). The apparatus, which is mobile and based on two stainless steel boxes, consists of 
an integrated permeation system and sampling unit for collection of Hg(g). The temperature 
of the permeation system and sampling compartment can be individually controlled by 
heating or cooling in the range of 15 – 60 °C. The system runs on 220 VAC and 2-5 bar inert 
gas and has a 12VDC power and carrier gas backup of approximately 3h. 
 
 

 
 
Fig 2. The latest version of the prototype apparatus consisting of a control box (left) and an 
integrated permeation and sampling box (right). 
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3.5.2 Theory of operation  
The processes behind the operation of permeation tubes are described by Fick’s law of 
diffusion and Henry’s law of solubility.51 Simply described, the internal standard compound 
dissolves into and diffuses (permeates) through the intermolecular voids of the membrane 
basically in the form of a gas.56 After diffusion through the membrane, a diluent gas stream 
sweeps the permeated molecules away from the outer surface, thereby causing a sustained 
driving force in the form of a concentration gradient over the membrane. The operation and 
life time of permeation tubes depends on a combination of factors, as will be seen further 
below, but can be divided into three separate stages; initial saturation causing a lag time and 
gradually increasing emission rates, followed by a steady state and finally, a state of decay 
during which the emission rate decreases as the internal reservoir is emptied. The steady state, 
which is the most useful operating condition, is characterised by a constant permeation rate 
(E, hereafter also referred to as emission rate), principally given by eq. 1. 
 
E = kp A (Pi-Po) / d     eq. 1 
 
In this equation, kp is the permeability coefficient, A is the membrane surface area, d is the 
membrane thickness, and Pi and Po are the pressures of reagent gas inside and outside of the 
tube, respectively. kp is related to the coefficients of solubility and diffusion, both of which 
are dependent on the temperature and the tracer of interest. Generally, an uncertainty of 0.1 
°C in the controlled temperature of the permeation tube will result in a corresponding relative 
uncertainty in the emission rate of tracers of approximately 1 % at 20.0 °C. This makes the 
temperature the most important parameter to control in order to obtain steady state conditions.  
 
3.5.3 Temperature variability of the permeation source 
The temperature of the prototype apparatus permeation system is dependent on the set 
temperature of the sampling compartment and to a minor extent also on the ambient 
temperature. This is a long term dependency with approximately 1 h response time. Opening 
of the lid for exchange of the Au-Pt tubes has no measurable effect on the temperature of the 
permeation system. The sharp peaks observed at b and c (see Fig 3), are due to changing the 
temperature control mode of the permeation system from cooling to heating, and vice versa. 
These peaks will not appear under continuous operation in a single mode. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3. Temperature variability of the permeation source. Denotations a – f in the figure are as 
follows, with S and A representing the sampling compartment and ambient temperatures, 
respectively; a: S: 45 °C, A: 23 °C, b: S: 45 °C, A: 8 °C, c: S: 45 °C, A: 23 °C, d: S: 30 °C, A: 
23 °C, e: S: 60 °C, A: 23 °C and f: S: 45 °C, A: 23 °C. The permeation source temperature 
was set to 20 °C at all times. 
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Based on these experiments, the absolute deviation of the permeation source temperature, 
during normal use of the apparatus is estimated to be less than ± 0.4 °C, which corresponds to 
± 4 % absolute deviation of the permeation rate. For highest accuracy, the system should be 
operated under stable laboratory conditions and more importantly with a fixed temperature of 
the sampling unit. Under such conditions (ambient room temperature and 45 °C sampling unit 
temperature), the absolute deviation of the permeation source temperature is determined to ± 
0.04 °C during a working day (8 h, data from Fig 3). A HOBO U12-015 stainless steel 
temperature logger (www.onset.comp) with 0.22 °C stated accuracy was used as reference in 
the above experiments. 
 
3.5.4 Standardisation of emission rates of tracers  
Eq. 1 gives the principal influence factors on E, but since there are additional gas-solute-
membrane specific interaction factors leading to kinetic effects (not available in the form of 
tabulated data),51 emission rates are more accurately determined experimentally, rather than 
theoretically. Owing to the small amounts of Hg(g) tracers generated by the permeation tubes, 
it is not possible to determine the emission rates gravimetrically. This would otherwise be an 
attractive alternative, as it provides a direct link to the fundamental SI unit of mass. Instead, a 
saturated Hg0(g) standard of natural abundance can be used for the determination of emission 
rates. In this thesis, such a standard was produced by partial evaporation of a droplet of pure 
liquid metal of natural isotopic abundance inside a closed vessel until steady state was 
reached. The procedure has been thoroughly described in papers (I-III). Notably, there are 
commercially available (certified) permeation tubes, which could serve as primary standards. 
In both cases, the uncertainty in the concentration of the saturated vapour relies strongly on 
the temperature of the Hg(g) generation system used. 
 
3.5.5 Stability of tracers 
In paper (I), the emission rates of several different Hg tracers were found to be stable for 
several weeks. These tubes are still in use, so the steady state is apparently on the order of 
several years and probably ultimately depending on the stability / maintained identity of the 
original species contained within the tubes. (CH3)2Hg and CH3HgCl appear to be very stable 
when dissolved in toluene. Diluted mixtures of these species are preferred mainly for two 
reasons. First, the potential effects of accidents are minimised. Secondly, the emission rate is 
proportional to the concentration of the standard solution contained within the tubes, thereby 
offering a possibility of adjusting the emission rate to an appropriate level, without changes to 
the tube dimensions or temperature.  
 
Mixtures based on HgCl2 in acidified solution, as used in paper (II), seem to be more difficult 
to chemically stabilise than the others. More recently, permeation tubes based on HgCl2 in 
solid form delivered by the producer of the enriched Hg isotopes (Oak Ridge National 
Laboratory, ORNL, Oak Ridge, TN, USA), have been used instead. Mercuric tracers are by 
no means easy to handle or add in accurate amounts, as they tend to adsorb strongly to all 
wetted surfaces, causing prolonged response times and memory effects. Furthermore, if 
allowed to contact each other as concentrated vapours prior to addition to the sample, HgCl2 
has been observed to react with Hg0. This approach should be avoided it seems, since it would 
lead to uncertainty in the identity, as well as the emission rate, of the added compounds.  
 
3.5.6 Controlling the amount of tracers added 
An inherent disadvantage of isotope dilution analysis is that some pre-knowledge about the 
analyte concentration is often needed in order to be able to add appropriate amounts of the 
internal standard. The use of permeation tubes is even further complicated in this respect. For 



 17 

minimised uncertainty, permeation tubes should be operated at steady state, and therefore 
varying the temperature is not a very good option for adjusting the emission rates on a short 
time scale. The ratio between tracer and sample components can be adjusted by a number of 
different ways, such as switching between permeation tubes of different designs and 
dimensions, varying the sample flow rate, splitting the carrier gas flow containing the tracer, 
or using an inert 3-way valve for discontinuous addition of the tracer to the sample. The latter 
approach has been tested and works well for Hg0(g) tracers in air (see Fig 4, unpublished 
results). It probably would produce satisfactory results for (CH3)2Hg(g) tracers as well, but is 
assumed to be more difficult to apply for the ionic Hg(g) tracers.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4. Calibration curve obtained with a 3-way valve used for controlling the amount of 
199Hg0(g) tracer added. The valve was set to operate continuously on a 10 second periodic 
basis with 0 – 100 % on / off settings applied. The tracer was collected on Au-Pt tubes during 
10 minutes, with GC-ICPMS and the standard procedures described in paper (III) used for the 
analysis. 
 
The permeation rate and blank of the 199Hg0(g) tracer was determined to be 502 ± 1 pg min-1 
and 0.5 ± 0.2 pg min-1 (m ± s, n = 3), with the valve 100 % on and off, respectively. An 
average tracer emission rate of 4.6 ± 0.3 pg min-1 was obtained with the valve set to inject 1 % 
of the tracer generated by the permeation tube. Clearly, the use of this valve extends the 
application and working range of the prototype apparatus considerably, as it can provide 
balanced ratios between the isotope enriched Hg(g) tracers and the sample incipient Hg(g) 
during IDA. It also allows for conventional standard addition experiments if the permeation 
system is equipped with a Hg(g) standard of natural isotope composition. 
 
3.6 Pre-concentration of gaseous mercury  
The generally low concentrations of Hg(g) found in gaseous samples require an initial pre-
concentration step in which the analytes are extracted from the sample matrix. Solid and 
liquid media are most often used for this purpose, although there are other approaches based 
on aerosols and cryogenics. The pre-concentration (hereafter also referred to as collection) is 
a critical part of most procedures for the analysis of Hg(g), since it is performed under less 
controlled conditions than other parts of the analytical procedure. For statistical reasons, the 
media used for pre-concentration should provide the highest possible recovery with regards to 
the collection and the subsequent elution of the analyte. As shown in papers (I-III) this is not 
always the case. Species specific and matrix dependent effects, as well as variability of the 
ambient or applied conditions, may result in non quantitative recovery. The media used for 
pre-concentration can be categorised according to the basic principles by which they operate 
and the type of information ultimately generated.  
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3.6.1 Media for total element analysis 
Pre-concentration media for total Hg(g) analysis are intended to cause iso-formation of 
collected species. There are three main categories, namely methods based on the principle of 
amalgamation of Hg(g) on a noble metal surface, collection of Hg(g) on an iodised substrate 
such as charcoal or silica, and finally those employing collection of Hg(g) in a liquid absorber 
containing an oxidising and acidic reagent solution. Within certain specified conditional 
limitations, such as flow rate, time and matrix composition, these media can normally provide 
quantitative (or near) analyte recoveries.  
 
