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Abstract 

Mercury is present as a trace pollutant in coal. During coal burning, it is volatized and 
emitted through the stack gases into the atmosphere, where it becomes a subject of long-
range transport. With respect to Minamata convention, it is necessary to reduce those 
emissions by the installation of different air pollution control devices (APCD), such as 
electrostatic precipitators (ESP), selective catalytic reduction (SCR) and wet flue gas 
desulphurization (WFGD). WFGD system with forced oxidation is very efficient in SO2 
removal and therefore the most commonly used technology in modern coal-fired power 
plants. It is known that in these systems elemental mercury, Hg(0), is not retained due to 
its low solubility in water, whereas the oxidized mercury is almost completely dissolved 
and accumulates in the WFGD scrubber. The biggest power plant in Slovenia, Šoštanj 
thermal power plant (Šoštanj TPP), burns lignite which is extracted from the nearby 
Velenje Coal Mine. In WFGD scrubber of Šoštanj TPP all forms of mercury effectively 
retain, with an average of 89% (99% for oxidized mercury, 98% for particulate mercury 
and 76% for Hg(0)). The removal of mercury from the solution by the reactions with the 
solids produced during desulfurization process represents a significant part of the chemistry. 
As a result, mercury concentration is elevated in the resulting gypsum.  

Flue gas containing volatile elements, fine fly ash particulates not retained by particle 
control devices, and limestone are the most important sources of trace and major elements 
(TMEs) in WFGD gypsum. In this study, samples of gypsum slurry from block 4, 5 and 6 
of Šoštanj TPP were separated into fine and coarse fractions. Since the separation 
procedure may significantly change the concentration of Hg in the samples, in the present 
doctoral dissertation, the differences in particle size distribution and the concentrations of 
TMEs in gypsum fractions after separation were studied. Multi-elemental analysis of 45 
elements in the different size fractions of gypsum, slurry waters and lignite were performed 
by k0-INAA (instrumental neutron activation analyses). The study found that the volatile 
elements (Hg, Se and halogens) in the flue gas accumulate in the fine fractions of gypsum. 
Moreover, the concentrations of most TMEs are considerably higher in the fine fractions 
compared to the coarse fractions. The exceptions are Ca and Sr that primarily originate 
from the limestone. Variations of TMEs in the fine fractions are dependent on the presence 
of CaSO4·2H2O that is the main constituent of the coarse fraction. Consequently, the 
content of TMEs in the fine fraction is highly dependent on the efficiency of separating the 
fine fraction from the coarse fraction.  

In addition to characterization of the gypsum samples, the main aim of this study was 
the identification of mercury compounds in gypsum samples. Temperature-programmed 
desorption/decomposition (TPD) technique with an atomic absorption spectrometric 
(AAS) detection is frequently used for determination of stability of mercury compounds 
present in solid substrates and different solid samples. Because the sensitivity of TPD 
method with AAS detection was not sufficient to detect low concentrations of Hg in coarse 
solid gypsum fractions, we turned to mass spectrometry. We developed a new method using 
mass spectrometer for studying mercury decomposition reaction and stability of mercury 
species in the solid sample at higher temperatures. In particular, the method was calibrated 
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by using self-prepared mercury compounds. Identification of mercury compounds was 
performed by using actual gypsum samples. We hypothesise that better sensitivity and the 
ability to measure other volatile species and their fractions would allow us to identify the 
Hg species present in the gypsum samples. 

Two different mass spectrometers were used, a magnetic sector and quadrupole mass 
spectrometer (QMS). Samples were heated and ions were produced by electron ionization. 
Results were recorded as thermograms (TPD spectra), representing the relative 
intensity/count per second of Hg concentration versus temperature. Two mercury isotopes 
were simultaneously measured, 200Hg and 202Hg. Important advantage compared to AAS is 
the ability to observe other volatile compounds (gases), not only Hg. However, we were 
not able to study the decomposition of mercury compounds in all gypsum samples, and 
predict the exact desorption/decomposition reactions for Hg-species present. This was 
possible only in case of pure mercury species such as HgS mixed with SiO2 or CaSO4·2H2O 
and in the samples with an elevated concentration of mercury. However, in actual samples 
high uncertainty exists since volatile compounds are present in much higher concentrations 
compared to Hg. Big advantage of QMS is also the possibility for continuous detection of 
evaporated Hg(0) at very small concentration, even at room temperature. Due to the 
differences in peak positions, we can distinct between weakly adsorbed mercury (Hg(0) 
adsorbed to the surface) and mercury adsorbed (bounded) within the sample matrix. 

TPD method using mass spectrometer has been applied on gypsum samples from block 
4, 5 and 6 from the lignite burning Šoštanj TPP. We examined the effect of particle size 
on mercury accumulation in WFGD gypsum. The mercury concentration in different 
gypsum samples varies from 0.22 mg kg-1 (coarse particles) to 20.6 mg kg-1 (fine particles). 
For comparison, samples from ten Chinese TPPs were analysed as well. Since the gypsum 
represents the mixture of finer and coarse fraction, so-called bulk gypsum, the 
concentration is significantly lower (0.04 – 1.66 mg kg-1). All the samples from block 6 have 
a similar, symmetrical, single-peak in the TPD spectra. On the contrary, gypsum fractions 
from block 5 show at least two peaks that differ from those from block 6. Block 4 has 
similar TPD spectra to samples from block 6, but the concentrations are much lower and 
do not exceed 4.05 mg kg-1 in a fine fraction. Chinese TPD spectra are similar to samples 
from block 4 and 6, and normally contain one peak. However, due to the presence of a 
lower Hg concentration in the sample, few TPD mass spectra have a high background that 
distorted the peaks. Decreasing the background and better sensitivity were also important 
issues in the present work. 

Different mercury standards were prepared to identify mercury species present in 
various gypsum samples. The use of ‘wet’ methods for preparing mercury compounds is 
introduced in addition to the mercury standards prepared using the ‘dry’ method, as 
commonly found in the TPD approach. The study showed that selected metals, such as Fe 
enriched in gypsum samples, could significantly influence the shape and the maximum 
temperature of the Hg TPD curves and that during mercury compound preparation and 
the TPD process, Hg species undergo transformations that prevent the identification of 
their original identity. Moreover, the sample might change over time and part of Hg-
compounds can be changed into other less stable mercury species or Hg(0). Literature data 
suggest HgCl2 and HgS as the most common mercury compounds present in the gypsum. 
In the present doctoral dissertation, the inability to detect directly low concentrations of 
HgCl2 in gypsum by mass spectrometry is discussed in detail. The hydrolysis of HgCl2 
vapours under specific experimental conditions in the mass spectrometer was considered 
theoretically and proved experimentally. Also HgS has not been proved in gypsum samples 
of Šoštanj TPP when dry mercury standards were used for comparison. However, H2S and 
SO2 were found as a volatile species released simultaneously with Hg (as found with pure 
HgS mixed with CaSO4·2H2O) and thus we proposed the presence of HgS in the samples. 
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Finally, X-ray Absorption Spectroscopy (XAS) method indicates the presence of Hg-S and 
Hg-O as a species present in the gypsum samples RECY from block 6.  
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Povzetek 

Živo srebro je v premogu prisotno v majhnih količinah. Ker je hlapno, se tekom kurjenja 
premoga sprošča in gre skupaj z dimnimi plini v okolje. Minamata konvencija, ki je bila 
sprejeta leta 2013, teži k zmanjšanju le-teh emisij z uvedbo različnih naprav za čiščenje 
dimnih plinov (elektrostatični filtri, katalizatorji za selektivno redukcijo, mokre 
razžvepljevalne naprave). Mokri kalcitni postopek za razžvepljevanje dimnih plinov (RDP) 
z dodatnim vpihom kisika je zelo učinkovit pri odstranjevanju SO2 in je najbolj razširjena 
oblika čistilne naprave v sodobnih termoelektrarnah. Zaradi slabe topnosti se elementarno 
živo srebro v teh sistemih slabo zadrži, medtem ko se oksidirano živo srebro skoraj v celoti 
akumulira. Največja termoelektrarna v Sloveniji je Termoelektrarna Šoštanj (TEŠ), ki za 
proizvodnjo energije porablja lignit iz velenjskega premogovnika. Prejšnje študije so 
pokazale, da se v TEŠ-u vse oblike živega srebra, vključno z elementarnim, zelo učinkovito 
zadržijo v sistemu RDP (v povprečju 89 %, pri čemer se zadrži 99 % oksidiranega, 98 % 
vezanega na delce in 76 % elementarnega živega srebra). Pri RDP pomemben del 
predstavlja odstranjevanje živega srebra v netopni del, tako imenovano sadro, ki se kot 
stranski produkt odstrani iz sistema. Koncentracije živega srebra so v sadri lahko precej 
visoke. 

Dimni plini, ki vstopajo v razžvepljevalno napravo vsebujejo hlapne komponente in fine 
delce pepela, ki se ne zadržijo v napravah za odstranjevanje delcev. Skupaj z apnenčevo 
moko predstavljajo najpomembnejši vir elementov. V tej študiji smo vzeli vzorce raztopin 
sadre iz treh različnih blokov v termoelektrarni Šoštanj in netopni del ločili na fine in grobe 
delce. V vzorcih sadre, vodnega preostanka in v lignitu je bila narejena tudi multielementna 
analiza za 45 različnih elementov. Na podlagi prejšnjih študij vemo, da ločevanje frakcij 
lahko bistveno vpliva na vsebnost živega srebra v vzorcih, zato smo v tem delu preučevali 
razliko v porazdelitvi delcev in vpliv na koncentracijo ostalih elementov v frakcijah sadre. 
Rezultati kažejo, da se hlapni elementi, kot so živo srebro, selen in halogeni elementi, bolje 
zadržijo na finih delcih sadre. Ne samo hlapni elementi, ampak tudi večina ostalih 
elementov, ki smo jih preučevali, kažejo zadrževanje v fini fazi v primerjavi z grobo. Izjemi 
sta kalcij in stroncij, ki prvenstveno v sadro vstopata preko apnenčeve moke in sta tako 
sestavna elementa v grobi fazi, CaSO4·2H2O. Iz tega sledi, da je vsebnost elementov v fini 
fazi v največji meri odvisna od deleža grobe faze (CaSO4·2H2O), ki pa zavisi od natančnosti 
in izbire postopka ločevanja. 

Glavni cilj doktorske disertacije je bila identifikacija živosrebrovih spojin v zgoraj 
omenjenih vzorcih sadre. Za določanje stabilnosti živosrebrovih spojin v različnih trdnih 
vzorcih se pogosto uporablja metoda temperaturne desorpcije/razpada z atomskim 
absorpcijskim spektrometrom (AAS). V tem delu smo želeli določiti stabilnost 
živosrebrovih spojin tudi v grobi frakciji sadre, ki v primerjavi s fino fazo vsebuje nizke 
koncentracije živega srebra. Ker s pomočjo AAS nismo zaznali živega srebra, smo kot 
alternativo izbrali masni spektrometer (MS). Občutljivost MS je v primerjavi z AAS veliko 
boljša, zato smo to s pridom uporabili za določevanje stabilnosti živosrebrovih spojin v 
vzorcih sadre, ki so vsebovale različne koncentracije, in tudi za študijo določitev reakcij 
razpada živosrebrovih spojin pri višjih temperaturah. Običajno je metoda temperaturne 
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desoprcije/razpada kalibrirana s pomočjo predhodno pripravljenih živosrebrovih 
standardov (mešanica čiste živosrebrove spojine in substrata). Termogrami (desorpcijski 
spektri), dobljeni s pomočjo standardov, se potem primerjajo s termogramom, ki ga dobimo 
v realnih vzorcih. Za uporabo masnega spektrometra smo se odločili, ker smo predpostavili, 
da bomo zaradi boljše občutljivosti lahko opazovali tudi druge hlapne spojine, ki nastanejo 
pri temperaturnem razpadu živosrebrovih spojin v vzorcu. To bi olajšalo identifikacijo 
živosrebrovih spojin v vzorcih sadre in drugih trdnih vzorcih. 

Pri delu smo uporabili dva različna masna spektrometra, masni spektrometer na 
magnetni razklon in kvadrupolni masni spektrometer. Rezultati, pridobljeni z linearnim 
segrevanjem od sobne temperature do temperature največ 700 °C, so prikazani v obliki 
termogramov (desorpcijskih spektrov), pri čemer graf predstavlja odvisnost intenzitete 
signala od temperature. Sočasno sta bila merjena dva različna živosrebrova izotopa, m/z 
200 in 202. Prednost MS je tudi v tem, da poleg živega srebra lahko opazujemo katero koli 
hlapno spojino (do m/z 512). Na žalost opazovanje razpadnih komponent živosrebrovih 
spojin ni bilo možno v vseh vzorcih. To je bilo možno v vzorcih z večjo vsebnostjo živega 
srebra in pa ko smo uporabili živosrebrove standarde (npr. HgS primešan substratu SiO2 
ali CaSO4·2H2O. S kvadrupolnim masnim spektrometrom lahko opazujemo izhajanje zelo 
nizkih koncentracij elementarnega živega srebra (Hg(0)) tudi pri sobni temperaturi. Metoda 
nam omogoča opazovanje Hg(0), ki konstantno izhaja iz vzorca, pri povišanih temperaturah 
pa zaradi različnih temperatur nastalih vrhov v spektru lahko razlikujemo med slabo 
vezanim (živim srebrom adsorbiranim na površje) in živim srebrom vezanim v matrico 
(močnejše, kemijsko vezanje). 

Metodo temperaturne desorpcije/razpada z masno-spektrometrično detekcijo smo 
uporabili na vzorcih sadre iz termoelektrarne Šoštanj. Kot že omenjeno, ima velikost delcev 
bistveno vlogo pri zadrževanju živega srebra v vzorcih sadre. Koncentracije tako variirajo 
od 0.22 mg kg-1 v grobi fazi, pa vse do 20.6 mg kg-1 v najfinejši fazi. Analizirali smo tudi 
deset vzorcev kitajskih sader, ki pa niso bile ločene na fino in grobo fazo in so posledično 
vsebovale bistveno nižje koncentracije (0.04 – 1.66 mg kg-1). Intenziteta in oblika vrhov se 
je med vzorci sadre, vzetimi iz različnih blokov (4, 5 ali 6), nekoliko razlikovala med seboj. 
Vsi vzorci, vzeti iz bloka 6, kažejo en simetričen vrh, medtem ko termogrami vzorcev iz 
bloka 5 kažejo vsaj dva vrhova. Blok 4 prikazuje podobne termograme kot blok 6, razlika 
je le v vsebnosti živega srebra (najvišja vsebnost je bila 4.05 mg kg-1). Kitajske sadre kažejo 
podobne spektre kot vzorci blokov 4 in 6. Ker le-ti vzorci vsebujejo precej nižje 
koncentracije v primerjavi z ločenimi fazami iz termoelektrarne Šoštanj, je opazen vpliv 
ozadja, ki spektre včasih popači. 