Owing to the absence of reagents and the minimum number of procedural steps required, 
amalgamation potentially offers lower blanks and detection limits, as well as higher speed of 
analysis, compared to the other media. For these reasons, amalgamation based procedures are 
very useful for the determination of emission rates of Hg(g) tracers. As can be seen from the 
papers (I-III), they are also a central part of the quality assurance work, such as for recovery 
testing and construction of mass balances. 
 
A variety of noble metals, including Ag and Au in pure form, as well as Au-Pt alloys, have 
previously been used for amalgamation.52,69 The metal may be in the form of a wool, 
crumpled wire, flakes or plated particles. The ideal medium provides high surface area, 
activity and durability, combined with low flow resistance and homogeneous distribution of 
the material. These features are favourable for many reasons. First, there is a minimised risk 
of channelling effects (non uniform cross directional flow), which may cause decreased 
efficiency and capacity for the analyte. Secondly, condensation of matrix compounds 
occurring due to pressure drop and subsequent cooling of the sample gas can be more easily 
avoided with a noble metal structure of low flow resistance. So called wet natural gases, 
containing relatively less methane and more ethane and other more complex and easily 
condensable hydrocarbons, are known to present problems with condensation, thereby leading 
to decreased analytical performance.  
 
The use of loosely crumpled Au-Pt wire in papers (I-IV) provided a combination of the above 
features. Au-Pt offers increased structural life-time compared to pure Au, mainly due to a 
higher melting point of the alloy. It is also expected to have increased catalytic activity, 
providing more efficient destruction of co-adsorbed organic matrix constituents.  
 
In paper (III) the collection characteristics of Au-Pt in natural and sour gases were studied for 
gaseous elemental mercury (Hg0(g)), which is believed to be the major Hg(g) component in 
these systems. The study involved various gases, including air, natural and sales gas, as well 
as methane and sales gas to which hydrogen sulphide (H2S) had been added. H2S is a highly 
toxic and corrosive component of sour gases. Such gases are known to present problems of 
variability in the results obtained for the amalgamation based ISO 6978-2 standard method for 
determination of Hg(g). The reasons for the variability are largely unknown and consequently, 
the efficiency of collection was a major issue of our investigation.  
 
For all gases tested in paper (III), the added Hg0(g) tracers could be collected with 90 % or 
higher efficiency at flow rates and volumes of up to 10 L min-1 and 100 L, respectively. 
Contrary to previous belief, there was no obvious effect of H2S on the Au-Pt collection 
characteristics. The performance of Au-Pt has since then been tested for additional species 
(see Table 2, data presented in a poster at the 2007 EVISA conference on trace element 
speciation in Muenster, Germany), based on the procedures described in paper (III).  
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Table 2. Collection efficiency of various Hg(g) species on Au-Pt in different test gases (m ± 
s, n= 3, room temperature, 1 L min-1 flow rate, two Au-Pt tubes used in series). Species-
specific matrix dependencies are marked with an asterisk. 
 
Test gas   Hg0 (CH3)2Hg CH3HgCl  HgCl2 

 
Air  98.3 ± 0.4 97 ± 1 94 ± 4 94 ± 3 
CH4  96.2 ± 0.9 96 ± 2 97 ± 1  94 ± 2 
CH4 with 1 % H2S 98 ± 1 67 ± 13* 97 ± 3 73 ± 12* 
Incoming natural gas 99.0 ± 0.5 65 ± 32* 98 ± 8 67 ± 29* 
 
As can be seen, the collection efficiencies are reasonably consistent with those published for 
Hg0(g) in paper (III), but in addition there are species specific and matrix dependent effects. 
The presence of (CH3)2Hg(g) or HgX2(g) in natural gas might introduce considerable 
uncertainty in the results obtained by amalgamation, and could thereby provide an alternative 
explanation to the variability of results occasionally observed in the field.  
 
Species dependent collection efficiencies have, as far as we know, not been previously shown 
for Au and the above species. Such effects have however been observed for Ag, specifically 
with regards to dialkyl Hg.52,57 For this reason, Ag has been used in combination with other 
media for fractionation purposes.57,19 The activity of Ag appears to be variable and difficult to 
control and its use for amalgamation is therefore controversial.52 
 
3.6.2 Media for fractionation analysis 
As previously indicated, the pre-concentration media used for fractionation are selected with 
reference to the physical and chemical properties of the target class of compounds. At present, 
fractionation is the principal approach applied for the determination of ionic Hg(g) 
complexes. The isolated fraction, termed RGM, originally refers to the ability of this class of 
compounds to undergo reduction by SnCl2 in aqueous solution, so called reactive gaseous 
mercury.  
 
The extraction of RGM is commonly based on either the high solubility of the target 
compounds in aqueous solution, or their ability to form complexes with crystalline halogen 
surfaces. Slightly acidified refluxing mists58 and KCl coated denuders59,60 are the most 
commonly used pre-concentration media for this purpose. Both approaches may be combined 
with cold vapour formation using SnCl2, or NaBH4, and detection by atomic fluorescence 
spectrometry (CV-AFS). Thermal decomposition of RGM into Hg0(g), with subsequent 
desorption of this species into the detector, forms an alternative to the use of acidic eluents for 
the recovery of RGM from denuders. The former approach is utilised in some commercial 
instruments, thereby providing automation, high time resolution and low detection limits of 
analysis.  
 
Modern automated denuder based instruments appear to be capable of showing reasonable 
comparability of results in inter-comparison tests.16 However, the principle of fractionation is 
empirical and results should be interpreted accordingly. Hg0(g) forms a natural precursor to 
the RGM and the former is present in a large excess in most samples. Furthermore, both 
compounds are potentially unstable and easily inter-converted by redox reactions. It is 
therefore possible that RGM is formed as an analytical artefact during the fractionation 
procedure of real samples.  
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The methodology for generation of isotope enriched Hg0(g) and HgCl2(g) tracers, as presented 
in this thesis, could be used to investigate the presence of analytical artefacts during 
measurement of real samples. From a metrological standpoint, correction for bias is 
considered to be meaningless for empirical methods.61 Such correction could nonetheless 
serve a purpose here, considering the importance of the validity of RGM results when it 
comes to modelling of atmospheric processes and the strategic planning for reducing Hg 
emissions to the atmosphere.  
 
3.6.3 Media for speciation analysis 
A main objective of speciation analysis is to preserve the original identity and distribution of 
one or several target species. The Hg species considered in papers (I-IV) share some common 
features in that they are all semi-volatile (loosely defined as compounds that volatilize slowly 
at standard ambient temperature and pressure, SATP, of 25°C and 105 N m-2) and potentially 
unstable. In addition, they each have different chemical and physical properties. Simplified, 
(CH3)2Hg, CH3HgX and HgX2 generally have good solubility in many non polar phases. 
CH3HgX and HgX2 are also highly soluble in polar phases and easily adsorbed to active 
surfaces, thereby causing analytical problems in the form of delayed response and risk of 
memory effects. Hg0 has rather low solubility in both non polar and polar phases and is 
therefore difficult to pre-concentrate by reversible means. Although proposed by others,57 the 
differences in chemical and physical properties are not large or specific enough to allow for 
accurate and reliable determination of the above species by use of a series of selective pre-
concentration media. Transformations and non selectivity due to matrix effects would be very 
difficult to handle in practice, hence the need for a speciation based approach. 
 
To be able to accurately correct for the combined effects of transformations and losses of 
species, according to the procedures described in this thesis, it is desirable to be able to pre-
concentrate and further process all these species simultaneously. As a consequence, there is 
no ideal, or universal, solution available when it comes to selecting suitable pre-concentration 
media. Overall quantitative recoveries for all species are very difficult to obtain, since a 
compromise always has to be made between the degree of species transformations obtained 
and the efficiency of analyte collection and elution.  
 
The most frequently used pre-concentration techniques for Hg(g) speciation purposes are 
based on solid adsorbents,18,20,62 molecular sieves,21 liquid absorbers17 and cryogenics.63 All of 
these approaches have been tested within the work covered by this thesis. Solid adsorbents, as 
used in papers (I, II and IV) offer several advantages, such as minimised use of reagents, 
easier handling in the field and reasonable stability of species during storage and processing. 
Furthermore, thermal desorption (elution of analytes from the adsorbent by the combined use 
of heating and a sweeping inert carrier gas stream) can be used for pre-conditioning / blanking 
of adsorbents, as well as for direct introduction of concentrated species with high efficiency, 
potentially up to 100 %. This provides for efficient blank control and low detection limits.  
 
The relatively high temperatures used for solid adsorbents during thermal desorption can 
cause problems with unstable species. Cryogenic techniques which operate at substantially 
lower temperatures therefore seem to be an attractive alternative for pre-concentration of 
unstable Hg species. However, all pre-concentration techniques listed above have specific 
limitations. For cryogenics, the formation of ice from moisture in the sample will limit the 
volume of gas and classes of species which can be processed. The use of pre-columns, cooled 
or filled with desiccants in order to remove water vapour or potentially interfering gases such 
as O3, CO2, and CH4 from the sample prior to collection, is likely to result in losses of semi-
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volatile and ionic Hg(g) species. In paper (I), a simple procedure based on cryogenics was 
used for swift introduction of Hg0(g) and dialkyl Hg(g) species to the GC. A Nafion 
membrane was used to remove the interfering moisture. 
 
The two most commonly used solid adsorbents for pre-concentration of Hg(g) species are 
Carbotrap and Tenax TA. The performance characteristics of these solid adsorbents have been 
studied in papers (I and II). The analytical problems encountered are mainly related to losses 
of Hg(g) species during pre-concentration, and transformations of species during elution. Both 
species specific and matrix dependent effects are observed, thereby making these phenomena 
difficult to identify and correct for by the use of conventional methods. In general, ionic 
Hg(g) species are less stable than Hg0(g) and dialkyl Hg(g) species when processed with solid 
adsorbents. The most abundant transformation product appears to be Hg0, probably as a result 
of the hot and reducing conditions obtained during thermal desorption.  
 
The stability of Hg(g) species upon storage on solid adsorbents has not been tested in this 
thesis. The recovery of (CH3)2Hg after several weeks of storage on Carbotrap has been shown 
by others to be acceptable, provided that the adsorbent tubes are purged with an inert gas, then 
properly sealed and stored under refrigeration and darkness.64 
  
3.7 Derivatisation 
Derivatisation reactions are widely applied within analytical chemistry for introducing certain 
functional groups into analytes, thereby changing their chemical and physical properties. 
Grignard and alkylborate reagents, based on C2-C4 alkyl functionalities, are normally used 
for improving the gas chromatographic performance of ionic Hg species. The Grignard 
reagents are very unstable in air and are only compatible with certain organic solvents, 
whereas the alkylborates are more versatile as they can be used with a wide variety of 
solvents and gases, including water and air.  
 
In paper (I), sodium tetraethylborate was used for derivatisation of CH3HgX complexes in a 
purged and pH buffered aqueous solution during transfer of Hg(g) species between two 
different adsorbents. The large extent of species transformations and the residual amounts of 
the isotope enriched CH3HgCl(g) tracer associated with the solid adsorbent, indicated 
potential benefits of performing the derivatisation reaction prior to the pre-concentration step.  
 
In paper (II) we explored this idea by developing an on-line derivatisation procedure based on  
a disposable 0.45 µm mixed cellulose ester filter, impregnated with a 1% aqueous 
tetraethylborate solution. Tests showed that approximately 200 L of air could be sampled 
without significant decrease in the efficiency of the reagent. The developed procedure 
provided minimised adsorption and transformation reactions of ionic Hg(g) species, when 
applied prior to sample pre-concentration. In its original ionic form, the HgCl2(g) tracer could 
practically not be recovered from the adsorbent and displayed severe adsorption effects on all 
surfaces of the analytical system.  
 
3.8 Separation and detection  
Speciation analysis of Hg(g) is normally carried out by so called hyphenated techniques, 
involving a chromatographic step for separation of individual species, combined with an 
element or mass specific detector. These techniques are all aimed at identifying individual 
species, albeit at different levels of confidence.  
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Gas chromatography (GC) is the most widely used technique for separation of Hg(g) species, 
mainly because of the high speed of analysis which can be obtained and its high 
chromatographic efficiency, which favours low detection limits. Sample introduction by 
means of thermal desorption provides rather undiluted injection of analytes but at the same 
time is a limiting factor in terms of band broadening, since it requires higher flow rates than 
those usually considered optimum for capillary columns. Furthermore, operation of the GC at 
other than cryogenic temperatures does not allow for much refocusing of Hg0 and (CH3)2Hg 
on the column. In paper (II) we developed an instrumental setup based on a timer controlled 
3-way valve for controlling the flow rate and selected path of the carrier gas, either through 
the adsorbent tube for injection of Hg species in a short time, or directly onto the column for 
subsequent separation of species at a lower flow. This offers an acceptable compromise 
solution, which can be adapted to both adsorbent and amalgamation tubes without 
instrumental modifications, as shown in paper (II). 
 
Element specific detectors, for example based on atomic fluorescence spectrometry (AFS), 
have been and still are the most widely used for Hg analysis, but during the last decade the 
use of inductively coupled plasma mass spectrometry (ICPMS) has become increasingly 
popular. In this work, we have used a GC hyphenated to a quadropole based ICPMS. 
 
3.8.1 ICPMS 
ICPMS provides sensitive and isotope selective detection (sub pg absolute instrumental 
detection limits for Hg), a large linear range (up to 8 orders of magnitude), and in addition 
multi-element capabilities when coupled to GC, thereby enabling simultaneous analysis of 
several volatile organo-metal and organo-metalloid compounds (VOM). 
 
A drawback of the ICPMS is its high running costs caused by the large consumption of argon 
gas (roughly 15 L min-1) needed to sustain the plasma and to cool the quartz torch. The high 
atomisation and ionisation efficiencies supplied by the plasma cause an efficient breakdown 
of analytes into mainly singly charged atomic ions, thereby making positive identification of 
the original species impossible. For such purposes molecular mass spectrometry based on 
softer ionisation techniques, such as electron ionisation, must be employed. For ICPMS the 
identification is based on the combination of retention time and elemental mass selective 
detection. Strangely enough, the mass selective features of the ICPMS have not been 
exploited for the analysis of Hg(g) by isotope dilution analysis (IDA) until now.  
 
The fundamental type of mass spectrometer used will determine the precision of isotope ratios 
which can ultimately be obtained. Inductively coupled plasma mass spectrometers based on 
quadropole mass analysers (Q-ICPMS) are the most widely used type for elemental 
speciation, mainly due to their robustness, attractive format and relatively low price. These 
are scanning devices of unit resolution and typical precision on the order of 0.1 – 0.5 % for 
continuous sample introduction. In comparison, non scanning devices, such as magnetic 
sectors with multi collector detectors (MC-ICPMS) and time of flight (TOF-ICPMS) mass 
spectrometers, are capable of higher resolution and precision.65  
 
High precision isotope ratios measurements have not been the focus of the papers in this 
thesis. The precision and accuracy of isotope ratio measurements are however of importance 
to the uncertainty obtained by IDA and as the uncertainty of isotope ratios enters into the 
uncertainty budget (see below) a brief discussion on the subject will be given. Apart from 
fundamental differences in the configuration of mass spectrometers, there are several other 
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factors which may affect the uncertainty of isotope ratios for a given instrument, such as 
spectral interferences, mass bias, dead time and counting statistics, among others. 
 
3.8.2 Interferences 
Unit resolution is generally sufficient for Hg(g) speciation analysis based on GC-ICPMS, 
since there are only a few potential spectral interferences on the Hg isotopes. Polyatomic / 
molecular interferences are virtually absent at the high masses of interest, and the possible 
interferences from the 204Pb, 196Pt and 198Pt isotopes rarely present any problems, due to 
separation in time by the GC. In rare cases, matrix compounds can cause non spectral 
interferences during analysis in the form of solvent-like effects during GC separation, 
suppression of the Hg signal intensity and / or carbon deposits on the sampler cone. These 
effects are minimised by selection of different temperature ramps on the GC and the addition 
of O2 to the plasma.  
 
3.8.3 Counting statistics and spectral skew 
Scanning devices are affected by so called spectral skew for transient signals. This is a 
sequential time-lag of monitored isotopes in the resulting ion chromatogram, causing 
deteriorated precision especially for very sharp, or non-symmetric signals, and when a large 
number of isotopes have to be monitored. Based on counting statistics and the effect of 
spectral skew, a compromise has to be made between the signal to noise level and the ability 
to accurately follow a transient signal in the form of a GC peak. For relatively few isotopes 
and broad GC peaks, typical of the work presented within this thesis, the effect of spectral 
skew on the precision of isotope ratios is very limited. Recent results based on repeated 
measurements of transient Hg0(g) signals of natural isotopic abundance, show that the dwell 
time is not a critical factor for the precision of isotope ratios obtained by the GC-ICPMS 
system used in papers (I-IV). The relative standard deviation (RSD) of isotope ratios was 
found to be on the order of 0.2 – 0.6 % for all stable Hg isotopes except for 196Hg, which was 
on the order of 2 – 3 % (unpublished results, 100µL saturated Hg0(g) standard at 22.5 °C with 
202Hg used as reference, n = 10, 5s (full width at half maximum, FWHM) transient signals, 10 
– 150 ms dwell time, pulse detection). The precision of the 196Hg / 202Hg ratio was higher at 
the longest dwell times tested. 
 