V naslednji fazi smo za identifikacijo živosrebrovih spojin uporabili živosrebrove 
standarde. Primerjali smo mokro in suho pripravo standardov. Literaturni podatki navajajo 
vpliv določenih kovin (npr. železo) na spremembo desorpcijskih spektrov. V ta namen je 
bilo narejenih nekaj poskusov, ki so potrdili, da se oblika in temperatura, pri kateri se živo 
srebro sprosti iz vzorca, lahko bistveno razlikujeta v prisotnosti/odsotnosti Fe. Poleg tega 
lahko prisotnost različnih spojin v vzorcih lahko vpliva na redukcijo živega srebra, ki se 
tako sčasoma pretvori v drugo (manj stabilno) obliko in/ali reducira v Hg(0). V splošnem 
to otežuje identifikacijo živosrebrovih spojin in potrjuje vpliv matrice na sproščanje živega 
srebra iz vzorca. HgCl2 in HgS sta spojini, ki se v literaturi največkrat pojavljata kot spojini, 
ki naj bi bili prisotni v sadri. V tej doktorski disertaciji smo želeli identificirati hlapno 
spojino HgCl2 s pomočjo MS, saj bi nam identifikacija bistveno olajšala določanje spojin v 
vzorcih. Na podlagi eksperimentalnih poskusov in teoretičnih izračunov smo pokazali, da 
hidroliza in eksperimentalni pogoji onemogočajo dokaz HgCl2 v realnih vzorcih. Prav tako 
nismo uspeli dokazati prisotnosti HgS v sadri na podlagi živosrebrovih standardov, saj so 
se termogrami sproščenega živega srebra v realnih vzorcih (npr. iz bloka 6) in HgS 
standarda razlikovali za 100 °C. Kljub razliki v temperaturah se je pokazalo ujemanje 
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spektrov s sproščanjem H2S in SO2, ki smo jih kot razpadna produkta dobili pri segrevanju 
čiste spojine HgS. Prisotnost HgS je bila z gotovostjo potrjena šele z metodo rentgenske 
absorpcijske spektroskopije (XAS). Poleg Hg-S pa je bil v vzorcu RECY dokazan tudi 
majhen delež Hg-O. 
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 1 

Chapter 1 

1 Introduction 

1.1 Mercury: General Properties  

Elemental mercury, Hg(0), is the only metal that is liquid at ordinary temperature and has 
a shiny silvery-white colour. Molecular orbital theory, the electronic configuration, 
relativistic effects, and lanthanide contraction, can explain why Hg(0) is liquid at room 
temperature. Hg boils below 650 °C, and it is quite inert chemically, having a higher 
ionisation potential than any other electropositive element with the sole exception of 
hydrogen. The only type of interaction between mercury atoms is through weak Van der 
Waals interactions (Keeler & Wothers, 2013; Norrby, 1991). Mercury has a high vapour 
pressure. The reason is weak inter-atomic bonding, which is due to the nucleus having a 
tight hold on its valence electrons. It is relatively insoluble in water and therefore will 
readily avoid liquids (high surface tension) (Drasch, Horvat, & Stoeppler, 2004). Au, Ag, 
Cu, Zn and alkali metals dissolve readily in mercury and consequently form a liquid, pastry 
or solid amalgams (Cain, Disch, Twaroski, Reindl, & Case, 2007; Jasinski, 1995). The 
interaction between Hg(0) and these metals is not very strong (explained by molecular 
bonding theory), suggesting Van der Waals interaction (Cremer, Kraka, & Filatov, 2008; 
Kraka & Cremer, 2008). Mercury is a rather poor conductor of heat but a fair conductor 
of electricity (Jasinski, 1995). Hg(0) could be used in various applications such as 
barometers, thermometers, electrical switches, fluorescent bulbs, ballast for submarines. 
(Enghag, 2004).  

Due to the electronic configuration ([Xe]4f145d106s2) it is qualified as a non-transition 
metal and has valence states of +1 and +2. In any higher oxidation state of this group, 
the d-orbitals would have to be involved in bonding, thus changing the classification of 
this element in the Periodic Table from a post-transition element to a transition metal. Hg 
was also found in +4 oxidation state as HgF4 (Kaupp & von Schnering, 1993; Riedel & 
Kaupp, 2009; X. Wang, Andrews, Riedel, & Kaupp, 2007). Mercury consists of seven stable 
isotopes and more than 40 synthetic and radioactive isotopes (mass number 171-210) 
(Buleev, Grudinkina, & Pevzner, 1968; Lide, 2009). Because of its large size and stable 
electronic configuration, Hg(II) is easily polarised by interacting atoms. The strong 
covalent character of the C–Hg bond is the reason for the high stability of the organic-
mercury molecule (MeHg). Similarly, the Hg(II) ion forms very strong covalent bonds with 
soft Lewis bases (ligands) such as halides and sulphur compounds, but relatively weak 
bonds with hard Lewis bases such as fluorine. These exceptional properties make Hg the 
“softest” of all metals, a so-called “Type B metal”(Skyllberg, 2012). Typical for Hg(II) 
complexes is a low coordination number (2, 3, or 4). The linear two-coordination of Hg(II) 
is caused by relativistic effects (Tossell & Vaughan, 1981) and is a very unusual structure 
for metal. 
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Table 1.1: Summary of chemical and physical properties of mercury are provided (Bank, 

2012; Enghag, 2004; King, 2006; Kozin & Hansen, 2013). 

Element Mercury (Hg) 

Atomic number 80 

Atomic mass 200.59 

Density 13.55 g cm-3 

Atomic volume 14.26·10-6 m3 mol-1 at 25 °C 

Melting point -38.829 °C 

Boiling point 357.3 °C 

Main isotopes 202, 200, 199, 201, 198, 204, 196 

(radioisotope) Oxidation states 0, +1, +2, (+4) 

Vapour pressure 14 mg m-3 at 20°C; 31 mg m-3 at 30°C 

Ionization energies (kJ mol-1, *eV) 1st…1007 (*10.4375); 2nd…1809; 3rd…3300 

Henry´s law coefficient 729 at 20°C 

Solubility in water ~49 µg L-1 at 20 °C 

Mercury is a naturally occurring element which can never be destroyed, but it can 
recycle through the environment. In the Earth’s crust elemental mercury (Hg(0)) is found 
only in a limited number of regions. More than 90 minerals of Hg are known (International 
Mineralogical Association, 2014). The most abundant Hg compound is HgS, which occurs 
in three polymorphs: cinnabar, metacinnabar, and extremely rare hypercinnabar (Hazen et 
al., 2012; IMA, 2014). Several less abundant minerals exist including calomel (Hg2Cl2), 
Livingstonite (HgSb4S8) and Tiemannite (HgSe), corderoite (Hg3S2Cl2) (Bank, 2012; Hazen 
et al., 2012; Jasinski, 1995; Kim, Brown, & Rytuba, 2000).  

Since a wide range of mercury species exists within our environment, the chemical form 
of mercury controls its bioavailability, transport, persistence and impact on the human 
body, with methylmercury being the most toxic species (Leopold, Foulkes, & Worsfold, 
2010). Mercury that is deposited in soils, lakes, wetlands, or oceans and may later be 
released to the atmosphere (Drasch et al., 2004; UNEP, 2013a). The biogeochemical 
transformations and high mobility of mercury species make it a global pollutant that can 
be transported thousands of kilometres through the atmosphere. Therefore, an 
understanding of mercury species transformations and accurate monitoring of mercury and 
its species in the environment are essential for reliable risk assessment (Bank, 2012). 

1.2 Chemical Species of Mercury 

A series of complex chemical transformations allows the three-oxidation states of Hg (Hg(0) 
– metallic; Hg(II) – mercuric; Hg(I) – mercurous) to cycle in the environment and biological 
systems (Bank, 2012; Gonzalez-Raymat et al., 2017; Kozin & Hansen, 2013).  

- Elemental mercury, Hg(0): In the natural environment, it can exist in the gaseous 
or liquid state where Hg(0) is the dominant form in the atmosphere. It could also 
be trapped in the crystalline lattice in the solid samples such as coal. 

- Monovalent mercury, Hg(I) or Hg2
2+: It is mostly found in dimeric salts (e.g., 

Hg2Cl2, calomel, Hg2SO4) that are sparingly soluble in water and much less toxic 
than Hg(II) (e.g., HgCl2) (Horvat, 2005). 
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- Divalent mercury, Hg(II) or Hg2+: Inorganic and organic divalent mercury 
compounds exist in gaseous, dissolved, and solid states. Toxicity, solubility, vapour 
pressure, and reactivity of Hg(II) species differ significantly. Hg(II) species prevails 
in waters rather than in the atmosphere. 

o Organic mercury compounds (R-Hg-X or R-Hg-R) form one or two covalent 
bonds with carbon. Organic compounds are limited to alkylmercurials 
(monomethylmercury (CH3Hg+, MeHg), monoethlymercury (CH3CH2Hg+, 
EtHg) and dimethylmercury (CH3-Hg-CH3, DMHg)), alkoxymercury and 
the arylmercurials compounds (Horvat, 2005).  

1.2.1 Mercury species in air 

Most of Hg in the atmosphere is elemental mercury, Hg(0) (also gaseous elemental mercury, 
GEM), which is relatively stable with the net average atmospheric residence time around 
one year (Ariya et al., 2015; Fitzgerald, Lamborg, Heinrich, & Karl, 2007; W. H. Schroeder 
& Munthe, 1998). This is sufficient time for atmospheric mercury being distributed over 
the entire planet before returning to the land, lakes, sea, and ice. In addition to Hg(0), two 
other atmospheric Hg fractions have been operationally defined based on physicochemical 
properties – the reactive gaseous Hg/gaseous oxidized Hg (GOM), and particulate-bound 
Hg (PBM) (Mason, 2005). The residence time for oxidised species is much shorter (hours 
to days, weeks) (Bullock & Brehme, 2002; Gustin, Lindberg, & Weisberg, 2008). GOM, 
usually Hg(II) species (e.g., HgBr2, HgCl2, HgBrOH), are highly surface-reactive and 
substantially more water soluble than Hg(0). These species can deposit faster than PBM. 
PBM consists mainly of Hg(II) species adsorbed to surfaces or incorporated into particles 
during high-level combustion and other processes. PBM resides predominantly in the fine 
particulate fraction (<2.5 µm) (Bullock & Brehme, 2002).  

1.2.2 Mercury species in water  

In the natural aquatic environment, mercury may be present in various physical and 
chemical forms. The nature and reactions of these species determine the solubility, 
mobility, and toxicity of Hg in the aquatic ecosystem, as well as the potential for 
methylation (Ullrich, Tanton, & Abdrashitova, 2001). Mercury in surface waters exists in 
two oxidation states, Hg(0), as a dissolved gas (DGHg), and Hg(II). The ionic mercury 
exists both in dissolved, attached to particulate matter and in most surface water a small 
fraction of the total Hg is methylmercury (MeHg), which can also be dissolved or 
particulate-associated. Hg(II) and MeHg in the dissolved phase make complexes with 
inorganic or organic ligands where only a small fraction of each exists as a free metal ion 
(Mason, 2005). Hg(I) is only stable as a dimer (Hg2

2+) in aqueous solution and readily 
disproportionate into Hg(0) and Hg(II), which is the most stable form in water (Ullrich et 
al., 2001). The mercury species occurring in the water environment divide into volatile 
(Hg(0), (CH3)2Hg), easily water-soluble Hg(II) (e.g., HgCl2, Hg(NO3)2) and hardly soluble 
organic complexes (CH3Hg+, CH3HgS) (Boszke, Głosińska, & Siepak, 2002; Ullrich et al., 
2001). In the Mediterranean sea high Hg(0) concentrations are also found in bottom waters, 
probably due to intense tectonic activity (Kotnik et al., 2007). The chemical form of Hg in 
an aquatic system is firmly influenced by redox and pH conditions, and the concentrations 
of inorganic and organic complexing agents (Horvat et al., 2003). 
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1.2.3 Mercury species in soil and sediment 

Soils and sediments are important because they are primary sinks of anthropogenic Hg that 
can accumulate in the food chain (bioaccumulation) resulting in perturbation of ecosystem 
and unfavourable health effects (Issaro, Abi-Ghanem, & Bermond, 2009). Mercury cycling 
in soils is critical to our understanding of Hg accumulation and loss in the environment 
mostly attributed to: (a) the typically larger areal extent of the watershed as compared 
with the water body, (b) the role of a vegetative canopy in expanding the active surface 
area, and (c) soil’s high capacity to store Hg (Bank, 2012). The biogeochemistry of mercury 
in soils and sediments dominates by inorganic and organic Hg(II) complexes (Skyllberg, 
2012). Under environmentally relevant concentrations, Hg and MeHg have a higher binding 
strength with organic matter than with soil minerals (Amirbahman, Reid, Haines, Kahl, & 
Arnold, 2002; Drexel, Haitzer, Ryan, Aiken, & Nagy, 2002; Haitzer, Aiken, & Ryan, 2002; 
Hintelmann, Welbourn, & Evans, 1995; Karlsson & Skyllberg, 2003). Physical-chemical 
soil parameters such as the pH, cation exchange capacity, particle size, organic matter 
content, types of clay minerals present, redox condition, sulphide concentration, and other 
geochemical factors of the system play important roles in the variation of the oxidation 
state and the type of interaction with Hg soil components and, therefore, their mobility 
and availability (Branfireun, Hilbert, & Roulet, 1998; Chakraborty, Raghunadh Babu, 
Vudamala, Ramteke, & Chennuri, 2014; Gilmour, Henry, & Mitchell, 1992).  

Hg speciation in solution influences its adsorption, which is in turn controlled by pH 
and the presence of dissolved ligands. The most critical ligands for mercury binding are 
OH-, Cl-, and S-containing functional groups in addition to nitrogen- and oxygen-containing 
functional group (Skyllberg, 2012). With higher solubility of mercury species, such as HgCl2 
and Hg(OH)2, the affinity of Hg to these ligands leads to increased mobility. In the presence 
of organic matter, the primary forms of ionic mercury, Hg(II) and MeHg+, are strongly 
complexed by humic acids, fulvic acids and other organic molecules present in natural 
ecosystems (Xia et al., 1998). Mercury has a high affinity to sulphur which explains the 
strong binding of Hg to soft organic matter and also the high stability of HgS. These 
chemically stable species are considerably less mobile than alkyl and inorganic soluble Hg 
species (MeHg+, EtHg+, HgCl2) and less toxic to organisms. Organo-mercury complexes 
can be adsorbed onto the surface of clays and iron, aluminium and manganese oxides (Reis 
et al., 2012). 