3.8.4 Mass bias 
Mass discrimination occurs for all mass spectrometers, both within the vacuum interface 
during extraction of ions from the source and during transport of ions through the optics and 
mass analyser. The overall systematic effect of these processes (the nozzle and space charge 
effect, respectively) is called mass bias and generally leads to reduced ion transport efficiency 
for ions of low mass compared to those of high mass. The magnitude of the mass bias is 
dependent on specific instrumental parameter settings and therefore may change when the 
instrument is tuned. The mass bias per unit of mass is typically less than 0.5 % for the Hg 
isotopes and the GC-ICPMS instrument used in papers (I – IV). 
 
3.8.5 Dead time and pulse / analogue factor 
There are two detector modes available for the GC-ICPMS instrument used in this thesis, 
based on digital (referred to as pulse detection) and analogue electronics, respectively. The 
instrument can be operated in either of these, but when the pulse detection mode is selected as 
default for optimal signal to noise ratio at low intensities, the software automatically switches 
to the analogue detector at intensities above 106 counts per second. There is an increased 
uncertainty in the isotope ratios during such switching events. The response function of both 
detector modes is controlled by the pulse / analogue conversion factor, which must be 
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recalibrated after tuning of the instrument. During the initial instrumental and methodological 
developments in paper (I) the instrument was operated in the analogue mode in order to avoid 
this source of uncertainty in the measured isotope ratios. 
 
The function of the pulse and analogue modes is principally different at high ion count rates. 
During such conditions the pulse detection will suffer from what is known as dead time. This 
is an inability of the detector to register all incident ions, as a result of the relatively slower 
electronics used for digitalisation of the signal. Signals of high intensities are discriminated by 
this phenomenon and hence, unbalanced isotope ratios suffer more from detector dead time 
than balanced ones (ratios close to unity). The instrument used in this work has a software 
controlled function for correction of dead time, which has been applied in papers (II – IV).  
 
Tuning of the instrument is based on continuous introduction of liquid calibration solutions, a 
procedure which necessitates dismounting of the GC interface. For practical reasons this 
operation cannot be performed as often as recommended (on a daily basis for the pulse / 
analogue factor) for optimum performance of the instrument. A simple test was performed in 
order to estimate the effect of signal intensity on the accuracy of the measured isotope ratios. 
The absolute deviation of isotope ratios was estimated to ± 1.7 % for specific Hg isotope 
ratios in the range of 0.2 – 5 and signal intensities within 1 order of magnitude (unpublished 
results, 10 – 1000 µL of saturated Hg0(g) standard at 22.5 °C, n = 10, 5s FWHM transient 
signals, isotopes 196 – 204 monitored, 50 ms dwell time).  
 
 
4 Data treatment 
 
4.1 Mass bias correction 
To allow for the use of both tabulated and measured data in the calculations, all measured 
signals were initially corrected for mass bias. Corrected variables, either in the form of signals 
iSq, or isotope ratios i/kRq, were obtained by use of eqs 2 - 4. In these equations, i represents 
the reference isotope and k represents the isotope which is to be corrected for bias (k = always 
the enriched isotope in i/kRq ratios used for the isotope dilution equation), q is the component 
considered (e.g., tracer, sample or mixture), B is used to indicate biased (uncorrected) 
variables and i/kK is the mass bias correction factor. In this work, i/kRs was based on the 
tabulated isotopic fractions (the ratio ifs / 

kfs) of natural samples, given by IUPAC. 
 
i/kRq = i/kRBq 

i/kK     (eq. 2) 
 
kSq = iSq / (

i/kRBq
 i/kK)     (eq. 3) 

 

i/kK = i/kRs / 
i/kRBs     (eq. 4) 

 
4.2 Signal de-convolution 
Signal de-convolution is very valuable for the identification, minimisation and correction of 
transformation reactions involving several species. As a guiding rule, due to the uncertainty of 
the original identity of ionic Hg(g) complexes, the effects of transformations and losses of 
Hg(g) species should if possible be minimised by careful optimisation of the analytical 
conditions during the method development stage, rather than by mathematical corrections at a 
later point. In addition to providing evidence for species transformations, signal de-
convolution of is also useful for the standardisation of emission rates from permeation tubes, 
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since several different tracers may be simultaneously collected on a single Au-Pt tube and 
later resolved for their individual contributions to the composite measured signals.  
 
The methodology for signal de-convolution and correction of species transformations used in 
this thesis was described in paper (I). It is based on the mathematical approaches originally 
developed by Hintelmann66 and Qvarnström,67 but has been modified to accurately account 
for the combined effects of analyte losses and species transformations observed in papers (I, 
II). As opposed to input data in the form of concentration units, used in the above references, 
only tabulated isotopic fractions and measured mass bias corrected signals are used for the 
correction of species transformations (see section 4.3) in this thesis.  
 
The isotope dilution equation, as well as the mathematical approach for de-convolution and 
correction of transformation reactions, is based on the recognition of three distinct 
components, denoted by q. These components are the sample s, tracer t, and mixture m, each 
of which has a specific distribution of stable isotopes. The isotopic distribution can be 
described by the ratio i/kRq for a set of isotopes i and k.  
 
As previously described (see section 3.4.3), m is formed by blending of s and t, hence the 
measured signals ΣiSj of m are of composite nature. For a specific isotope i and species j, the 
individual contributions iSj,q from the t and s components to the resulting ΣiSj signal can be 
determined by solving a system of linear equations (see eqs. 5 - 9 exemplified below).  
 
In addition to signal contributions arising as a result of blending t and s, contributions 
resulting from species transformations can also be identified. In addition to s, q may therefore 
be either one of the tracers a-d used in the analysis. Depending on the number of species n to 
be determined, the number of equations and unknowns will be equal to n+1 and n, 
respectively. Each equation system is only valid for de-convolution of the composite signals 
of one species j at a time. No mathematical assumption about the transformation reaction 
pathways is needed, but there is a basic requirement that there must be a specific isotope 
enriched tracer available for each species to be determined.  
 
The input values used for calculating i/kRq of the tracers and sample are taken from the 
tabulated data supplied by the manufacturer and IUPAC, respectively. Experimentally (in-
house) determined i/kRq data can also be used, but is rarely justified for Hg in terms of the 
precision and bias of the resulting abundances obtained from GC-Q-ICPMS measurements. 
Notably, the constant i/kRq input values are shared by the equation systems used for other 
species as well.  
 
 
 
 
 
 
 
 
Specifically, the above equation system can be used for signal de-convolution of the measured 
and mass bias corrected signals obtained from a simultaneously performed speciation analysis 
of four individual Hg species, as used in paper (II). Four individually labelled isotope 
enriched tracers are required as internal standards. The isotope ratio data for the tracers is 
entered into the equations in the form of i/kRq values, identified as q: a - d and i: 198 – 201, 

 
Σ198Sj = 198/198Ra

198Sj,a + 198/199Rb
199Sj,b + 198/200Rc

200Sj,c + 198/201Rd
201Sj,d + 198/202Rs

202Sj,s 
Σ199Sj = 199/198Ra

198Sj,a + 199/199Rb
199Sj,b + 199/200Rc

200Sj,c + 199/201Rd
201Sj,d + 199/202Rs

202Sj,s 
Σ200Sj = 200/198Ra

198Sj,a + 200/199Rb
199Sj,b + 200/200Rc

200Sj,c + 200/201Rd
201Sj,d + 200/202Rs

202Sj,s 
Σ201Sj = 201/198Ra

198Sj,a + 201/199Rb
199Sj,b + 201/200Rc

200Sj,c + 201/201Rd
201Sj,d + 201/202Rs

202Sj,s 
Σ202Sj = 202/198Ra

198Sj,a + 202/199Rb
199Sj,b + 202/200Rc

200Sj,c + 202/201Rd
201Sj,d + 202/202Rs

202Sj,s 
 

(eq. 5) 
(eq. 6) 
(eq. 7) 
(eq. 8) 
(eq. 9) 
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respectively. The sample component and the corresponding reference isotope will also enter 
into the equations as i/kRq values identified by q: s and i: 202. For each species, GC-ICPMS 
analysis of the isotope dilution mixture will generate five signals, corresponding to the 
different isotopes measured. This means that four equation systems will be needed for the de-
convolution of the whole dataset. After correction for mass bias these signals will enter into 
the equations as ΣiSj with i: 198 - 202. For practical reasons, let’s assume that j is represented 
by (CH3)2Hg in the exemplified equation system. Individual ΣiSj

 values are then taken from 
the five measured and mass bias corrected signals corresponding to (CH3)2Hg. There are five 
unknown iSj,q signal contributions to the composite signals of (CH3)2Hg, which can now be 
resolved. The main signal contributions are normally expected to originate from the sample 
incipient (CH3)2Hg (202Sj,s) and the (CH3)2

198Hg tracer (198Sj,a) used as internal standard. In 
addition, if species transformations are present, any of the remaining individually labelled 
tracers may contribute significantly to the composite signals of (CH3)2Hg, and if so these 
signal contributions are given by the remaining resolved unknowns (199-201Sj,b-d). 
 
4.3 Correction for species transformations 
When eqs. 5 - 9 have been solved for all species of interest, the resulting iSj,q values can be 
used to compute conversion factors describing the species transformations within the data set. 
In papers (I, II and IV) a model based on sources and recipients of enriched isotopes has been 
used for this purpose. Only iSj,q values with q corresponding to a tracer may enter in the 
calculations as sources. The signal contributions from the sample component s do not provide 
any useful information at this point. The source may be defined as the sum of iSj,q values 
available for a given tracer, whereas the individual iSj,q values corresponding to that particular 
tracer are defined as recipients. Conversion factors are calculated as the individual recipients 
divided by their common source, analogously to the description in paper (I).  
 
An equation system (see eqs. 10 – 13 exemplified below), is defined and solved for each 
isotope. In these equations, ΣiSj is the composite measured and mass bias corrected signal of 
isotope i in species j of the isotope dilution mixture. The subscripts a - d represent the 
different species of interest. Rj→l is the factor for conversion of species j to species l, 
calculated as described above. iSj is the unknown signal of isotope i and species j corrected for 
species transformations. 
 
 
 
 
 
 
 
 
Notably, the calculation of conversion factors can be performed in an alternative way by using 
individual (i.e., not summed) iSj,q values for the source, corresponding to the original form of 
the added tracers. Both approaches yield similar results in terms of the final isotope ratios 
produced, but the magnitude of the returned corrected signals will differ. For a given set of 
ΣiSj input values, the approach based on summed sources returns an identical output matrix at 
the end of the calculations. This provides a simple way for checking the accuracy of the 
correctional procedure. 
 
4.4 Matrix based calculations  
The procedure used for signal de-convolution and correction for species transformations 
described so far may seem very complicated to perform, at least at first sight. However, by 

 
Σ198Sa = Ra→a

198Sa + Rb→a
198Sb + Rc→a

198Sc + Rd→a
198Sd 

Σ198Sb = Ra→b
198Sa + Rb→b

198Sb + Rc→b
198Sc + Rd→b

198Sd 
Σ198Sc = Ra→c

198Sa + Rb→c
198Sb + Rc→c

198Sc + Rd→c
198Sd 

Σ198Sd = Ra→d
198Sa + Rb→d

198Sb + Rc→d
198Sc + Rd→d

198Sd 

 

(eq. 10) 
(eq. 11) 
(eq. 12) 
(eq. 13) 
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arranging the input and output data into a certain format, the resulting matrices can be 
resolved mathematically with a minimum of effort in Microsoft Excel. Given below (Ma. 1-3 
and 4-6) are the matrix equivalents of eqs. 5 - 9 and 10 - 13, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The above matrix equations are solved for the unknowns Ma. 3 and Ma. 6 by multiplying the 
inverse matrices Ma. 2 with Ma. 1, and the inverse of Ma. 5 with Ma. 6, respectively. Matrix 
equations can easily be expanded in Microsoft Excel to incorporate all species at once. A 
detailed description of these calculations is given in app. A.  
 
4.5 The isotope dilution equation 
Eqs. 14 and 15 represent the isotope dilution equation in its simplest form. Compared to the 
expressions originally given in paper (I) and reference68 (in which the equations were 
thoroughly derived and discussed), some terms have been renamed in order to harmonise with 
the general nomenclature provided within this thesis.  
 
ns = knt (

i/kRm - 
i/kRt) / (

kfs (
i/kRs - 

i/kRm))    (eq. 14) 
 
i/kRq = iSq / 

kSq or based on ifq / 
kfq    (eq. 15) 

 
In the above equations, the tracer, sample and mixture components q are denoted by 
subscripts t, s and m, respectively. The reference and enriched isotopes are indicated by the 
supersripts i and k, respectively (absence of these superscripts indicates that the sum of all 
stable isotopes is considered). knt represents the amount substance (mol) and ifq is the 
tabulated isotopic fraction. i/kRq is the isotope ratio, which is based on measured signals for m 
and tabulated isotopic fractions for t and s, as can be seen from eq 15.  
 
The procedures used for determination of gaseous Hg necessitate a different format of the 
above equations, taking into account parameters such as time, volume, flow rate and mass of 
the analyte. The following sections will show how these parameters can be combined with 
eqs. 14 and 15 to allow for the determination of emission rates of tracers and of the 
concentration of Hg species present in samples. 
 

 
Σ198Sj 

Σ199Sj 

Σ200Sj 

Σ201Sj 

Σ202Sj 

198Sj,a 
199Sj,a 
200Sj,a 
201Sj,a 
202Sj,a 
 

198/198Ra
  198/199Rb

 198/200Rc
 198/201Rd

 198/202Rs 
199/198Ra

 199/199Rb
 199/200Rc

 199/201Rd
 199/202Rs 

200/198Ra
 200/199Rb

 200/200Rc
 200/201Rd

 200/202Rs  
201/198Ra

 201/199Rb
 201/200Rc

 201/201Rd
 201/202Rs 

202/198Ra
 202/199Rb

 202/200Rc
 202/201Rd

 202/202Rs 

Ma. 1 Ma. 2 Ma. 3 

= x 

 
Σ198Sa 
Σ198Sb 

Σ198Sc 

Σ198Sd 

198Sa 
198Sb 
198Sc 
198Sd 

Ra→a
 Rb→a

 Rc→a
 Rd→a 

Ra→b
 Rb→b

 Rc→b
 Rd→b 

Ra→c
 Rb→c

 Rc→c
 Rd→c 

Ra→d
 Rb→d

 Rc→d
 Rd→d 

Ma. 4 Ma. 5 Ma. 6 

= x 
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4.5.1 Calculation of the emission rate of isotope enriched tracers 
The determination of emission rates of tracers generated by permeation tubes was performed 
by using a saturated Hg0 standard of natural isotopic abundance as the sample, a procedure 
usually referred to as reversed isotope dilution. The emission rate kEt (ng min-1 as kHg), with k 
denoting the enriched isotope, is a useful measure for describing the amount of tracer 
generated by the permeation system per unit of time. 
 
kEt = kM Csr Vsr 

kfs (
i/kRs – i/kRmr) / (M t (i/kRmr – i/kRt))  

 
- kM Csr Vsr 

kfs (
i/kRs – i/kRmrb) / (M t (i/kRmrb – i/kRt))    (eq. 16) 

 
Denotations in eq. 16 are the same as for eq. 14 and 15, with exception for the subscripts b 
and r, which are used to indicate a blank sample, and a component used for reverse isotope 
dilution, respectively. In given turn, M, C, V and t represent the molar mass of Hg (g mole-1), 
the concentration (ng mL-1) and volume (mL) of the Hg0 standard used as sample, and the 
sampling time (min, and not to be confused with the subscript t), entering the equation.  
 
4.5.2 Calculation of the concentration of Hg species in a sample 
Eq. 17 shows the expression used for determination of the concentration of Hg species Cs (ng 
m-3 as Hg) in a gaseous sample, by using the above standardised tracer. The denotations are 
identical to those of eqs 14 - 16. In addition, F is the sampling flow rate (L min-1), corrected 
for the carrier gas flow of the permeation system.  
 
Cs= 103 M kEt (

i/kRm – i/kRt) / (
kM F kfs  (

i/kRs – i/kRm))  
 
- 103 M kEt (

i/kRmb – i/kRt) / (
kM F kfs  (

i/kRs – i/kRmb))    (eq. 17) 
 
4.6 Calculation of the concentration of saturated Hg0(g) standard 
The concentration Csr (ng mL-1 as Hg) of the saturated Hg0(g) standard used for 
standardisation of emission rates of tracers by reverse isotope dilution can be obtained directly 
from tabulated data.69 It can also be calculated from tabulated vapour pressure data by using 
eq. 18, which is derived from the ideal gas law. In this equation, M is the molar mass of Hg 
(200.59 g mole-1), P is the vapour pressure of Hg0 (0.001201 mmHg at 20 °C, which equals 
0.1601 Nm-2),30 Rg is the gas constant (8.31451 JK-1mol-1) and T is the absolute temperature 
(K) of the vessel containing the Hg0(g) standard. 
 
Csr = 1000 M P / (Rg T)      (eq.  18) 
 
4.7 Normalisation of the sample volume to standard conditions 
The volume of a gas is dependent on its pressure and temperature, according to the ideal gas 
law. Consequently, samples collected at pressures or temperatures deviating from standard 
conditions (SATP), will suffer from bias in the determined volume. The systematic effect of 
pressure and temperature on the determined concentration of the sample may be corrected for 
by dividing Cs with the normalised sample volume Vn, given by eq. 19.  
 
Vn = Pe Ve Tn / (Pn Te)     (eq. 19) 
 
In this equation, P, V and T represent in given order the pressure (N m-2), volume (m3) and 
temperature (K) of the gas. Subscripts e and n represent the experimental and normalised 
conditions, respectively.  
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5 Metrological aspects 
 
5.1 Traceability of results 
Traceability is a central concept for quality assurance of all types of measurements, including 
chemical analysis. It is formally defined by the international organisation for standardisation 
(ISO) as the property of the result of a measurement or the value of a standard whereby it can 
be related to stated references, usually national or international standards, through an 
unbroken chain of comparisons all having stated uncertainties.70  
 
In practice, traceability of results to the international system of units (SI, the ultimate 
reference) remains to a large extent an idealised concept for chemical analysis. For Hg(g) 
speciation analysis based on IDA, the original identities of ionic Hg(g) complexes present in 
the sample, and the extent of their equilibration with the tracers and the sample matrix, are 
partly unknown. Consequently, the initial extraction recoveries of those species from the 
sample may be associated with large uncertainty.  
 