1.3 Mercury Cycling in the Environment 

Mercury releases into the environment from natural sources and processes, and as a 
result of human activities. Once it has entered the environment, mercury cycles between 
air, land, and water until it is eventually removed from the system through burial in deep 
ocean sediments or lake sediments and entrapment in stable mineral compounds. MeHg, 
the most toxic and bioaccumulative form of mercury, which presents the highest health 
risk to humans and wildlife, is mainly formed in aquatic environments through natural 
microbial processes. 

1.3.1 Sources of mercury (anthropogenic, natural) 

Mercury is a naturally occurring element which is found throughout the world. Natural 
sources of mercury create background environmental levels that have been present since 
long before humans appeared (UNEP, 2013a). The global mercury emissions consist of 
three group of Hg sources into the environment (Gustin et al., 2016; E. G. Pacyna et al., 
2010; Pirrone & Mason, 2009; UNEP, 2013a); natural processes including natural 
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emissions such as volcanos, geothermal events, soils with naturally enriched mercury, forest 
fires, and ocean emissions. The next group representing anthropogenic sources of 
mercury in the air where it is divided into three subgroups: releases from the mobilisation 
of mercury impurities (coal combustion, cement production, mining and other metallurgic 
activities such as production of iron and steel, ferromanganese, zinc, gold, and other non-
ferrous metals), releases from intentional extraction and use of mercury: mercury mining, 
small-scale gold and silver mining (amalgamation process), chlor-alkali production, use of 
fluorescent lamps, various instruments and dental amalgam fillings, manufacturing of 
products containing mercury (e.g., thermometers, manometers and other instruments, 
electrical and electronic switches), and the third subgroup represents Hg releases 
originating from both impurities and intentional uses of mercury from waste incineration 
(municipal, medical and hazardous wastes), landfills, cremation and cemeteries (release to 
soil). The last group of the main Hg sources represents re-emission of previously 
deposited mercury back into the atmosphere. Quantifying the total fraction of 
current emissions that is natural or anthropogenic is not an easy task. The ice-core and 
the lake-sediment cores that are indicating historical deposition trends are the best evidence 
for large-scale changes in global mercury cycling (Bank, 2012). 

 

Figure 1.1: Relative contributions to estimated emissions to air from anthropogenic sources 
in 2010. Uncertainty arises from each of the factors used to estimate the emissions: the 
correctness of the activity data, the validity of the emission factors applied, and the validity 
of assumptions regarding the effectiveness and use of emission-control technologies (UNEP, 
2013a). 

1.3.2 The global cycle of mercury 

The atmosphere is the major transport pathway for distribution of Hg globally. Once 
released it actively cycles in the environment for hundreds-to-thousands of years before 
being buried in sediment (Selin, 2009). Atmospheric deposition represents the main 
pathway of Hg input aquatic and terrestrial ecosystem outside areas of direct 
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contamination (Gustin et al., 2016). Natural sources of Hg in the atmosphere are mainly 
in the form of GEM (>95%) although PBM also occurs, while emissions of anthropogenic 
sources contribute all forms of Hg to the atmosphere (Ebinghaus et al., 1999). In remote 
locations, where particulate mercury concentrations are usually low, total gas mercury 
makes up the predominant part (>99%) of the total concentration in air. Contribution of 
natural sources varies in time and space depending on a number of factors including the 
presence of volcanic belts or geothermal activities, geological formations with high mercury 
concentration like cinnabar deposits, exchange processes between water and atmosphere, 
re-emission of previously deposited mercury from top soils, plants and forest fires (Holmes, 
Jacob, Mason, & Jaffe, 2009; Pirrone, Costa, Pacyna, & Ferrara, 2001; Pirrone & Mason, 
2009). The ratio between the relative contributions of anthropogenic and natural source 
categories may vary from a region and time of the year (Elisabeth G. Pacyna, Pacyna, 
Steenhuisen, & Wilson, 2006; J. M. Pacyna, Pacyna, Steenhuisen, & Wilson, 2003; Pirrone, 
Keeler, & Nriagu, 1996).  

GEM vapour in the atmosphere is subject to long-range transport. Due to low solubility, 
only a small fraction of GEM vapour can wash out of the atmosphere during precipitation 
events. Hg(0) in the gas can be oxidized by different oxidizers (H2O2, NO3̇, O3, OH ̇, Cl, Br, 
Br2, Cl2, BrCl, BrO ̇) (Ariya, Khalizov, & Gidas, 2002; Khalizov, Viswanathan, Larregaray, 
& Ariya, 2003; Lin & Pehkonen, 1999; W. H. Schroeder & Munthe, 1998; Simpson et al., 
2007; Subir, Ariya, & Dastoor, 2012). GOM is much more soluble and therefore a subject 
to washout from the atmosphere with precipitation. This is called wet deposition and is a 
major source of mercury input to the environment. A small amount of the Hg may adhere 
to fine particles in the atmosphere and may fall out without rainfall as dry deposition 
(Fitzgerald, 1995). Understanding the cycling of Hg between the ocean and atmosphere is 
complicated, mainly because of the enhanced oxidation of Hg(0), and the formation of 
GOM in the marine boundary layer (Mason & Sheu, 2002). 

Aquatic ecosystems are an essential component of the biogeochemical cycle of mercury 
(Hg), as inorganic Hg can be converted to toxic MeHg (Hsu-Kim, Kucharzyk, Zhang, & 
Deshusses, 2013) in these environments and reemissions of Hg(0) rival anthropogenic Hg 
releases on a global scale (Kocman et al., 2017). However, there is a lack of inventories of 
direct releases of Hg to aquatic systems compared to global atmospheric emission 
inventories (Kocman et al., 2017). Mercury is released to freshwater systems from a variety 
of sources and subjected to complex transport pathways (Driscoll, Mason, Chan, Jacob, & 
Pirrone, 2013). It can enter rivers and lakes directly via atmospheric deposition. Rivers 
and lakes further receive Hg as a result of releases from industrial sources within their 
drainage area, as well as indirectly from terrestrial environments via surface runoff, and 
through soil leaching and erosion. Depending on the soil characteristics, part of this Hg 
reservoir can be leached to groundwater. Riverine loads are enhanced by river bank erosion 
as well as remobilization of previously deposited Hg with bed sediments during high water 
flow, especially in contaminated systems (Carroll, Warwick, James, & Miller, 2004; Horvat 
et al., 1999). On the contrary, transport of Hg from rivers to coastal environments is 
diminished by its sedimentation behind various impoundments during transport to the 
ocean. Artisanal and small-scale gold mining (ASGM) represents the single largest source, 
followed by disposal of Hg-containing products and domestic waste water, metal 
production, and releases from industrial installations such as chlor-alkali plants and oil 
refineries. In addition to these direct anthropogenic inputs, diffuse inputs from land 
management activities and remobilization of Hg previously accumulated in terrestrial 
ecosystems are likely comparable in magnitude (Kocman et al., 2017).  

MeHg is only present at low pg m-3 concentration levels in ambient air; it is not an 
important species for the overall atmospheric cycling of Hg, but mainly due to its toxicity 
and capacity for bioaccumulation (W. H. Schroeder & Munthe, 1998). MeHg enters the 
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aquatic food chain (mainly by aquatic bacteria) (Gochfeld, 2003). Species high in the 
trophic web tend to have higher concentrations of mercury (e.g. >10 μg/g in whales and 
>1 μg/g in sharks, pike, swordfish, and tuna) (UNEP, 2002). MeHg levels in freshwater 
fish vary with the level of deposition of mercury from the air, though other factors such as 
inputs from the watershed and the number of trophic levels within the lake’s food web are 
also important. Methylation predominantly occurred in lake sediments, wetlands and 
floodplain soils, where sulphate reducing bacteria are believed to be primarily responsible. 
MeHg is de-methylated in sediments and also taken away in the outlet river from each 
lake. However, owing to the bioaccumulation of methylmercury, methylation is more 
prevalent in the aquatic environment than demethylation (Horvat, 2005). In contrast to 
the methylation process, which is principally most active under sub- and anoxic conditions, 
demethylation reactions are usually promoted by toxic conditions (Skyllberg, 2010). In 
aqueous systems contaminated with oxidized Hg, Hg(II) may reduce, and a portion of the 
Hg(0) may volatilize back into the atmosphere. 

 

Figure 1.2: Mercury cycling in the environment (Adopted from Gustin et al., 2016). 

1.3.3 Modelling approach 

The accuracy of model projections depends on the scientific knowledge of processes and 
mechanisms that affect transport, transformations, and fate of Hg (Gustin et al., 2016). 
The number of models that have been developed to simulate atmospheric Hg has multiplied 
in the last decade (Amos et al., 2014; Horowitz, Jacob, Amos, Streets, & Sunderland, 2014; 
E. G. Pacyna et al., 2010; J. M. Pacyna et al., 2016; Pirrone et al., 2010; Streets et al., 
2017). However, uncertainties in the measurements exist, especially with reactive mercury 
(RM = GOM + PBM). Different GOM compounds were derived from different primary 
sources, sources producing different oxidants, and variation across the season. There are 
no calibration standards for GOM, a breakthrough can result in the collection on the PBM 
filter, and collection efficiencies for GOM and PBM are uncertain (Gustin & Jaffe, 2010; 
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Huang, Miller, Weiss-Penzias, & Gustin, 2013; Talbot et al., 2011). Better measurement 
techniques should be developed for oxidized and particulate mercury to improve the global 
mercury emission models. Chemistry of emissions from different sources needs to be 
considered and will influence the scale and range of Hg transport (local, regional, and 
global). Without accurate measurements, modellers cannot develop and test robust models, 
and, by extension, policy makers cannot develop effective regulations.  

Current models: i) Are evaluated based on limited data for atmospheric GOM and dry 
deposition; ii) Do not consider the presence of different compounds of Hg in the atmosphere; 
and iii) Apply reaction rate constants that are either highly uncertain or unknown. 
However, the present models are based on emission inventories with high uncertainties or 
simply do not exist. Not all emissions are considered or are not considered adequately (e.g. 
biomass burning), such as nonpoint sources and unquantified coal-burning processes 
(Gustin et al., 2016). ASGM is not well understood, and ASGM activities may be greater 
than coal-fired power plants (Kocman et al., 2017; UNEP, 2013a). Anthropogenic emissions 
due to the historical deposition and therefore Hg releases into the air, water and to the 
land are important to obtain a complete and consistent quantification of total Hg releases 
(Streets et al., 2011, 2017). High uncertainty also exists in models using abiotic 
compartment (e.g. air, sediment and water) to predict biomagnification and 
bioaccumulation of MeHg, especially for high trophic level biota (Gustin et al., 2016). 

The new Hg mass balance reported in 2017 by Streets et al. indicates that between the 
period 1850-2010 73% of mercury (1060-2800 Gg) was released as a consequence of human 
activities. 470 Gg was emitted directly into the atmosphere where 74% of the air emissions 
represent Hg(0). About 1070 Gg were released to land and water bodies. However, annual 
Hg releases have been relatively stable since 1880 (8 ± 2 Gg). During the wartime, the 
distribution of those releases among source types, world regions, and environmental media 
have changed dramatically. Hg production accounts for 27%, followed by silver production 
(24%) and chemicals manufacturing (12%). The largest release is caused by North America 
(30%), Europe (27%), and Asia (16%). About 40% (390 Gg) of the Hg discarded to land 
and water must be sequestered at contaminated sites to maintain the consistency with 
recent declines in atmospheric Hg concentrations. Biogeochemical modelling shows a 3.2 
fold increase in the atmospheric burden compared to 1850 that is consistent with 
observational constraints. 18 source types and 17 world regions were involved in the model 
calculations. Emissions to land and water for coal combustion and metals smelting has 
been estimated for the first time.  

1.3.4 Mercury exposure and health effects 

The majority of human exposure and health risk associated with mercury comes from the 
consumption of marine and freshwater foods (Cusack, Smit, Kile, & Harding, 2017; 
Mahaffey, Clickner, & Bodurow, 2004). However, there are three primary categories of 
mercury and its compounds to be aware: elemental mercury (Hg(0)), inorganic mercury 
compounds, Hg(I, II) (e.g. HgCl2, Hg2Cl2, HgO, etc.) and organic mercury compounds (e.g. 
MeHg). Human absorption of liquid Hg(0) is minimal, and acute toxicity does not occur 
even when the liquid mercury used in thermometers is accidentally ingested. Exposure to 
Hg(0) by the general population and in occupational settings is primarily through inhaling 
mercury vapours/fumes (e.g., dental amalgams) where 80% of inhaled mercury retains. 
Intestinal absorption varies widely among the various forms of mercury, with Hg(0) being 
the least absorbed form (<0.01%) and only about 10% of Hg(I, II) is absorbed. Hg(I, II) 
may absorb through the skin in toxicologically relevant quantity. Hg(0) is lipid soluble and 
easily penetrates biological membranes, including the blood-brain barrier. After exposure 
to Hg(0) or Hg(I, II), the principal route of excretion is via the urine. Determination of 
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concentrations in urine and blood has extensively been used in the biological monitoring of 
exposure to inorganic forms of mercury. However, hair mercury levels do not reflect 
exposure to Hg(0) or Hg(I, II) reliably, but rather to organic mercury (MeHg). MeHg easily 
crosses the blood-placenta barrier, accumulating more in the fetus than in the mother 
(Choi, 1991; M. Sakamoto et al., 2004; M. Sakamoto, Kubota, Matsumoto, Nakano, & 
Akagi, 2002; Stern & Smith, 2003; WHO, 1990).  

Association between prenatal exposure to Hg and neurodevelopment of the child, taking 
into account genetic polymorphism of apolipoprotein E (Apoe) and other relevant 
confounders (Snoj Tratnik et al., 2017). An evidence exists that gene polymorphisms for 
enzymes involved in glutathione and metallothionein metabolism can affect retention of 
MeHg in the human body (Barcelos et al., 2013; Engström et al., 2008; Gundacker, Gencik, 
& Hengstschläger, 2010) and that polymorphisms of ABC transporter genes can modify 
the transport of MeHg across the placenta and the accumulation of MeHg during early 
development (Llop et al., 2014). Apart from the genes involved in the absorption-
distribution-metabolism-elimination pathways, there are certain other genotypes that can 
increase susceptibility to toxic effects.  

1.3.5 Minamata convention: Control of Hg emissions 

Under the UNEP, countries negotiated the Minamata Convention on Mercury, a legally 
binding agreement intended “to protect human health and the environment from 
anthropogenic emissions and releases of mercury and mercury compounds” (UNEP, 2013b). 
The convention was adopted on 10 October 2013. It has 128 signatories until February 
2018. With the Minamata Convention, global society has a regulatory mechanism to 
decrease environmental Hg loadings. Now the convention is ratified by 87 nations. Major 
highlights of the Minamata Convention include a ban on new mercury mines, the phase-
out of existing ones, the phase-out and phase down of mercury use in a number of products 
and processes, control measures on emissions to air and on releases to land and water, and 
the regulation of the informal sector of artisanal and small-scale gold mining. The 
Convention also addresses interim storage of mercury and its disposal once it becomes 
waste, sites contaminated by mercury as well as health issues (UNEP, 2013b). 

This dissertation is mainly devoted to emissions coming from the thermal power plant 
(TPP), in particular, emission of Hg that is accumulated in the solid wastes. These wastes 
are thought to be stable, however, after disposing and during the re-processing of the raw 
material Hg may release. Therefore it is important to mention Article 8 of the 
Minamata convention which addresses emissions of mercury and mercury compounds 
in the atmosphere (relevant sources, new sources, substantial modification of relevant 
source, and existing source) and calls for a reduction in the emissions of Hg and its 
compounds in particular from point sources addressed in Annex D (coal-fired power plants, 
smelting and roasting processes, waste incineration and cement clinker production 
facilities). It also calls for comparable measurements and harmonised methodologies for Hg 
and its compounds in emission sources (Article 19) and information on environmental 
cycling including long-range transport and deposition, transformation and fate of Hg and 
its compounds in different environmental compartments, taking appropriate account of the 
distinction between anthropogenic and natural emissions (UNEP, 2013b). However, for the 
successful implementation of Minamata convention different critical and emerging areas 
such as uncertainty in atmospheric and biological Hg measurements and impact on the 
understanding of the Hg biogeochemical cycle are fundamental (Gustin et al., 2016). 
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1.4 Coal Combustion  

Coal burning, and to a lesser extent the use of other fossil fuels, is one of the most 
significant anthropogenic sources of mercury emissions to the atmosphere. Coal does not 
contain high concentrations of mercury, but due to the large volume of coal burned and 
the fact that a significant portion of the mercury present in coal emits to the atmosphere 
yields substantial overall emissions from this sector. However, the mercury content in coal 
varies widely, introducing a high degree of uncertainty in estimating mercury emissions 
from coal burning (UNEP, 2013a).  

In the present doctoral dissertation, we studied the accumulation of mercury and other 
trace and major elements (TMEs) in various by-products of coal combustion. We were 
mainly interested in Hg and mercury compounds present in the gypsum. Previous work 
showed high accumulation of mercury and other TMEs in the gypsum (Sedlar et al., 2015; 
Stergaršek et al., 2008). A lot of work has been done already, however, identification of 
mercury compounds in the gypsum is not an easy task due to the different sample 
composition that affects the determination of Hg-species. Therefore, it is important to 
understand the whole combustion process and the presence of other elements in the flue 
gas that may interact with Hg after combustion and enter in the wet flue gas 
desulphurization system (WFGD) where gypsum is formed. For that purpose, a brief 
description of the combustion process and cleaning of the flue gas is described in this 
chapter. Theoretical background is divided into four main parts; first part is more related 
to coal properties and partitioning TMEs according to their volatility; mercury behaviour 
during coal combustion is described in the second part, in the third part flue gas removal 
technologies are presented and the last part is mainly devoted to Hg reaction present in 
WFGD scrubber. Short description of the Slovenian biggest thermal power plant, Šoštanj 
(Šoštanj TPP) is provided at the end of this chapter.  

1.4.1 Distribution of trace and major elements during coal combustion 

The occurrence and concentration of trace elements in coal have been studied by several 
researchers (Clarke & Sloss, 1992; Finkelman, 1994, 1995; Swaine, 1990; Yudovich & Ketris, 
2005a). Coal combustion is a major source of toxic metals in the environment and is 
probably the primary source of As, Cd, Cr, Cu, Hg, Mn, Mo, Pb, Sb, Tl and Zn 
(Nalbandian, 2012; Nriagu, 1986). Not only trace elements, but also SO2, NOx, CO2, N2O, 
particulate matter, and other gases are released into the environment by coal combustion. 
In general, the elements present in coal occur over a wide concentration range that varies 
according to the geochemical evolution of the coal deposits (Querol, Fernández-Turiel, & 
López-Soler, 1995; Querol, Juan, Lopez-Soler, Fernandez-Turiel, & Ruiz, 1996). They can 
have organic or mineral affinities (elements associated with sulphides (Pires, Fiedler, & 
Teixeira, 1997), alumosilicates, carbonates and other minerals in coal) (Finkelman, 1994, 
1995; Huggins & Huffman, 1996; Querol et al., 1996; Swaine, 1990).  

Different processes are taking place during combustion including char formation, 
agglomeration of melted minerals, and vaporisation of volatile elements. Most trace 
elements are removed by solids while some of them are released as aerosols or as vaporised 
elements in the gas phase. Coarse residues (combustor bottom or flying ash/slag; 1-100 
µm), heterogeneous condensation onto the existing fine fly ash due to the evaporation (coal-
mineral, mineral-mineral association), and sub-micron ash caused by homogeneous 
condensation of trace elements itself (0.01-1 µm). Fragmentation is very important in the 
distribution of trace elements in ash particles where a higher rate of fragmentation results 
in the formation of fine ash particles. Residence time in the high-temperature zone is 
significant because short residence time caused that some larger mineral particles might be 
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only partly melted or mineral particles with higher melting point may never achieve this 
temperature. Three modes of fine ash exist (fine, intermediate and coarse) and usually, 
emissions are categorised into three groups PM10, PM2.5 and PM1 (PM, particulate matter 
less than 1 µm) (Vejahati, Xu, & Gupta, 2010).  

The volatility of elements is the result of several factors: their affinity to other elements, 
their physical properties, chemical reactions and transformations (Meij, 1994a) and it also 
depends on the combustion setup (e.g., combustion temperature, time of exposure, ash 
generation) (Galbreath & Zygarlicke, 2000; Meij, 1994a; Querol et al., 1995, 1996; M. Xu 
et al., 2004). Volatile elements are preferentially concentrated on the smallest particles due 
to condensation (Meij, 1994a) whereas the non-volatile ones deposit on the largest ash 
particles (Helble & Sarofirm, 1993). As a result, the finest fly ash particles contain larger 
amounts of trace and major elements (TMEs) due to their higher surface to volume ratio 

(Clarke & Sloss, 1992; Klein et al., 1975; Meij, 1992, 1994a; Querol et al., 1995; M. Xu et 
al., 2004), and are a significant source of TMEs in gypsum (Y. K. Liu, Zhuo, Zhu, & Chen, 
2013).  

Based on their concentrations, chemical elements in coal are classified into 
three groups (M. Xu et al., 2004):  

1. Major elements in concentrations above 1000 µg g-1 (C, H, O, N, S); 
2. Elements in concentrations between 100 and 1000 µg g-1 (Si, Al, Ca, Mg, K, Na, Fe, 

Mn, Ti, F, Cl, Br, I);  
3. Trace elements with a concentration less than 100 µg g-1. 

Trace elements are further divided into three groups according to their volatility as shown 
in Figure 1.3 (Clarke & Sloss, 1992; Klein et al., 1975; Meij, 1994a; M. Xu et al., 2004):  

- The first group are the least volatile elements that are concentrated in coarse 
residues (bottom ash) or are equally distributed between the bottom and fly ash. 
These elements are not volatilized in combustion zone but form a melt of a rather 
uniform composition that becomes both fly ash and slag. The slag is removed 
directly and quickly from the combustion zone while the fly ash remains in contact 
with the cooling flue gas. Elements in the class one stay condensed, and therefore 
show minimal partitioning between slag, inlet and outlet fly ash. According to Klein 
et al. twenty elements are in the first group, as follows Al, Ba, Ca, Ce, Co, Eu, Fe, 
Hf, K, La, Mg, Mn, Rb, Sc, Si, Sm, Sr, Ta, Th and Ti.  

- Elements in the second group are those that volatilize during coal combustion and 
condense afterwards onto the particles in the flue gas stream. These are more 
concentrated in fly ash than in bottom ash (As, Cd, Cu, Ga, Pb, Sb, Se and Zn 
(Klein et al., 1975)). Since the slag is removed from combustion zone, they have no 
opportunity to condense on the slag, so they condense or become adsorbed on the 
fly ash when the flue gas cools. These elements are depleted from the slag due to 
the volatility effect, and due to the particle size effect and are preferentially 
concentrated onto outlet fly ash compared to the inlet. 

- The most volatile elements are in the third group, and they have little or no 
tendency to condense from the vapour phase and therefore emit from the stack. In 
class three Hg, Cl and Br are entirely in the vapour phase. According to the Meij, 
class three divides into three subclasses; elements almost entirely in the 
vaporisation phase (Cl, F, I), those with vaporisation of about 50% (B, Br, Hg), 
and one with low vaporisation (As and Se) (Meij, 1994a). 

- Elements such as Cr, Cs, Na, Ni, U and V appeared as intermediate between class 
one and two. 
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Figure 1.3: Classification of trace elements during combustion (Clarke & Sloss, 1992). 

In principle, the elements released from feed coal are partitioned between the fly ash, 
bottom ash, gypsum and flue gas discharged into the environment (Helble & Sarofirm, 
1993). However, the final distribution of (trace) elements in waste products depends on 
modes of occurrence, mineral content and their distribution in coal, coal particle size 
(Helble & Sarofirm, 1993), and factors related to the physical process (emission control 
devices (J. M. Pacyna, 1982), temperature profile (Yan, Gauthier, & Flamant, 2001), 
turbulence (Helble & Sarofirm, 1993; Juda-Rezler & Kowalczyk, 2013; Nriagu, 1986; 
Vejahati et al., 2010). Improvement of the technologies used to control emissions can lead 
to changes in their distribution (López-Antón, Díaz-Somoano, Ochoa-González, & 
Martínez-Tarazona, 2011). There are numerous literature sources describing TMEs 
partitioning during the coal combustion process (Álvarez-Ayuso, Querol, & Tomás, 2006; 
Bhangare, Ajmal, Sahu, Pandit, & Puranik, 2011; Córdoba, Ochoa-Gonzalez, et al., 2012; 
Esenlik et al., 2006; J. Li et al., 2012; Z. Li et al., 2005; López-Antón et al., 2011; Otero-
Rey et al., 2003; Spears & Martinez-Tarrazona, 2004; Swanson, Engle, Ruppert, Affolter, 
& Jones, 2013; Q. Tang, Liu, Yan, & Sun, 2012; Q. Tang, Liu, Zhou, & Sun, 2013; C. 
Zheng et al., 2017). However, partitioning differs among different sorts of coal and power 
plants, so each thermal power plant has to be studied separately.  

According to the Council Decision 2003/33/EC on waste disposal, the leaching 
behaviour of all the solid combustion by-products arising from the coal combustion-
desulphurization plant (slag, fly ash and WFGD gypsum) allowed to classify them as 
wastes admissible at landfills for non-hazardous wastes (Council Decision 2003/33/EC, 
2002). 

1.4.2 Mercury in coal 

Coal is classified into four ranks: anthracite, bituminous, sub-bituminous, and lignite. The 
coal rank is defined by properties such as carbon content, heat value, volatility, and ash. 
In general, mercury is among the least abundant elements in coal. Different data for Hg 
concentrations in coal are reported to be in the average range between 0.01–1.5 mg kg-1 
and are somewhat lower in lignite than in bituminous and sub-bituminous coals (Dajnak, 
Clark, Lockwood, & Reed, 2003; Davidson & Clarke, 1996; S. H. Lee, Rhim, Cho, & Baek, 
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2006; Mukherjee, Zevenhoven, Bhattacharya, Sajwan, & Kikuchi, 2008; Park, Seo, Lee, & 
Lee, 2008; Schoefield, 2004; C. L. Senior, Sarofim, Zeng, Helble, & Mamani-Paco, 2000; 
Swaine, 1990; Vejahati et al., 2010; S. X. Wang et al., 2010; Yudovich & Ketris, 2005a). 
Lower heating values of lignite than bituminous and sub-bituminous coals may increase its 
consumption to generate an equivalent amount of energy and may thus release more 
mercury into the atmosphere (Tewalt, Bragg, & Finkelman, 2001). However, the 
concentrations of mercury within the same mining field may vary by one order of 
magnitude or more (Mukherjee et al., 2008). Use of indigenous mercury-enriched coal in 
the coking by-product industry, metallurgical plants, coal-fired electric-generating stations, 
and other types of industries, as well as use in households, has led to widespread pollution 
of the environment by mercury, arsenic, lead, and other toxic substances. Understanding 
the nature of Hg in coals used for power generation, and the partitioning of Hg in the 
combustion system is a fundamental part of an emission-control strategy. (Yudovich & 
Ketris, 2005b).  

Depending on the origin of Hg, three forms may be present in coals; as clays (Hgclay), 
organic matter (Hgorg) and sulphides (Hgsulf). Within coals, mercury exists in several 
components, including biogenic (from coal-forming plants, Hgbio), sorption (Hgsorp), 
terrigenous or volcanogenic clastics (Hgclast), and diagenetic or epigenetic (infiltration) 
mineral fractions (Hginf). In coal cleaning, as much as 50-60% of the Hg remains in the 
cleaned coal product, and the rest disseminates in tails, sludges, and middlings. Hgorg and 
Hgsulf are the dominant forms of Hg in coal, and their occurrence controls Hg distribution 
in coal. In low-sulphur coals, which are poor in Hg, only two Hg sites dominate, Hgorg and 
Hgsulf (commonly pyritic mercury, Hgpyr). In more sulphur-rich coals, the Hg content is 
usually higher, and the Hgpyr contribution also increases (Yudovich & Ketris, 2005b).  

A promising technique for the determination of Hg(0) and other mercury species in the 
coal (Gao, Wang, Huang, & Guo, 2017; Mashyanov, Pogarev, Panova, Panichev, & 
Ryzhov, 2017; P. Xu et al., 2017), coal gangue and slime (Gao et al., 2017; Niu, Guo, Gao, 
Cao, & Wei, 2017) is the so-called thermal decomposition (thermal scanning or temperature 
programmed desorption). More details about this methodology are described in Chapter 
1.5. Here some literature data regarding mercury speciation/fractionation in coal samples 
are provided. In the study of Mashyanov et al. (2017) the portions of mercury releasing at 
the low-, mid-, and high-temperature intervals (between room temperature and 900 °C) 
depend on mercury chemical forms and their binding to matrix constituents: organics, 
sulphides, silicates, and other mineral impurities. Mercury in pyrite exists as a Hg(0) 
(adsorbed) that releases at lower temperatures and species releasing with the destruction 
of FeS2 lattice releasing at higher temperatures. (Mashyanov et al., 2017). By using the 
extraction procedure, pyrite-bound Hg is the dominant form of Hg followed by organic-
bound Hg (Gao et al., 2017). These results are similar as reported by Yudovich and Ketris 
(2005). The results provided by using coal gangue or slime showed an increased amount of 
Hg regarding raw coal but similar releasing profile as in clean or raw coal which indicates 
the presence of similar Hg-species in all those samples (Gao et al., 2017). 