True adherence to the principles of IDA can only be obtained if species and tracers are 
identical. These criteria are initially fulfilled for Hg0(g) and dialkyl Hg(g) species such as 
(CH3)2Hg, but may only be fully realised after derivatisation of ionic Hg(g) species, such as 
HgX2 and CH3HgX (where X is a counter ion). So, the derivatisation is fundamentally 
important for the accuracy of the methodology described in this thesis, and it should be 
performed at the earliest stage possible.  
 
EURACHEM / CITAC61 recognizes a number of alternative references which can be used to 
demonstrate traceability of results for chemical analytical procedures, such as the use of 
traceable standards for calibration of instrumental equipment, use of a pure substance 
reference material (RM), or an appropriate matrix certified reference material (CRM), 
comparison with the result obtained by a primary method, or possibly an accepted and closely 
defined procedure.  
 
Currently, there are no CRM, primary methods, or even accepted and closely defined 
procedures (see Table 3) available for speciation analysis of Hg(g). Because of the lack of 
these important external references, the traceability of results for Hg(g) analyses described in 
this thesis relies strongly on internal references (the ability of the applied procedures 
themselves to produce an unbroken chain of comparisons throughout the different steps of the 
procedure and down to an acceptable reference). The basic reference used in this work is a 
saturated Hg0(g) standard, produced by evaporation of a droplet of the pure liquid metal in a 
closed compartment at defined temperature until steady state is reached. 
 
Notably, there is in fact an accepted and closely defined procedure available for Hg 
fractionation analysis (see Table 3). ASTM D6784-02, normally referred to as the Ontario 
Hydro method, applies to the determinat ion of elemental, oxidised, part icle-bound, 
and total mercury in flue gas at concentrations of 0.5 – 100 µg m-3.  
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Table 3. List of standard methods for determination of Hg(g) in various media. 
 
Analyte(s) and media Principle     Reference 
 
Hg(p), Hg(g) emissions Isokinetic sampling, heated sample train with EPA 29 
from stationary sources quartz fibre filter, H2O2/HNO3 and KMnO4/H2SO4 

impingers, CVAAS. 
 
Hg(p), Hg(g)emissions Isokinetic sampling, heated sample train with  EPA101A 
from sewage sludge quartz fibre filter and KMnO4/H2SO4 impingers,  
incinerators  CVAAS.  
 
Hg(p), Hg(g) from Isokinetic sampling, heated sample train with EPA101, 
chlor-alkali plant quartz fibre filter and ICl impingers, CVAAS. EPA102 
air (101) and hydrogen  
gas streams (102) 
 
Hg(p), Hg0(g), Hg2+(g) Isokinetic sampling, heated sample train with ASTM 
in flue gas from coal quartz fibre filter, KCl/H20, H2O2/HNO3 and D6784-02 
fired stationary sources KMnO4/ H2SO4 impingers, CVAAS. 0.5 - 100  
 µg m-3 working range. 
 
Hg(tot) in natural gas  Amalgamation on Au coated sand, Th. Des.,  ASTM  

AFS or AAS (D-6350 and D-5954, respectively),  D-6350,  
0.001 µg m-3 detection limit.  D-5954 

 
Hg(tot) in natural gas Amalgamation on Au-Pt wire, Th. des. (6978-2),  ISO 6978 
 or sorption on iodine impregnated silica, acid  
 leaching (6978-1) and AAS or AFS, 0.01 – 100 
 µg m-3 working range for atmospheric pressure  
 sampling (6978-2). 
 
Hg0(g) in workplace  Sorption on Hopcalite, acid digestion, CVAAS,  NIOSH  
environments 0.01 – 0.5 mg m-3 working range.  6009 
 
 
Hg0(g) in workplace Similar to NIOSH 6009 but allows for passive  OSHA  
environments sampling and use of Hydrar sorbent.  ID-140 
 
 
5.2 Measurement uncertainty 
Measurement uncertainty is a fundamental part of the traceability concept and has been 
recommended by ISO and other organisations to replace the classical approach of error 
analysis within metrology.70 The uncertainty of measurement is formally defined as a 
parameter, associated with the result of a measurement, that characterizes the dispersion of 
the values that could reasonably be attributed to the measurand.70  

 
The combined uncertainty of measurement results can be mathematically quantified for 
simple expressions, using the laws of error propagation and uncertainties in the form of 
standard deviations, as described by EURACHEM / CITAC.61 For complex expressions it is 



 31 

recommended to use other approaches, such as Microsoft Excel spreadsheets based on 
numerical methods, or specialised software. Uncertainty budgets for complete analytical 
procedures can thereby be constructed. These may be used for identifying major sources of 
uncertainty in the results and to provide basis for methodological optimisation. 
 
An attempt was made to quantify the combined uncertainty for the determination of Hg(g) in 
natural gas by IDA and pre-concentration on Au-Pt tubes (see Appendix B for an exemplified 
budget, list of equations used and details on the input parameters). The example is based on 
the method described in paper (III). In this example, the GUM workbench v1.2 (Metrodata 
GmbH, Grenzach-Wyhlen, Germany) was used for the calculations. This program only 
accepts certain formats of the input variables and therefore the denotations may in some cases 
be slightly different from those previously given in the thesis (see section 4).  
 
Table 4. Significant sources of uncertainty (%) for the determination of Hg(g) by IDA and 
amalgamation on Au-Pt tubes, at two different concentrations. Denotations are equivalent to 
those of eqs. 14 – 19. The Hg(g) concentrations are reported as expanded uncertainties, with a 
coverage factor of 2) 
 
Hg(g) concentration (ng m-3)  9.77 ± 0.96 98 ± 10 
 
Sample flow rate   35.9 29.9 
Sample blank   1.8 0.0 
Tracer blank    6.3 5.3 
Variability of permeation source   18.8 15.6 
Deviation of experimental pressure from SATP  12.0 10.4 
Measured ratio of IDA mixture  6.1 26.8 
Measured ratio of reverse IDA mixture  12.3 10.2 
Measured ratio of sample standard  5.0 0.3 
 
The budget indicates that the exemplified analytical procedure is well optimised, since the 
combined uncertainty of the model is constituted of several reasonably balanced individual 
sources of uncertainty. From the summarised results (see Table 4), it is apparent that the 
relative contributions of the different sources of uncertainty are dependent on the determined 
concentration of Hg(g). Within the range of Hg(g) concentrations considered in the example, 
the larger uncertainty contribution from the measured isotope ratios in the IDA mixture at 
higher Hg(g) concentration, does not lead to a significant increase in the relative expanded 
uncertainty of the result. At Hg(g) concentrations above 100 ng m-3 it becomes the dominant 
source of uncertainty, seriously affecting the expanded uncertainty. The ability to control the 
addition rate of the Hg(g) tracer, in order to produce balanced isotope ratios of the IDA 
mixture, is therefore of great importance for minimising the uncertainty of the final result. To 
improve the uncertainty of measured isotope ratios, the tuning of the instrument would need 
to be performed on a more frequent basis.  
 
Notably, the uncertainty associated with sampling is not included in the exemplified budget. 
Most likely, uncertainty sources associated with the sampling of Hg(g) in natural gases, such 
as adsorption and memory effects, would make a larger contribution to the uncertainty of the 
final result than any of the variables included in the model. The observed species and matrix 
dependence of the Hg(g) collection characteristics for Au-Pt involves an additional 
uncertainty not considered in the model. IDA cannot provide correction for species specific 
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losses during collection of Hg(g) on Au-Pt, since this medium causes iso-formation of the 
collected Hg(g) species.  
 
 
6 Concluding remarks 
In conclusion, many of the aims of this thesis have been achieved, and the developed 
instrumentation and methodology has been successfully used in a number of applications, 
relevant to both the industry and environment. The use of IDA allows for identification, 
minimisation and correction of losses and transformations of Hg(g) species occurring during 
the analytical procedure. The thesis gives several examples of the variable stability and 
recovery of Hg(g) species, which may result from matrix interferences and differences in the 
physiochemical properties of the analytes. The features of IDA are of importance since there 
are currently no external references available to demonstrate traceability of results for Hg(g) 
analyses. The procedures described in this work rely strongly on their inherent ability to 
produce an unbroken chain of comparisons throughout the different procedural steps, down to 
an acceptable reference. 
 
IDA provides highly accurate and traceable results for the quantification of Hg0(g) and 
(CH3)2Hg(g). Considering the unknown identity of ionic Hg(g) complexes present in samples, 
interferences involving these species would preferably be minimised by careful 
methodological development rather than post analytical / mathematical corrections. In 
practice both of these approaches need to be combined, since the simultaneous analysis of 
several species of different physiochemical properties will by necessity lead to compromised 
analytical conditions.  
 