 Mercury transformations during coal combustion processes 

During the coal combustion process at high-temperature mercury is released mainly as 
Hg(0) because the thermodynamic equilibrium favours this state at coal combustion 
temperatures. As combustion gases cool, Hg(0)(g) interacts with oxygen and other 
combustion by-products, including halogens and fly ash, leading to oxidation of mercury 
to form GOM (Hg(I, II)).  
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Figure 1.4: Potential mercury transformations during coal combustion and in the resulting 
flue gas (C. L. Senior et al., 2000). 

Total mercury concentration in coal combustion flue gas is in range 5-10 μg m-3, where 
many parameters can potentially affect the formation of various mercury species (GEM, 
GOM and PBM) throughout a combustion system, including boiler design, coal type, coal 
composition, combustion environment (gas composition and reducing/oxidizing 
conditions), heat transfer/cooling rate, residence time at lower temperatures during 
convective cooling, air pollution control devices (APCDs), and operating practices (e.g., 
boiler load, excess air, soot blowing, etc.) (Galbreath, Zygarlicke, Tibbetts, Schulz, & 
Dunham, 2005; Pavlish et al., 2003). Identification of the fundamental mechanisms 
involved in mercury–flue gas interactions that transform Hg(0) to Hg(II) and PBM 
improved mercury emission control efficiencies and transport deposition models for coal-
fired boilers (Galbreath & Zygarlicke, 2000; Hall, Schager, & Lindqvist, 1991). 

 Homogenous and heterogeneous oxidation 

Hg(0) may be oxidized to Hg(II) via homogenous (gas phase) or heterogeneous (gas-solid) 
reactions. The homogeneous reaction mechanism usually underestimates the oxidation rate 
because heterogeneous reactions on fly ash play a more important role under low 
temperatures (between 100–300 °C) (L. Zhang et al., 2016). Specific surface area, loss on 
ignition (LOI) and average particle size are correlated positively with both the Hg(0) 
oxidation and the Hg(II) adsorption (Bhardwaj, Chen, & Vidic, 2009). 

During coal combustion, mercury starts to volatileze at temperatures below 200 °C, 
regardless of its form. Hg(0) is partially oxidized at low temperatures (35-95%). Since the 
temperature of coal combustion process is above 1000 °C, all mercury is released. The most 
stable form of Hg in the coal is attributed to silicate-bound Hg which released around 1100 
°C with respect to the thermal decomposition method (Gao et al., 2017). When Hg released, 
the only stable form above 600-700 °C is Hg(0) (Galbreath, Toman, Zygarlicke, & Pavlish, 
2000). Mercury oxidation in boiler systems is kinetically controlled; chlorine, bromine and 
SO2 promote homogeneous oxidation reactions and are considered to be very important 
in mercury transformations (Pavlish et al., 2003). Other potential homogenous reaction 
pathways involve HCl, O2, NO2, NO, CO but are less important because of kinetic 
limitations (Galbreath & Zygarlicke, 2000; Hall, 1995; Hall et al., 1991; Niksa, Helble, & 
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Fujiwara, 2001; C. L. Senior et al., 2000). After mercury chlorination, the resulting HgCl2 
may remain in the flue gas or adsorb onto inorganic and carbonaceous ash particles 
entrained in the flue gas stream. The porous morphology and surface area of particles are 
dominant factors controlling HgCl2 adsorption (Krishnan, Gullett, & Jozewicz, 1997).  

Heterogeneous oxidation of Hg(0) is promoted by fly ash and sorbents (Pavlish et 
al., 2003). They accelerate the oxidation and contribute to the adsorption of Hg(II) onto 
fly ash or activated carbon to form PBM (Hall et al., 1991; Pavlish et al., 2003). Mercury 
sorption by fly ash can occur via physical adsorption, chemisorption, chemical reaction, or 
a combination of these processes (Galbreath et al., 2000). It is necessary to consider how 
both the properties of solid surfaces and the composition of the flue gas together affect the 
oxidation and capture of mercury. Many studies have been performed to evaluate mercury 
adsorption properties of actual and simulated fly ashes, activated carbons (including iodine-
, sulphur-, and other impregnated carbon), various mineral compounds, and noble metals 
(Pavlish et al., 2003).  

The mercury adsorption capacity of the inorganic fraction is typically low (Hassett & 
Eylands, 1999), although certain fly ashes with low carbon content may still exhibit 
significant mercury capture. When the temperature of the flue gas decreases below 400 °C, 
the capture of mercury on fly ash is progressively increased (Ghorishi & Gullett, 1999; 
Gibb, Clarke, & Mehta, 2000) as well as by extending the effective contact time between 
flue gas and fly ash. Mercury capture is often but not always enhanced by high levels of 
unburned carbon (UBC) in the fly ash (high LOI) (Abad-Valle, Lopez-Anton, Diaz-
Somoano, & Martinez-Tarazona, 2011; Bhardwaj et al., 2009; Hower et al., 2005; S. Li et 
al., 2007; López-Antón, Abad-Valle, Díaz-Somoano, Suárez-Ruiz, & Martínez-Tarazona, 
2009; Y. Lu, Rostam-Abadi, Chang, Richardson, & Paradis, 2007; Suárez-Ruiz & Parra, 
2007). Mercury tends to concentrate in the finer fly ash fractions for both low- and high-
rank coals (Hassett & Eylands, 1999). 

 Thermodynamic models for mercury speciation in coal combustion flue gas 

The modelling results predict that in conventional coal combustion systems at low 
temperature in the absence of chlorine, HgSO4(s) is the stable form of mercury. HgO(s) is 
the most stable form at low temperatures when HgSO4(s) is excluded from the modelling 
prediction. Temperatures stability for these solid phases ranges from 110 to 320 °C because 
of the effects of chlorine in the system. At higher temperatures, mercury is predicted to 
react with flue gases, producing three forms: HgCl2(g), HgO(g), and Hg(0)(g).  

 

Figure 1.5: Thermodynamic equilibrium calculation of Hg-species for burning coal; an 
example of Hg(0), HgCl2 and HgO proportion in flue gas at different temperatures (D. Lu 
et al., 2007).  
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Table 1.2: Equilibrium reactions (Frandsen, Dam-Johansen, & Rasmussen, 1994). 
 

Reaction  Temperature (°C) 

a) HgO(g) ↔ Hg(0)(g) + 2O2(g) 320**; 680*** 

b) HgCl2(g) + H2O(g) ↔ HgO(g) + 2HCl(g) 430*** 

c) HgSO4(s) ↔ HgO(g) + SO2(g) +
1

2
O2(g) 320 

d) HgO(s) ↔ HgO(g) 170**** 

e) HgSO4(s) + Cl2(g) ↔ HgCl2(g) + SO2(g) + O2(g) 110*** 

*Reactions proceed to the right at temperatures higher than, but to the left at temperatures 
lower than, the stated temperature. 
** In the absence of chlorine. 
*** In the presence of chlorine. 
**** HgSO4(s) not included in the model. 

HgCl2(g) is dominant in a chlorine-bearing flue gas below 430 °C (Figure 1.5, Table 
1.2). Hg(0)(g) and minor proportions of HgO(g) are predicted to coexist at higher 
temperatures; however, Hg(0)(g) is the only thermodynamically stable species above 750 
°C (Frandsen et al., 1994). According to the Yudovich and Ketris (2005) Hg(0) is the only 
stable species at T > 527 °C. HgO is an important intermediate form of oxidised Hg that 
arises in the temperature transition range (400–600 °C), before conversion to the final 
stable Hg products as HgSO4 or HgCl2 (C. L. Senior et al., 2000). As the temperatures 
decline to 140 °C, HgCl2 can condense on fly ash particles. In general the higher the chlorine 
content of the coal (and correspondingly, more HCl in the gases phase), the more mercury 
is captured by the fly ash. In oxidizing conditions at low temperatures, gaseous Hg-
halogenides are stable: HgCl2 (<427 °C), HgBr2 (327-527 °C). In reducing conditions, Hg(0) 
is a dominant species in the wide temperature range; only at ambient temperature can 
solid HgSe be a stable species (Yudovich & Ketris, 2005b).  

1.4.3 Removal technologies 

Some possible technical approaches exist to control mercury emissions, but no single best 
technology can be applied broadly. Mercury is captured as a co-benefit of existing PM, 
NOx, and SO2 controls, however, the degree of this co-benefit will vary significantly 
depending on the type of coal burnt and the specific control-technology configuration 
(Srivastava, Hutson, Martin, Princiotta, & Staudt, 2006). Plants that burn coal and emit 
mainly Hg(0) will face a more difficult challenge in achieving a high level of control at 
acceptable cost (Pavlish et al., 2003). Moreover, relative proportions of GOM, PBM and 
GEM can vary widely, and the corresponding decreases in total mercury achieved by APCD 
may also differ (Pavlish et al., 2003; Srivastava et al., 2006; S. X. Wang et al., 2010). 
Volatile Hg(0) is likely to be emitted in the flue gas. Examination of mercury speciation in 
flue gases showed that Hg existed as GOM and/or particulate PBM, depending on the flue 
gas conditions. Moreover, Hg is known to associate with fine particulate fly ash (Guo, 
Zheng, & Xu, 2004; Otero-Rey et al., 2003; Taerakul, Sun, Golightly, Walker, & Weavers, 
2006). 

There are some techniques to remove mercury where GOM and PBM are easy to 
capture through conventional air pollution control devices (APCDs), such as electrostatic 
precipitator (ESPs) or fabric filter (FF), selective catalytic reduction (SCR), wet flue gas 
desulfurization (WFGD) and other scrubbers (Figure 1.6). Depending on the approach 
used, APCDs can remove up to 90% of the mercury released during the combustion. But 
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usually, mercury removal is much lower than 90%. Therefore, the conversion of mercury 
forms from one to another is an important key for selecting the appropriate mercury 
removal technology. Many studies have been conducted to develop sorbent and techniques 
that can efficiently remove mercury in the gaseous phase (Pavlish et al., 2003). 

Hazardous trace elements tend to be adsorbed on PMs and subsequently captured by 
the ESP and FF with the decreasing flue gas temperature. Therefore, new ultra-low-
emission technology for coal-fired power plants was proposed and has been widely applied 
in China to satisfy the strict environmental regulations (C. Zheng et al., 2017). In some 
TPP, wet ESP (WESP) is installed downstream of the WFGD to capture ultrafine 
particulates and other pollutants. With the ultra-low-emission system, PM, NOx, and SO2 
emissions can be limited. Ultra-low-emission reformation has significant effects on trace 
element emission control (Y. Zhang et al., 2017; Zhao et al., 2016). 

 

Figure 1.6: Mercury transformation and removal across typically APCDs in coal-fired 
power plants (L. Zhang et al., 2016). 

 Selective catalytic reduction  

SCR catalysts are used to decrease NOx concentration in flue gas. The catalyst is typically 
made of vanadium pentoxide (V2O5)/tungsten trioxide (WO3) supported on titanium 
dioxide (TiO2). NOx is reduced by NH3, which is injected upstream of the SCR catalyst 
bed (Monterroso, Argyle, & Fan, 2011). SCRs also increase the amount of oxidised mercury 
downstream. Since scrubbers capture more oxidised mercury, the combination of these flue 
gas controls may efficiently capture a significant amount of mercury (Blythe, 2003). 
Increasing the NH3 concentration reduces the extent of mercury oxidation and appears to 
deactivate the catalyst (Benson, Laumb, Crocker, & Pavlish, 2005). Typically operation 
temperature in the SCR is 300–400 °C (L. Zhang et al., 2016). 

The efficiency of SCR for oxidising mercury has also been tested for different flue gas 
conditions and coal types (Blythe, 2003; Laudal et al., 2000). Field tests in coal-fired power 
plants showed an average Hg(0) oxidation rate of 71% with a range of 34–85% (J. Chen et 
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al., 2008; L. Zhang et al., 2013). SCR catalysts are capable of enhancing the reaction 
kinetics of mercury oxidation, especially when HCl is present (Presto & Granite, 2006). 
Atomic chlorine is also responsible for Hg(0) oxidisation inside SCR (C. W. Lee, Srivastava, 
Ghorishi, Hastings, & Stevens, 2003). The extent of mercury oxidation decreased when the 
NH3/NO ratio increased, and it also decreased when the HCl concentration decreased 
(Presto & Granite, 2006; C. Senior, 2004). The ability to oxidise mercury is mainly 
dependent on the composition of the coal (Laudal, 2002). Under certain conditions, SCRs 
can promote the oxidation of Hg(0) to Hg(II), e.g., for bituminous coals but not for sub-
bituminous coals; unfortunately, no data are available for lignite (Srivastava et al., 2006). 

 Electrostatic precipitator 

Most coal-fired power plants are equipped with dust-cleaning equipment such as ESP or 
FF where PBM can be removed along with fly ash particles. ESPs are devices that 
precipitate particles in a gas stream by inducing an electrostatic charge. The most 
commonly applied operation temperature is 150 °C (Noda & Makino, 2010).  

Over 99% of PBM is removed inside ESP (S. X. Wang et al., 2010). A small portion of 
Hg(II) can also be adsorbed onto fly ash and removed by ESP. The Hg(II) capture rate is 
determined by the UBC on fly ash (C. L. Senior & Johnson, 2005) as well as the surface 
property, size, porous structure, and mineral composition of fly ash affect the mercury 
capture rate of ESP as well (Y. Lu et al., 2007). When coal with high chlorine content is 
burned, more UBC is generated on fly ash and more Hg(II) and PBM are formed in the 
flue gas, which in turn increase the mercury capture rate inside ESP. Improvement of ESP 
for capturing fine particles (e.g., adding electric fields inside ESP) will also increase mercury 
removal efficiency (L. Zhang et al., 2016). Although it has a low operating costs capacity 
for mercury removal, it is limited because Hg is not generally adsorbed in the fly ash at 
combustion temperatures (Pavlish et al., 2003). 

 Wet flue gas desulphurization technology   

WFGD technology, which based on using limestone or lime as a reagent, is a wet 
scrubbing process and has been the FGD technology most frequently selected for sulphur 
dioxide (SO2) reduction from coal-fired utility boilers. The WFGD flue gas treatment 
system typically located after removal of PM from flue gas by a particulate removal system 
such as ESP. The cleaned gas discharges to the stack. This type of FGD system removes 
SO2 by scrubbing the flue gas with either limestone or lime (reagent) slurry (Sargent & 
Lundy, 2003). In Slovenia, WFGD system is used in the Šoštanj thermal power plant 
(Šoštanj TPP). A lot of studies have been done already to improve the desulphurization 
process in Šoštanj TPP (Frkal, n.d., 2013; Gerbec, Stergaršek, & Kocjančič, 1995; 
Stergaršek et al., 2008; Stergaršek, Kocjančič, & Gerbec, 1996).  

Flue gases in an absorber pass the flue gas stream through a limestone or lime slurry 
spray. In a typical absorber design, the gas flows upward through the absorber to the spray 
liquor flowing downward through the absorber. The slurry is normally pumped through 
banks of spray nozzles to atomise it to fine droplets and uniformly contact the gas. The 
droplets absorb SO2 from the gas, facilitating the reaction of the SO2 with a reagent in the 
slurry. Hydrogen chloride and other acid gases present in the flue gas are also absorbed 
and neutralised with a reagent, causing an accumulation of ions in the process liquid. Some 
of the water in the spray droplets evaporates, cooling the gas at the inlet from 
approximately 149 C to 52–54 C, and saturating the flue gas with water. The desulfurised 
flue gas passes through mist eliminators to remove entrained droplets before the flue gas 
goes to the stack. The slurry is collected in the bottom of the absorber in a reaction tank 
(BREFs, 2006; Srivastava, 2002).  
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Limestone or lime consumed in the process is replenished by adding fresh limestone or 
lime slurry to the reaction tank. In the limestone with forced oxidation (LSFO) process, 
the slurry is also aerated in the reaction tank to oxidise calcium sulphite hemihydrate 
(CaSO3∙0.5H2O) to calcium sulphate dihydrate (CaSO4∙2H2O), or gypsum, which 
precipitates as follows (Sargent & Lundy, 2003): 

 SO2(g) + CaCO3(s) + 0.5O2(g) + 2H2O(l) = CaSO4 · 2H2O(s) + CO2(g) 1.1 

The oxidised slurry is then recirculated to the spray headers. A portion of the slurry is 
withdrawn to remove the precipitated gypsum. Typically, this slurry is dewatered in a two-
stage process involving a hydrocyclone and vacuum filter system to produce a gypsum cake 
for disposal or sale. Water removed from the gypsum slurry is returned to the process. A 
portion of this water is removed from the system as wastewater to limit the accumulation 
of corrosive chloride salts in the process liquid (U.S. EPA, 2003). 

1.4.4  Mercury in wet flue gas desulphurization system  

 Retention of mercury in the scrubber 

WFGD is important in the co-benefit mercury control technologies in coal-fired power 
plants. Its primary purpose is for SO2 control but also acts as a precursor to acid deposition 
and aerosol formation (Brimblecombe, 2005). Additionally, Hg(II) is removed there as well. 
Hg could be partitioned between the solid (gypsum, unconsumed limestone, insoluble 
constituents of limestone and solids washed out of the flue gas) and aqueous phases, and 
show the affinity for retention in the fine fractions. A portion of the captured Hg(I, II)(l) 
species in the scrubbing liquor reacts with other species and functions as the precursor of 
Hg(0)(g) re-emissions. Another portion is relatively stable, and it retains in the grained 
fraction of gypsum as Hg(I, II)(s) precipitation. The left portion remained in the aqueous 
phase and recirculated through the system. The particle size and porosity of gypsum are 
critical in partitioning Hg between phases. Thermal and dissolution stability can vary 
between Hg compounds and other species present in the gypsum. Knowledge about the 
conditions and interactions of Hg with ligands, metals, and particles present in WFGD 
slurry is essential to predict the possible Hg species present in the gypsum. 

The average Hg(II) removal efficiency of WFGD is 64% ranging from 56 to 99% (L. 
Chen et al., 2007; J.-H. Kim, Pudasainee, Yoon, Son, & Seo, 2010; S. J. Lee et al., 2006; 
Stergaršek et al., 2008; S. X. Wang et al., 2010). Hg(0) due to poor solubility in water 
passes through WFGD without being captured (Chang & Zhao, 2008). In principle, PBM 
does not contribute to any water-phase mercury species. When PBM entrained in the flue 
gas enters the WFGD, it is transferred from the gas phase into the scrubber liquor and 
subsequently removed from the WFGD. On the other hand, GOM is absorbed by the 
scrubber liquor to form various hydrated ionic mercury salts. The overall mercury removal 
efficiency of WFGD is on average 45% with a range of 10–85% (L. Chen et al., 2007; Ito, 
Yokoyama, & Asakura, 2006; J.-H. Kim et al., 2010; S. J. Lee et al., 2006; Meij & te 
Winkel, 2006; Srivastava et al., 2006; S. X. Wang et al., 2010; Yokoyama, Asakura, 
Matsuda, Ito, & Noda, 2000). 

The applications of high-chlorine coal, SCR and halogen addition can increase the 
Hg(II) proportion in flue gas before WFGD, and therefore enhance the overall mercury 
capture efficiency of WFGD. Also, the addition of metals such as Fe favour Hg oxidation. 
Consequently, the optimised strategy for WFGD is to stabilise the Hg(II) in the WFGD 
slurry to prevent mercury re-volatilisation.  



20  Chapter 1. Introduction 

 Mercury oxidation/reduction processes  

In general Hg(II) may follow one of the three pathways in WFGD systems: 
 It may react with other species (e.g., SO3

2-, HSO3
-) to form Hg(0) which is then re-

emitted from the scrubber (Chang & Ghorishi, 2003); 
 It may be retained in the sludge and recirculated through the system, and therefore 

high concentrations of mercury may accumulate (Córdoba et al., 2011); 
 Alternatively, it may be captured in the grained fraction of solid by-products or 

gypsum and disposed of to the landfill sites (e.g., with additives added for better 
retention).  

Chemical reduction of the dissolved Hg(II) reduces total mercury removal efficiency in 
WFGD due to re-volatilisation of Hg(0) (Chang & Ghorishi, 2003; Ochoa-González, Díaz-
Somoano, & Rosa Martínez-Tarazona, 2013; Wo et al., 2009). Flue gas and slurry 
composition, operating temperature, limestone injection rate, and slurry pH, the oxidation-
reduction potential (ORP) are the key factors affecting the re-volatilization of Hg(0) 
(Acuña-Caro, Brechtel, Scheffknecht, & Braß, 2009; Cheng et al., 2009; Dί az-Somoano, 
Unterberger, & Hein, 2007; Heidel, Rogge, & Scheffknecht, 2016; Ochoa-González, Díaz-
Somoano, & Rosa Martínez-Tarazona, 2013; Shuetze, Kunth, Weissbach, & Koeser, 2012; 
Van Loon, Mader, & Scott, 2000).  

However, excess concentrations of SO3
2– would promote the formation of stable 

mercuric-sulphite complex Hg(SO3)2
2–, which prevents re-emission of Hg(0) (Blythe, Currie, 

DeBerry, & Miller, 2008). It has been established that if Cl– is present, Hg(II) will form 
mercury chloride complexes, inhibiting the reduction of Hg by sulphite (Heidel et al., 2016). 
Stable Hg-halogenated complexes form in the presence of excessive concentration either of 
Cl- or Br- ions (Blythe, DeBerry, Marsh, Paradis, & Range, 2004). One simplified aqueous 
phase equilibrium involving halide ions (X-; such as Cl- and Br-) as in the following 
equation: 

 [Hg2+]aq↔ [HgX
+]aq↔ [HgX2]aq↔[HgX4

2−]aq 1.2 

Additionally, the existence of Hg(0) and the SO2 complex was observed, and it is 
predicted that this complex should have three orders of magnitude higher solubility in 
water than Hg(0) (Van Loon et al., 2000).  

 Influence of additives 

Addition of various FGD oxidation additives, e.g., aluminium sulphates might oxidise 
Hg(0) and prevent reduction of Hg(I, II) in the slurry solution (Ochoa González, Díaz-
Somoano, López Antón, & Martínez-Tarazona, 2012). Fenton additives (FeCl3 and 
Fe(SO4)3 (Y. Liu et al., 2015; D. Lu et al., 2007) act together with H2O2 as a catalyst in 
WFGD scrubber and show an increase in mercury retention in the solid by-products by 
formation of HgSO4 which might decompose into HgO(s) or exists in solution as HgCl2 
(Ochoa-González, Díaz-Somoano, & Rosa Martínez-Tarazona, 2013). Other catalysts could 
be added such as Fe, Mn and Cu (Stergaršek, Horvat, Frkal, Ribeiro Guevara, & Kocjančič, 
2013; Stergaršek, Horvat, Frkal, & Stergaršek, 2010).  

Among various techniques employed to remove aqueous Hg(II), the 
chelation/precipitation is widely applied owing to its convenience and high efficiency. In 
general, scrubber additives collect ˝soluble ionic mercury˝. The resulting Hg-containing 
complex ion prevents Hg(I, II) reduction to Hg(0). Commonly used chelating agents are 
TMT (2,4,6-trimercaptotriazine, trisodium salt monohydrate Na3S3C3N3·9H2O), 
thiosulfate ions (S2O3

2-), NaHS, Na2S, Na2S4, sodium dithiocarbamate (DTCR) (Blythe et 
al., 2008; Ochoa-González, Díaz-Somoano, & Rosa Martínez-Tarazona, 2013; Sun et al., 
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2015; T. Tang, Xu, Lu, Wo, & Xu, 2010; Q. Wang, Liu, & Wu, 2018). Insoluble Hg species 
(e.g., HgS, Hg3(TMT)2, Hg(DCTR)2) may precipitate onto the gypsum (see Figure 1.7). 
However, the addition of an elevated amount of additives may decrease the thermal 
stability of Hg compounds (Q. Wang et al., 2018). 

 

Figure 1.7: Schematic mechanism of main reaction pathways of Hg(II) reduction and 
absorption in desulfurization solutions (Sun et al., 2015) including the role of various slurry 
additives. 

1.4.5 Šoštanj thermal power plant 

In the present study, Šoštanj TPP was studied. It consists six power blocks, with a 
combined power of 1304 MW. It uses lignite as a fuel, from a local mine, with a heating 
value of 9.5 MJ kg-1 and with a consumption rate between 3.5 and 4.2 million tons per 
year. Šoštanj TPP has installed 3 WFGD units for SO2 removal; the first covering blocks 
1 to 4 while the other two are installed separately in block 5 and 6. All WFGD units using 
the wet limestone process with forced oxidation (Official technical information, 2016). Also, 
it is equipped with SCR DeNOx systems for controlling nitrogen oxide emissions (NOx) 
from combustion sources and ESP to eliminate particles.  

The effect of the WFGD system on Hg accumulation was observed. The retention 
efficiency of total Hg in the WFGD is as high as 89%; 99% for GOM, 98% for PBM and 
76% for GEM (Stergaršek et al., 2008). Gypsum slurry and gypsum afterwards are very 
important in accumulating of Hg, especially in a fine fraction. For example, 12% of total 
gypsum mass contains 62% of its Hg bound to small particles (Stergaršek et al., 2008). 
Moreover, the results reported in the study of Sedlar et al. (2015) show that the majority 
of Hg is retained in the slow-settling, the fine particulate phase of the WFGD, with 
concentrations exceeding values of 10 mg∙kg−1 of Hg (Sedlar, Pavlin, Jaćimović, et al., 
2015).  

Study of Stergaršek et al. (2010, 2013) showed that the complex chemistry in WFGD 
solution could be modified in so that dissolved Hg(0) is oxidized by air introduced for the 
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oxidation of S(IV) to S(VI) compounds. Oxidation is enhanced by catalytic reactions with 
transition metals like Fe and Mn, which, when combined, show a positive synergistic effect. 
It seems that the radicals involved in the chain reactions of autoxidation of S(IV) are also 
responsible for the oxidation of Hg(0). In slurry solutions manganese is more soluble than 
iron at the pH values that are typically encountered in the FGD process, i.e., pH = 4–6, 
usually close to 5.6. The catalysts such as iron and manganese could precipitate. The 
reddish precipitate of Fe(hydro)oxides accumulate on the equipment walls with time, and 
the black precipitates of MnO2 occasionally occur when the oxygen supply was too high. 

The formation of Hg(II) complexes with ligands like Cl−, HSO3
-, HSO4

-, HCO3
-, OH- and 

many others is very important. The formation of Hg(I) seems to be involved as well and 
could play an important role in the elimination of insoluble compounds from the solution, 
shifting the equilibrium and enhancing the retention of mercury in wet FGD. The schematic 
chemical model which includes the conclusions derived from experimental results and 
published chemical mechanisms is proposed in Figure 1.8 (Stergaršek et al., 2013, 2010). 

 

Figure 1.8: A schematic chemical model of catalytic oxidation of Hg(0) with air in wet 
FGD (Stergaršek et al., 2013). 
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1.5 Characterization of Mercury Compounds in Solid 
Samples 

Measurements of total mercury concentrations in different solid samples are not enough. 
This information does not provide any information about mercury species present in the 
solid sample. The identification and quantification of different chemical species are 
necessary to determine mercury toxicity, bioaccumulation, emission control, and 
atmospheric fate and transport, due to the physical, chemical, and biological properties. 
The analytical measurement (the final steps of the analytical procedure) typically receives 
the greatest attention, although the first steps of analysis including sampling, sample 
storage and sample preparation are the most problematic ones. The main problem is to 
maintain the original distribution of species (speciation) through all the steps until the 
final step of determination and quantitation. Therefore, the best sample preparation for 
speciation analysis is no preparation at all. 

Before starting to describe the appropriate sampling procedure and methods for 
determination of mercury in solid environmental samples and industrial by-products, it is 
important to define some terms in analytical chemistry (Templeton et al., 2000): 

 SPECIATION is a distribution of an element amongst defined chemical 
species in a system. 

 CHEMICAL SPECIES OF AN ELEMENT are a specific form of an 
element defined as to isotopic composition, electronic or oxidation state, and 
complex or molecular structure. 

 CHEMICAL SPECIES is an ensemble of chemically identical molecular 
entities that can explore the same set of molecular energy levels on the time 
scale of the experiment. The term is applied equally to a set of chemically 
identical atomic or molecular structural units in a solid array.  

 FRACTIONATION OF ANALYTES is a process of classification of an 
analyte or a group of analytes from a sample according to physical (e.g., size, 
solubility) or chemical (e.g., bonding, reactivity) properties. 

Mercury emissions appear from various stationary combustion sources such as coal-fired 
power plants, oil-fired power plants, industrial utility oil boilers, iron manufacturing plants, 
municipal waste incinerators, and other Hg emitors. In coal-fired plants, different mercury 
forms (GEM, GOM and PBM) are partly or mostly removed by APCDs. Then, it is 
quantified by collecting and analysing gaseous, solid and liquid samples, such as fuel (coal), 
fly ash from the hopper, bottom ash, gypsum, lime or limestone, and effluents.  

Different analytical techniques become available to contribute a better understanding 
of mercury chemistry in different systems. Some of the methods are very sensitive, with 
special analytical equipment and contamination-free methods. All these improvements 
allow the determination of total mercury as well as mercury species to be formed in water, 
sediments, soils, and biota. 