At present there are no direct techniques sensitive enough to provide information on the true 
speciation of ionic Hg(g) complexes in gaseous samples. In the absence of such techniques, 
other approaches for speciation analysis based, for example, on chromatographic separation 
coupled to element or mass selective detectors, have to be used. Derivatisation of ionic Hg(g) 
complexes thereby becomes a fundamentally important operation. Only after conversion to 
dialkyl derivatives will the tracers become practically identical to the original sample 
incipient ionic Hg(g) species. A systematic study of the derivatisation efficiency for different 
sample matrices and Hg(g) complexes, including iodide, bromide and thiol counter ions, 
would be of great interest since the recoveries associated with the derivatisation are at present 
largely unknown for other than chloride complexes. 
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7 Appendices 
 
7.1 Signal de-convolution and correction for species transformations  
The following example shows the principal arrangement of matrices in Microsoft Excel, as 
was used for calculation of de-convoluted signals and subsequent correction for species 
transformations in paper (II). The exemplified, fictive, data includes the four Hg species j: 
CH3)2Hg, Hg0, CH3HgX and HgX2 and their tracer counterparts q: 198(CH3)2Hg, 199Hg0, 
200CH3HgX and 201HgX2, with 202Hg used as reference isotope for the sample component s. 
Isotopic fractions for the included components were taken from Table 1.  
 
Table 1. Isotopic composition ifq of isotope enriched tracers and samples s of natural isotopic 
abundance, as provided by the manufacturer and IUPAC, respectively.  
 
 

ifq A B C D E F 

1 i \ q 198(CH3)2Hg 199Hg0 200CH3HgX 201HgX2 s 

2 196 0.0040 0.0002 0.0002 0.0002 0.0015 

3 198 0.9600 0.0163 0.0013 0.0007 0.0997 

4 199 0.0017 0.9195 0.0099 0.0013 0.1687 

5 200 
0.0300 0.0492 0.9641 0.0090 0.2310 

6 201 0.0025 0.0066 0.0146 0.9617 0.1318 

7 202 0.0015 0.0073 0.0091 0.0262 0.2986 

8 204 0.0005 0.0011 0.0010 0.0011 0.0687 

 
 
In order to be able to verify the accuracy of results obtained by the described approach, two 
manipulated input data sets, Ma 7 and 8, were produced from Table 1, as described below. 
Ma. 7 was constructed by adding the isotopic fractions of the sample in Table 1 to the isotopic 
fractions corresponding to each of the tracers in the same table and multiplying the resulting 
sum by a factor of 105. The specific equations used for these manipulations can be 
exemplified for two selected cells as follows; B10=1E+05*(B3+F3) and 
C11=1E+05*(C4+F4). The purpose was to simulate a set of mass bias corrected signals, as 
would have been measured in the absence of analyte losses and species transformations.  
 
 

Ma. 7: ΣiSj A B C D E 

9 i \ j (CH3)2Hg Hg0 CH3HgX HgX2 

10 198 105970 11600 10100 10040 

11 199 17040 108820 17860 17000 

12 200 26100 28020 119510 24000 

13 201 13430 13840 14640 109350 

14 202 30010 30590 30770 32480 

 



 34 

Ma. 7 was in turn manipulated to produce Ma. 8, which combines analyte losses and species 
transformations.Specifically, these manipulations included the simulation of a 50% recovery 
due to losses of Hg0 during the initial collection / pre-concentration step, followed by a 5% 
conversion of this specie into HgX2. In addition, a 20% transformation of the HgX2 into Hg0 
and a 10% transformation of CH3HgX into (CH3)2Hg was included. The specific equations 
used for these manipulations can be exemplified for some selected cells as follows; 
B16=B10+0,1*D10, C16=C10-0,55*C10+0,2*E10, D16=D10-0,1*D10 and E16=E10-
0,2*E10+0,05*C10.  
 
 

Ma. 8: ΣiSj A B C D E 

15 i \ j (CH3)2Hg Hg0 CH3HgX HgX2 

16 198 106980 7228 9090 8612 

17 199 18826 52369 16074 19041 

18 200 38051 17409 107559 20601 

19 201 14894 28098 13176 88172 

20 202 33087 20262 27693 27514 

 
 
The isotope ratios i/kRq of Ma. 9 were calculated from the isotopic abundance data given in 
Table 1. 
 
 

Ma. 9: i/kRq A B C D E F 

21 (i/) \ q 198(CH3)2Hg 199Hg0 200CH3HgX 201HgX2 s 

22 198/ 1.00 0.02 0.00 0.00 0.33 

23 199/ 0.00 1.00 0.01 0.00 0.56 

24 200/ 0.03 0.05 1.00 0.01 0.77 

25 201/ 
0.00 0.01 0.02 1.00 0.44 

26 202/ 0.00 0.01 0.01 0.03 1.00 

27 (/k) /198 /199 /200 /201 /202 

 
 
Ma. 10 was solved for the output signal contributions iSj,q of isotopes i from components q to 
species j, as follows. An appropriate area of the output matrix was selected by marking the 
cells B29:E33, followed by writing the equation =MMULT(MINVERSE(B22:F26);B16:E20) 
in the active equation field on the menu board and then pressing control+shift+enter.  
 
 

Ma. 10: iSj,q A B C D E 

28 i in q \ j (CH3)2Hg Hg0 CH3HgX HgX2 

29 198 in 198(CH3)2Hg 96000 0 0 0 

30 199 in 199Hg0 0 41378 0 4598 

31 200 in 200CH3HgX 9641 0 86769 0 

32 201 in 201HgX2 0 19234 0 76936 

33 202 in s 32846 19409 26874 25381 
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The conversion factors Rj→l of Ma. 11 were calculated from the output data of Ma. 10, in 
terms of sources (species j) and recipients (species l) as described in section 4.3. For example, 
the equations of cells B35:E35 were written as =B29/SUM($B29:$E29), 
=C29/SUM($B29:$E29), =D29/SUM($B29:$E29) and =E29/SUM($B29:$E29), respectively. 
Consequently, the sum of the calculated values in the considered row of cells (B29:E29) is 1.  
 
 

Ma. 11: Rj→l A B C D E 

34 j \ l (CH3)2Hg Hg0 CH3HgX HgX2 

35 (CH3)2Hg 1.00 0.00 0.00 0.00 

36 Hg0 
0.00 0.90 0.00 0.10 

37 CH3HgX 0.10 0.00 0.90 0.00 

38 HgX2 
0.00 0.20 0.00 0.80 

 
 
Ma. 12 is containing the output signals of isotopes i in species j, corrected for species 
transformations. An appropriate area of the output matrix was selected by marking cells 
B40:E44, followed by writing the equation =MMULT(B35:E38;MINVERSE(B16:E20)) in 
the active equation field on the menu board and then pressing control+shift+enter. For 
calculation of the analyte concentrations, the relevant output data of Ma. 12, is entered into 
the isotope dilution equation, as previously described (see section 4.5). 
 
 

Ma. 12: iSj  A B C D E 

39 i \ j (CH3)2Hg Hg0 CH3HgX HgX2 

40 198 105970 5800 10100 10040 

41 199 17040 54410 17860 17000 

42 200 26100 14010 119510 24000 

43 201 13430 6920 14640 109350 

44 202 30010 15295 30770 32480 

 
 
As can be seen from the above example, the described approach produces output data (Ma. 
12) which is nearly identical to Ma. 7. Repeated calculation of signal contributions using 
input values from the data set corrected for species transformations provides additional 
evidence that the applied correctional procedure is mathematically accurate, since the only 
significant signal contributions to the resulting matrix Ma. 13 are corresponding to the sample 
and the original added tracers. Ma. 13 was generated analogously to Ma. 10, but with cells 
(B40:B44) and (B22:F26) used as the input data. 
 
 

Ma. 13: iSj,q A B C D E 

45 i in q \ j (CH3)2Hg Hg0 CH3HgX HgX2 

46 198 in 198(CH3)2Hg 96000 0 0 0 

47 199 in 199Hg0 0 45975 0 0 

48 200 in 200CH3HgX 0 0 96410 0 

49 201 in 201HgX2 0 0 0 96170 

50 202 in s 29860 14930 29860 29860 

 
Evidently, the species transformations introduced in Ma. 8 are all effectively corrected for. 
The 50% loss of signal intensity due to the incomplete recovery of the simulated pre-
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concentration step can not be accounted for by these calculations. However, this is not 
necessary since the IDA equation, which is used for calculation of the concentrations of the 
analytes present in the sample, is based on isotope ratios and not absolute signal intensities. 
The isotope ratios of the Hg0 peak will be unaffected by the above incomplete recovery and so 
the calculated concentrations will also be accurate in the end.  
 
As can be seen from Ma. 11, the conversion factors generally agree well with the 
transformations which were induced on Ma. 8. However, for Hg0 a 10 % conversion to HgX2 
is indicated by Ma. 11, although the induced transformation of the input data was 5 %. This is 
a trade-off that comes with the selected approach. Incomplete analyte recovery, as observed 
for Hg0, produces a bias in the measure of the conversion for the affected species. The final 
calculated concentration will nonetheless in principle be correct, since the isotope ratios are 
unaffected. Notably, to be able to give an unbiased measure of the transformations occurring 
within a non fictive dataset, all analyte losses and reaction pathways, including the sequences 
in which they occur would have to be known. 
 