1.5.1 Analytical methods for mercury speciation/fractionation in solid 
samples  

The speciation and the way how the different species interact with the solid matrix cause 
changes in solubility, toxicity and bioavailability of the metal (Biester, Müller, & Schöler, 
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2002). Based on their properties, Hg species classify into volatile compounds, reactive and 
non-reactive species. Reactive species are the most challenging group, corresponding to the 
bioavailable and toxic chemical forms, in contrast with the non-reactive species group. 
Determination of a total mercury concentration is insufficient for understanding the 
biogeochemical cycle of the metal and for establishing an appropriate remediation method. 
(Issaro et al., 2009).  

The study of mercury speciation/fractionation can be used to predict and explain the 
behaviour of mercury in soil. Several approaches such as sequential extraction procedures 
(SEP), temperature programmed desorption (TPD; pyrolysis, thermal desorption 
methodology), X-ray absorption spectroscopy (XAS), as well as nuclear magnetic resonance 
(NMR), electron paramagnetic resonance (EPR) and XPS (X-ray photoelectron 
spectroscopy or electron spectroscopy for chemical analysis (ESCA)), have been used to 
study mercury speciation in soil (Biester, Gosar, & Müller, 1999; Delnomdedieu, Boudou, 
Georgescauld, & Dufourc, 1992; C. S. Kim et al., 2000; E.-A. Kim, Seyfferth, Fendorf, & 
Luthy, 2011; Laumb, Benson, & Olson, 2004; Piskunov, Aivaz’yan, Cherkasov, & 
Abakumov, 2006; Jianxu Wang et al., 2011). Among these methods, sequential extraction 
procedure (SEP), TPD, and XAS are most frequently used in mercury speciation analysis 
and are briefly described in the following sections.  

 X-ray absorption spectroscopy 

Synchrotron radiation-based X-ray absorption spectroscopy (XAS) has been shown to 
provide direct, in situ information on heavy metal speciation (Huggins & Huffman, 1996). 
The method is suitable for determining Hg in different contaminant samples such as ore, 
slag, soil from Hg mines, mine tailings, mine waste and chloro-alkali plants to identify 
multiple mercury phases in a heterogeneous sample (e.g., HgS, HgSO4, HgO, HgCl2). This 
method is also applicable for studying Hg accumulation and processes in the plants (Kodre 
et al., 2017). The technique is non-destructive, element-specific, relatively sensitive at lower 
concentrations, and requires minimal sample preparation, thus allowing the analysis of 
samples in conditions similar to those observed in their natural state (C. S. Kim et al., 
2000).  
The principle of operation: XAS data is obtained by tuning the photon energy using a 
crystalline monochromator to a range where core electrons can be excited (0.1–100 keV 
photon energy). The generation of photoelectrons induces specific electronic scattering 
interactions between the central absorbing atom and neighbouring atoms (Brown & Parks, 
1989). The incident X-ray energy at that point corresponds to the absorption edge of the 
element for a given electron shell (K, LIII), while the electron scattering interactions result 
in the X-ray absorption near-edge structure (XANES) and the extended X-ray absorption 
fine structure (EXAFS) regions (C. S. Kim et al., 2000). EXAFS yields information about 
the interatomic distances, near neighbour coordination numbers, and lattice dynamics. 
XANES gives information about the valence state, energy bandwidth and bond angles 
(Alp, Mini, & Ramanathan, 1990). 

Disadvantages: However, this technique has some drawbacks; it is expensive and 
requires samples with Hg concentration higher than 100 mg kg-1. The sensitivity improves 
by pre-separation and pre-concentration of Hg (Huggins & Huffman, 1996). Specific Hg 
species must be in the XANES spectral database for correct identification, and quantitative 
accuracy of the proportions of individual species present may vary by ±15%, making 
identification of minor phases difficult. Sample weigh is also limited to 200 mg and must 
be homogenised (Sladek, Gustin, Kim, & Biester, 2002). EXAFS is based on mathematical 
modelling of local atom environment, with average ±10% accuracy of identification of the 
first shell neighbouring atoms and interatomic distances (Kodre et al., 2017). 
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 Sequential extraction methods 

The analysis of Hg species in soil or sediment can be accomplished by the using of sequential 
extraction procedure (SEP) (Bloom & Preus, 2003; Fernández-Martínez & Rucandio, 2003; 
Han et al., 2003; Kocman, Horvat, & Kotnik, 2004; Revis, Osborne, Holdsworth, & Hadden, 
1989; H. Sakamoto, Tomiyasu, & Yonehara, 1992). Extraction procedures are used to 
subdivide the Hg content of solid samples into several operational defined groups of more 
or less soluble species (Rubio & Rauret, 1996). The chemical speciation/fractionation 
method may involve several steps; extraction, derivatization, purification, and final 
analysis. A comprehensive review of the different procedures available for Hg speciation is 
provided by Issaro et al. (Issaro et al., 2009).  

The fractions extracted early in the process are most weakly bound to the solid phase 
and have a higher potential for mobility and toxicity. The use of the remaining soil matrix 
for the next step may influence further steps of chemical extraction since substrate 
composition may alter. In most of these procedures, the different fractions are defined as 
the following (Issaro et al., 2009): 

• The exchangeable fraction means the mobile and bioavailable parts; 
• The acid soluble or carbonate associated fraction means the metals precipitated or 

co-precipitated with carbonate constituent; 
• The fraction bound to metal oxides such as Fe, Al, and Mn oxide, which can trap 

the metals. These oxide compounds are thermodynamically unstable in anoxic 
conditions induced by the decreasing of redox potential; 

• The organic fraction means the part of Hg bound to organic matter; 
• The residual fraction means the part of Hg bound to the elements that cannot be 

extracted by the previous reagents. 
As seen above, typical techniques for Hg speciation comprise numerous steps with one 

or more reagents as extractants, resulting in complex, time-consuming processes with poor 
reproducibility, lack of selectivity, and non-specificity. Re-adsorption, background 
contamination or procedural losses of the volatile mercury species have also been observed 
as problems associated with Hg sequential extraction procedures (Bacon & Davidson, 2008; 
Reis, Rodrigues, Davidson, Pereira, & Duarte, 2010). It has to be emphasised that a 
limitation of these procedures is the lack of validation and reference materials for checking 
the performance both of method and the laboratory (Bacon & Davidson, 2008). If the 
environmental mobility of Hg in a substrate is the most crucial information needed, SEP 
or similar extraction methods should be applied. Data obtained provide insight as to 
whether Hg is in a stable form (such as HgS) or in a soluble form (e.g., HgCl2). 

 Temperature programmed desorption/decomposition method 

 
Temperature programmed desorption/decomposition (TPD) method for Hg studies is 
based on the thermal decomposition/desorption of Hg(0) and Hg-compounds from solids 
at different temperatures and continuous determination of the released volatile Hg. 
According to the definition of "speciation analysis" by IUPAC, thermal programmed 
desorption analysis is not a method for speciation analysis but a fractionation technique 
because it cannot differentiate between distinct species but can only separate more volatile 
fractions from less volatile fractions. 

Sequential leaching procedures used for the determination of inorganic Hg-compounds 
often suffer from insufficient selectivity to distinguish Hg-binding forms and from poor 
reproducibility of the results. Therefore, TPD method such as solid phase Hg-pyrolysis, 
have been applied to start specifying and quantifying Hg-binding forms in soils and 
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sediments (Azzaria & Aftabi, 1991; Bombach, Bombach, & Klemm, 1994; Windmöller, 
Wilken, & Jardim, 1996). The method is simple, usually without sample preparation, cheap 
and relatively fast for identification of Hg species in the solid matrix, and represents an 
alternative to chemical extraction. However, sampling and sample manipulation influence 
the final results. In the last decades TPD method has been widely applied to identify the 
mercury compounds (e.g., Hg-halogenides, HgSO4, Hg2SO4, HgO and HgS) in a variety of 
solid samples, such as silica, coal, fly ash, gypsum, contaminated soil, sediments, fluorescent 
lamps, charcoal and iron-based sorbents (Biester & Scholz, 1997; Coufalík, Pavel, Marek, 
& Josef, 2012; Feng et al., 2004; Hojdová, Navrátil, Rohovec, Pen’ižek, & Grygar, 2009; X. 
Liu et al., 2013; Lopez-Anton, Yuan, Perry, & Maroto-Valer, 2010; Luo, Yao, Xu, Gupta, 
& Xu, 2011; Mashyanov et al., 2017; Milobowski, Amrhein, Kudlac, & Yurchhison, 2001; 
Ozaki, Uddin, Sasaoka, & Wu, 2008; Rallo, Lopez-Anton, Perry, & Maroto-Valer, 2010; 
Raposo, Windmöller, & Durão Júnior, 2003; Sedlar et al., 2015; Shuvaeva, Gustaytis, & 
Anoshin, 2008; Windmöller et al., 1996).  

The principle of operation: TPD approach for determining mercury speciation in solid 
samples is basically a transpiration method (Kubaschewski, Alcock, & Evans, 1967). 
Usually, an atomic absorption spectrometer (AAS) or atomic fluorescence spectrometer 
(AFS) is used as the detector (Biester & Scholz, 1997; Raposo et al., 2003; Windmöller et 
al., 1996). Two different approaches are commonly in use to perform TPD fractionation: 

 Typically, self-constructed apparatus is used consisting of sample vessel located 
within an electric furnace that is directly connected to a heated quartz cell 
(Figure 1.9). 

 

Figure 1.9: An example of the experimental set-up for temperature programmed desorption 
approach (Sedlar, 2014). 

Samples are heated up continuously at a constant rate with a constant gas flow 
(e.g., Ar, N2, air). All released Hg-compounds were transformed to Hg(0) by 
thermal reduction when passing through a heated quartz tube/pyrolytic cell 
(e.g., 800 °C) and detected by AAS using continuous detection mode with 
background correction (Zeeman or D2-background correction). In our previous 
studies, we used Lumex RA-915 + PYRO-915, and detail description of the 
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method is given elsewhere (Sedlar et al., 2015; Sedlar, Pavlin, Popovič, & 
Horvat, 2015). 

 An alternative method for mercury fractionation by thermo-desorption consists 
of the use of direct mercury analysers (DMA), such as the AMA-254 (LECO) 
or DMA-80 (Milestone, Figure 1.10), by merely adjusting combustion 
temperature and the heating program (Reis et al., 2015; Saniewska & 
Bełdowska, 2017). Measuring is not continuous, but several steps are needed to 
obtain complete Hg releasing profile in one sample. DMA appear to be more 
advantageous, as they already use thermal-decomposition for total mercury 
quantification, are easy to use by the non-expert analyst and, since the 
equipment is automated and commercially available, operational conditions are 
standardised and results obtained by different laboratories can be compared. 
However, DMA-80 is a commonly used instrument for determination of total 
Hg concentration.  

 

Figure 1.10: DMA-80 is based on the principles of samples thermal decomposition, 
consolidated mercury and detection of atomic absorption. 

Identification of mercury species: Different mercury species are released at different 
temperature ranges (Koksoy, Bradshaw, & Tooms, 1967) as a consequence of different 
vapour pressures (Milobowski et al., 2001). During the analysis, heating is responsible for 
breaking the bonds of Hg present in the matrix, causing a successive release of the metal 
in its elemental form (Biester, 1994). The details of the related physical and chemical 
processes are still unknown. Since the AAS method detects only Hg(0), it means that Hg(I) 
and Hg(II) have to be reduced to Hg(0) during the release process (Windmöller et al., 
1996). Investigations of Hg compounds in various solid samples are of great interest: 

- to understand temperature stability of Hg in solid substrates/wastes;  
- to define Hg fractions released during controlled heating as proxies for the 

identification of Hg compounds present in solid substrates.  

In addition to melting/boiling points, the decomposition and sublimation temperatures 
for some mercury compounds are provided in Table 1.3. The data represent an overview 
of different (thermodynamic) studies. Hg(0) release at lower temperature, while Hg(I, II) 
show peak(s) at higher temperature(s). Moreover, the release temperature of different Hg-
species may overlap with each other. Different Hg-species could have more than one peak 
as observed in our previous work of Sedlar et al. (Sedlar et al., 2015) and in other studies 
(Lopez-Anton et al., 2010; Rallo et al., 2010). Step decomposition of Hg-compounds is 
suggested in those cases. The data provided in Table 1.3 mostly represent the Hg releasing 
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temperature of pure Hg compounds. However, sample matrix affects on releasing of Hg and 
resulting TPD spectra of the same Hg species differ in various substrates. Evaporation of 
heated mercuric species was induced by the physical and chemical characteristics of the 
solid matrices. 

Table 1.3: Hg species commonly found in gypsum according to the literature.  

Mercury species  Temperature of 

decomposition/sublimation (°C) 

Reference  

Hg(0) 

 pv = 2.7·10-3 mBar 

-39  

<80  

<150  

(Lide, 2009) 

(Watling, Davis, & Meyer, 

1972) 

(Bombach et al., 1994) 

Hg2Cl2 

pv = 1·10-7 mBar 

383– sublimation  

170  

(Lide, 2009) 

(Watling et al., 1972) 

HgCl2 

pv = 1.6·10-4 mBar 

276  

277 – melting point, 

304 – boiling point  

<250  

220  

(Lide, 2009) 

(W. H. Schroeder & Munthe, 

1998) 

(Koksoy et al., 1967) 

(Watling et al., 1972) 

HgS 

pv = too low 

344 – transforms to black HgS  

584 – sublimation  

 

300  

280-400  

210-340  

400  

265-345  

(Lide, 2009) 

(W. H. Schroeder & Munthe, 

1998) 

(Watling et al., 1972) 

Biester, 1994 

(Koksoy et al., 1967) 

(Bombach et al., 1994) 

(Leckey & Nulf, 1994) 

HgO(red)/HgO(yellow) 

pv = 3.2·10-12 mBar 

500– decomposition  

 

270-535  

160-495  

(W. H. Schroeder & Munthe, 

1998) 

(Koksoy et al., 1967) 

(Watling et al., 1972) 

HgSO4 450 °C decomposition  

500 °C decomposition  

(Lide, 2009) 

(Tariq & Hill, 1981) 

Hg2SO4 335 – 500– decomposition  (Tariq & Hill, 1981) 
*Pv obtained by (Lindquist et al., 1991) 

Methodological problems: Stability of mercury compounds refers to the temperature 
at which the Hg signal attains its maximum (peak temperature). In general, this approach 
based on the mathematical treatment (peak fit) of the different mercury standards TPD 
spectra (curves, thermograms) and the spectra of actual (authentic) samples. There is no 
direct correlation between the physicochemical properties of the pure mercury compounds, 
i.e., melting and sublimation point and vapour pressure (Table 1.3), with the temperature 
range in which they release from the solid matrices reported in the literature (Windmöller 
et al., 1996). There are, however, several reasons why the TPD method should be used 
with the greatest care, as follows: 

1. Standards are typically prepared by dry mixing pure mercury compounds with the 
matrix (substrate), for example, CaSO4·2H2O, where adsorption on the surface of 
the crystals takes place. In case of WFGD gypsum, Hg compounds can be present 
within the crystal bulk because they exist in the solution as the crystals formed. 
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Additionally, WFGD gypsum slurry contains several other types of particulate 
matter that varies in adsorption affinity (particles coming into the system via fly 
ash and through the addition of limestone, e.g., Fe oxides), so it is reasonable to 
expect that neither the same peak temperature nor the same peak forms in both 
cases. 