The emission rates of individual tracers may be determined by eq. 16 directly from the 
measured and mass bias corrected signals, as described in paper (I). Calculation of emission 
rates of several tracers, simultaneously collected on Au-Pt tubes as used in paper (II), 
however necessitates the use of signal de-convolution. The equations applied for 
determination of emission rates of tracers are in principle similar to those described above, but 
involve some additional operations to provide compatibility with eq. 16. Assume that Ma. 14 
is the ΣiSj matrix obtained from the measured and mass bias corrected signals of a set of four 
tracers and a standard (st), collected on a single Au-Pt tube, for the purpose of standardisation 
of the emission rates of these tracers. All components undergo iso-formation by reduction; 
hence a single species (Hg0) is detected.  
 
 

Ma. 14: ΣiSj A B 

51 i \ j iso-form 

52 198 107800 

53 199 110110 

54 200 128330 

55 201 111720 

56 202 34270 

 
 
The signal contribution iSj,q from the standard and each of the tracers is given for the cells of 
Ma. 15 by the equation =MMULT(MINVERT(B22:F26);B51:B56).  
 
 

Ma. 15: iSj,q A B 

57 i in q \ j iso-form 

58 198 in 198(CH3)2Hg 96000 

59 199 in 199Hg0 91950 

60 200 in 200CH3HgX 96410 

61 201 in 201HgX2 96170 

62 202 in st 29860 
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Ma. 16 is the result of rearranging the above signal contributions, based on the prior 
knowledge of the identity of the added tracers. 
 
 

Ma. 16: iSj,q A B C D E 

63 i in q \ j (CH3)2Hg Hg0 CH3HgX HgX2 

64 198 in 198(CH3)2Hg 96000 0 0 0 

65 199 in 199Hg0 0 91950 0 0 

66 200 in 200CH3HgX 0 0 96410 0 

67 201 in 201HgX2 0 0 0 96170 

68 202 in s 29860 29860 29860 29860 

 
 
The virtual dataset containing the separated, measured and mass bias corrected signals for the 
added standard and each tracer, as would have been obtained by the use of separate Au-Pt 
tubes for their collection, is now found from the cells of Ma. 17 by using the equation  
=MMULT(B22:F26;B64:E68).  
 
 

Ma. 17: iSj  A B C D E 

69 i \ j (CH3)2Hg Hg0 CH3HgX HgX2 

70 198 105970 11600 10100 10040 

71 199 17040 108820 17860 17000 

72 200 26100 28020 119510 24000 

73 201 13430 13840 14640 109350 

74 202 30010 30590 30770 32480 

 
 
In addition to providing a time-cost efficient way for standardisation of emission rates, this 
approach also allows for simultaneously performed studies of analyte transport and collection 
characteristics involving several isotopes and species based on Au-Pt tubes for collection, as 
was used in papers (III) and (IV). 
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7.2 Uncertainty budget 
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7.3 Abbreviations  
Hg Mercury 
Hg(g) Gaseous mercury 
Hg(p) Particulate mercury 
IDA Isotope dilution analysis 
EC The European community  
IUPAC The international union of pure and applied chemistry 
RGM Reactive gaseous mercury 
AMDE Atmospheric mercury depletion events 
EPER  The European pollutant emission register 
CAMR  The clean air mercury rule  
CRM  Certified reference material 
GC-ICPMS Gas chromatography-inductively coupled plasma 
WHO The world health organisation  
LOAEL  Lowest observed adverse effect level  
TLV Occupational threshold limit value  
BEI Biological exposure index 
ACGIH The American conference of governmental industrial hygienists  
TWA  Time weighted average 
STEL  Short term exposure limit 
PTFE Polytetrafluoroethylene 
PEEK  Polyetheretherketone  
SPME  Solid phase micro extraction 
SA Standard addition  
ORNL The Oak Ridge national laboratory 
CV-AFS  Cold vapour-atomic fluorescence spectrometry  
SATP  Standard ambient temperature and pressure 
GC Gas chromatography  
AFS Atomic fluorescence spectrometry  
ICPMS  Inductively coupled plasma mass spectrometry  
VOM  Volatile organo-metal and organo-metalloid compounds 
Q-ICPMS  ICPMS with quadropole mass analyser  
MC-ICPMS  ICPMS with magnetic sector mass analyser and multi collector 

detector 
TOF-ICPMS  ICPMS with time of flight mass analyser  
RSD  Relative standard deviation 
FWHM  Full width at half maximum 
GC-Q-ICPMS GC-ICPMS with quadropole mass analyser 
ISO  The international organisation for standardisation  
SI The international system of units 
CITAC Cooperation on international traceability in analytical chemistry 
RM Reference material 
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7.4 Acknowledgements 
Dåså, äntligen!!! Är det sant? Efter alla of eller for, which eller that, komma före eller efter 
(?), kanske man borde ha ett bindestreck i ICPMS... och varför flyttar sig inte den j-a tabben 
nu då – nej men oj vad hände där? Neeeej men vad i.... och så måste man gå ut och skrika lite. 
Behöver jag säga att det här stället har förstört min hörsel, gett mig mjäll och rynkor som 
kanske aldrig kommer att gå bort (är det kanske förgiftning?), tagit min smärta ungdom (när 
jag kom hit såg jag ut som en prins) och lämnat ett slappt, blekt och plumsigt fodral kvar, 
bräckt nacken av kronisk stress och dessutom ett revben och båda knäna i fåniga och 
pinsamma fotbollsmatcher mot de där plasttomtarna där alla är usla och det står en hord med 
vietnameser och tittar på. För att inte tala om den förbannade vattenpumpen som stänger av 
sig hela tiden. I sju hela år. Det är ju inte klokt. Species specifikt och matris beroende dravel. 
Fy vad tjatigt det blir till slut. Nä nu får det fanimej va nog. En gång till. Så det kändes bra! 
Jaha. Hmm. Dåså (cirkeln sluten).  
Hur kan man då summera den kanske bästa och sämsta tiden i sitt liv? Tiden som doktorand 
har ju gett så mycket mer än om man t ex hade jobbat motsvarande tid på Maxi-ICA. Så 
många spännande platser som jag har fått se; Lillehammer, Trondheim, Haugesund och Loen 
till exempel. Allvarligt talat, det där betyder ingenting. Jag är lika gärna hemma. Och sitter på 
rött och tar en öl med mina kamrater. Jag har underbara arbetskamrater och jag älskar er 
allesammans, med få undantag. Några tycker jag nog bara om och det får räcka så.  Många av 
er beundrar jag för er osjälviskhet och det varma bemötandet som ni nästan alltid ger. Själv är 
jag ganska stressad för det mesta och flänger hit och dit som en yr kanin – väldigt omanligt, 
men det är slut med det nu ;-).  
När jag tänker på det så är jag faktiskt väldigt glad att jag hamnade där jag gjorde. Jag har haft 
en väldigt förstående handledare som har låtit mig koka soppa på en spik så att säga – precis 
som jag vill ha det. Utan att en massa andra lägger sig i. Redan som litet barn fick jag 
inskrivet i det årliga stencilerade omdömet i grundskolan att jag visserligen var ambitiös, men 
nog hade samarbetssvårigheter(!). De här färdigheterna har jag renodlat som doktorand och 
voila - här är produkten. Vem vill anställa mig? Hmm, du och jag är ganska lika, Wolfgang 
och nu grymtar du säkert när du läser det här. Vi säger båda vad vi tycker utan att linda in det 
i krusiduller – och skönt är det. Sen har det ju närmat sig handgemäng i vissa fall och trots att 
du är en gammal boxare eller i alla fall påstår det så tror jag du är evigt tacksam för att jag 
höll tillbaka. Jag är glad och tacksam för att du antog mig som lärling i din eminenta 
forskargrupp. Lasse du förtjänar också ett omnämnade här. Tack för att du lurade in mig på 
den väg som jag nu vandrar. Framförallt tänker jag på instrumenteringskursen 1997 som 
öppnade mina ögon för en ny värld av härliga små motstånd och blinkande dioder. Det har 
hjälpt mig oerhört i mitt doktorandprojekt. Jaktdagarna med dig och Farrie ligger mig varmt 
om hjärtat -  bättre en hare i handen än tio i skogen! Svante, som har stått ut med alla 
konstruktioner och ritningar jag har kommit dragandes med. Du är en klippa! Erik, tack för att 
du hjälpte mig igenom det här på slutet när min förvirring var som värst. Som tur är är (← ser 
inte bra ut va) du mer av en teoretiker än praktiker. Lars min vän, nu ligger tjädrarna risigt till 
för jag ska köpa en bössa med TRE pipor. Jag förlåter dig förresten för allt småfisande på 
rummet, din mag-tarmkanal är ju trots allt inte helt normal. Yvonne och Solomon tack för 
middagsbjudningarna – är det inte dags snart igen? Också var det den nya doktoranden – 
Katastrofi? Nej det tror jag inte alls. Det fel som har gäckat oss i  åratal löste du alltså på en 
timme. Snacka om att vara handplockad till uppdraget som instrumentansvarig! Ta det nu 
bara lugnt med eldandet i fortsättningen... Slutligen, tack till Michael för korrektur. Med risk 
för att dabba mig som vissa andra så drar jag ett streck här. Ni som betytt nåt vet vilka ni är.  
 
Leona, Lily och Krute -  Tack för att ni stått ut med er tokpappa i höst.  
Anna min älskling - nu är jag din igen. 
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