2. The sample matrix and its particle size distribution, the heating ramp, type of the 
carrier gas, flow rate velocity of the carrier gas, the weight of the sample, sampling 
procedure and analysis (sampling) time affect the release of Hg by shifting the peak 
toward lower or higher temperatures, and might change the peak intensity (Biester 
& Scholz, 1997; Feng et al., 2004; X. Liu et al., 2013; Lopez-Anton et al., 2010; Luo 
et al., 2011; Rallo et al., 2010; Raposo et al., 2003; Sedlar et al., 2015; Shuvaeva et 
al., 2008; Windmöller et al., 1996; Z. Zhu, Zhuo, Fan, & Wang, 2016). All these 
factors are responsible for the discrepancies observed in the measurement of Hg 
species among various laboratories, and unfortunately, as yet, no standardised 
method has been established for determining Hg speciation/fractionation in solid 
samples. Validation of the methods often performed by comparing the total 
mercury content indicating accuracy in the range of +- 20% (EVISA, 2017). 

3. Thermograms are suitable for qualitative determination of various mercury species 
whereas quantitative results for different Hg species are seldom reported. Different 
fractions are often qualitatively reported as "mobile," "semi-mobile" and "non-
mobile" rather than true species identification. In cases where quantitative results 
assign to different species, authors are very vague in describing which part of the 
thermogram was assigned to which species and how signal integration was 
performed (EVISA, 2017).  

 Temperature programmed desorption/decomposition method using a mass 

spectrometer  

The mass spectrometer (MS) is rarely applied to detect mercury and mercury compounds 
in different environmental samples (Ozaki et al., 2008; Sedlar, Pavlin, Popovič, & Horvat, 
2015; Uddin, Ozaki, Sasaoka, & Wu, 2009; Wu, Uddin, Nagano, Ozaki, & Sasaoka, 2011). 
In our recent study, we compared the desorption/decomposition temperatures and 
thermograms of various pure Hg-compounds and those mixed with SiO2 and CaSO4·2H2O 
by using either a mass spectrometer and AAS (Sedlar, 2014). Since MS could measure 
different volatile compounds at the same time, in theory we could predict the 
decomposition reactions that help in the identification of mercury compounds present in 
the solid samples.  

Theoretical background of TPD method: Basically, TPD is the method for observing 
desorbed molecules from a surface (measurement of the rate of desorption) when the surface 
temperature is increased. This technique is important for the determination of kinetic and 
thermodynamic parameters of desorption processes or decomposition reactions that place 
at the surface of solid materials (Rakić & Damjanović, 2013; S. L. M. Schroeder & 
Gottfried, 2002). Moreover, this method can be useful in the identification and 
characterization of sites active in adsorption and catalytic reactions, in the study of 
adsorption states, binding energies, and surface concentration. In general, the method is 
usually applied to the porous material and well-defined surfaces of single-crystalline 
samples (Rakić & Damjanović, 2013).  

Vaporization process: Mass spectrometric investigation of the vapour flux allows one to 
determine and monitor the vapour composition. The activation energies of vaporisation of 

https://en.wikipedia.org/wiki/Desorption
https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Surface_science
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each vaporising species can calculate the variation of the composition with temperature. 
The bulk properties of the vaporising crystal samples (pure compounds) should be well 
characterised by changes that may significantly influence the evaporation rate (Somorjai, 
1969). However, in the solid samples such as gypsum matrix, the study of mercury 
vaporisation is very complicated because interactions between mercury and substrate 
containing different species affect the final desorption profile (thermogram). The releasing 
behaviour of the Hg-species, as demonstrated by the thermograms, can be in part a 
consideration of the kinetics, the thermodynamics, and mechanisms of the vaporisation 
processes. These characteristics under non-equilibrium conditions are different from those 
in equilibrium, resulting in different volatilisation rates. Therefore, vaporisation behaviour, 
in non-equilibrium conditions, cannot be predicted from equilibrium measurements 
(Somorjai & Lester, 1967). It follows that the releasing temperature of various Hg-
compounds obtained by TPD method is not the same as literature data. For example, 
vapour pressure data suggests the following sequence: Hg(0)>HgCI2> Hg2C12>HgO>HgS, 
whereas the thermograms for Hg2CI2 released at a lower temperature than HgCI2 
(Windmöller et al., 1996).  

Adsorption/desorption process: Adsorption takes place when an attractive interaction 
between a particle and a surface is strong enough to overcome the disordering effect of 
thermal motion (S. L. M. Schroeder & Gottfried, 2002). There are two principal modes of 
adsorption of molecules on surfaces where the basis of distinction is the nature of the 
bonding between the molecule and the surface (Nix, 2013): 

• Physical Adsorption: the only bonding is by weak Van der Waals type forces 
(electrostatic interactions). There is no significant redistribution of electron 
density in either the molecule or at the substrate surface.  

• Chemisorption: a chemical bond, involving substantial rearrangement of 
electron density, is formed between the adsorbate and substrate. The nature of 
this bond may lie anywhere between the extremes of virtually complete ionic 
or complete covalent character.  

Desorption takes part as a result of thermal motion which kinetic energy is high enough 
to break the bond between the adsorbate and weak active sites. According to the desorption 
studies, the released (adsorption-desorption) peaks are denoted as weak, medium, strong 
and very strong. Apparently, the overlapping of desorption peaks that has its origin in the 
surface heterogeneity imposes the necessity to resolve the complex TPD curve and to assign 
particular desorption profiles to the sites of definite strength. Typically, the mathematical 
procedure of deconvolution is applied (Rakić & Damjanović, 2013). In the study of Sedlar 
et al. (Sedlar, 2014) it was observed that different substrates might significantly change 
the decomposition temperature and the peak shape for various investigated Hg-species. 
This is even more complicated in the actual samples such as gypsum. 

An adsorbed species present on a surface at low temperatures may remain almost 
indefinitely in that state. As the temperature of the substrate increases, however, there will 
come the point at which the thermal energy of the adsorbed species is such that one of the 
several things may occur (Nix, 2013):  

- a molecular species may decompose to yield either gas phase products or other 
surface species;  

- an atomic adsorbate may react with the substrate to yield a specific surface 
compound, or diffuse into the bulk of the underlying solid; 

- the species may desorb from the surface and return to the gas phase (desorption 
process).  

In the absence of decomposition, the desorbing species will be the same as that adsorbed 
initially, but this is not always the case.  
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The principle of operation of mass spectrometer: Quadrupole mass spectrometer 
(QMS) is typically used in the modern implementation of the TPD technique. The whole 
process is carried out under computer control with simultaneous monitoring of a vast 
number of possible by-products (volatile species of interest, decomposition fragments). 
Surface reactions and molecular adsorption on surfaces utilise temperature-programing to 
discriminate between processes with different activation parameters. The sample is heated 
in a controlled manner (a linear temperature ramp) while monitoring the evolution of 
species from the surface back into the gas phase. The set-up (Figure 1.11) is similar than 
in classic TPD method using AAS detection (see Subchapter 1.5.1.3), where the differences 
are in the detector and no need of carrier gas. In such experiments the data obtained 
consists of the intensity variation of each recorded mass fragment as a function of 
time/temperature. 

 

Figure 1.11: Experimental set-up using quadrupole mass spectrometer with electron 
ionization. 

1.6 Gypsum as a By-Product of Desulphurization Process 

Gypsum samples differ among the TPPs around the world. Their composition is dependent 
on the type of coal, APCDs and conditions in WFGD scrubber. Sampling and sample 
preparation are also important factors because the separation of gypsum slurry into fine 
and coarse part significantly differ in the final concentration of TMEs concerning bulk 
samples. In the present doctoral dissertation, different gypsum samples from Šoštanj and 
various Chinese TPP were studied. Differences in the composition can reflect in different 
mercury species present in the gypsum sample. Moreover, some elements such as Fe may 
change the releasing of Hg from the sample.  

In this chapter short explanations are provided regarding the formation of gypsum, 
typical composition and properties of gypsum, the sources and the presence of TMEs in 
the gypsum, literature data related to Hg accumulation in the presence of Fe-species 
(minerals) and finally the overview of the existing literature describing stability and 
identification of Hg in various gypsum samples. 

Since Hg is accumulated in the gypsum which is further reused or disposed as open 
stacks, Hg may be leaching by rain, resulting in the release to the sorrunding groundwater 
and soil and causing futher Hg pollution. Therefore, evaluating the Hg release for the reuse 
and disposal of gypsum is of environmental importance. 

1.6.1 General description 

Formation of gypsum: Gypsum is a major by-product of the WFGD forms when SO2 
reacts with CaCO3/Ca(OH)2. The removed (and newly formed) gypsum slurry is 
transferred to a dewatering process immediately after the slurry is out of the absorber. 
This process often uses one or two hydroclones. The hydroclones separate the gypsum 
solids from the water using centrifuges. The underflow from the first set of hydroclones 
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contains the gypsum solids and is transferred to vacuum dewatering belt. The vacuum 
dewatering belt then removes additional water from the gypsum, drying the gypsum to its 
desired moisture content. The central FGD slurry dewatering device is usually shared by 
multiple units in many power plants. In this case, the gypsum collected in the vacuum 
dewatering belt does not represent the real mercury content within a specific unit. Hence, 
the gypsum slurry is collected from the exit of each absorber, and the water is separated 
to obtain the desired gypsum sample (Sui et al., 2015). Operation conditions in FGD 
scrubber and species entering in the system influence the formation of Hg-compounds which 
are later retained in the gypsum. 

The composition of gypsum: In WFGD slurry, a solid fraction (gypsum) represents 
about 10-15% of slurry solution (Frkal, 2013; Kairies, Schroeder, & Cardone, 2006; 
Stergaršek et al., 2008). It is mostly composed of CaSO4·2H2O while minor amounts 
represent silica, alumina, iron oxide, and other minerals (Beatty, Schroeder, & Beatty, 
2012; Kairies et al., 2006; Sun et al., 2014). Gypsum slurry taken from the main scrubber 
settles in two layers, whereby the upper has a brownish colour, with much smaller particle 
size, and the bottom layer is white-grey, with larger particles. The fine fraction represents 
about 10% of the bulk gypsum (Frkal, 2013). Literature data suggest that the upper, 
brownish layer (slower-settling layer) contains much greater amounts of Hg and other 
(trace) elements, such as Al, Fe, Mg, Mn, Ti and Ba (Kairies et al., 2006; Stergaršek et al., 
2008).  

It is worth mentioning that the limestone slurry used in the desulphurisation technique 
acts as a scavenging system not only for sulphur but also for other high volatile elements 
such as F, Cl, Hg, As, Se and B present either in the gas emissions or condensed on the 
small particles escaping to the electrostatic precipitators (ESPs) (typically <1%) before 
entering in the FGD installation (Cheng et al., 2009; Ito et al., 2006; Meij & te Winkel, 
2007), and for other trace elements (Cd, Cr, Cu, Ni, Pb, Zn, Ba, Mo) enriched in these 
particles (Álvarez-Ayuso et al., 2006). Once captured, a certain proportion of the trace 
pollutants distributes into solid by-products (gypsum) and water streams (gypsum slurry 
water and filtered water)(Córdoba et al., 2011; Córdoba, Castro, Maroto-Valer, & Querol, 
2015). Low proportions release in a gaseous and PM form (Stergaršek et al., 2008).  

Hg and gypsum in China: A considerable amount of Hg is bound to the FGD gypsum. 
Hao et al. studied FGD gypsum samples from 70 coal-fired power plants in 20 Chinese 
provinces, and the results showed that the Hg concentrations in FGD gypsum ranged from 
not detectable to 4330 ± 620 μg kg-1 (Hao et al., 2016). It follows that providence in the 
northern part of China had lower average Hg concentration in FGD gypsum than in the 
middle or southern part where average concentrations are relatively high. Additionally, the 
correlation between Hg concentrations in FGD gypsum and Hg in the coal is hard to build 
by taking into account the APCDs and the regional information about the Hg 
concentration in coal (Hao et al., 2016). Since coal in China has variant and relatively high 
Hg content (Mukherjee et al., 2008; L. Zheng, Liu, & Chou, 2007) and considerably lower 
Cl content, which plays a significant role in promoting the oxidation of Hg(0) to Hg(II), 
results from previous studies for other countries can hardly be considered representative of 
China. 

Sources of elements: As already mentioned, significant sources of TMEs in the 
gypsum slurry are attributed to the flue gas with fly ash particles (Clarke & Sloss, 1992; 
Klein et al., 1975; Meij, 1994a; M. Xu et al., 2004) not retained in the particle control 
devices (Bunt & Waanders, 2010; Galbreath et al., 2000; López-Antón et al., 2011; Otero-
Rey et al., 2003; Pavlish et al., 2003) and limestone added to the WFGD system (Ochoa-
González et al., 2013; Beatty et al., 2012; Kairies et al., 2006; Liu et al., 2013; Shuetze et 
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al., 2012). Small particles pass through the ESP, reach the WFGD device and are retained 
there due to adsorption, co-precipitation or other chemical reactions (Stergaršek et al., 
2010, 2013). Limestone that is continuously added into scrubber contains elements such as 
Mg (as dolomite, CaMg(CO3)2), Si (quartz, SiO2), Fe, Mn, Al and other metals (Ochoa-
González, Díaz-Somoano, & Martínez-Tarazona, 2013). Although TMEs significantly 
accumulate in gypsum (Liu et al., 2013), a smaller amount is emitted to the atmosphere 
through the stack gas (Helble & Sarofirm, 1993; Otero-Rey et al., 2003). The control of 
emissions in the gaseous phase and small particulates is crucial. In power plants equipped 
with WFGD and WESP systems both emissions are reduced (C. Zheng et al., 2017).  

Applications: Gypsum is used in the production of wallboard (Beatty et al., 2012; 
Heebink & Hassett, 2005; Kairies et al., 2006; X. Liu et al., 2013; Milobowski et al., 2001), 
as a cement replacement in concrete/grout, structural fill, stability components for waste 
and soil, as a road base, mineral filler, concrete block, and blasting grit (Álvarez-Ayuso & 
Querol, 2007; Clark, Ritchey, & Baligar, 2001; Jinman Wang & Yang, 2017; Zhou, 
Zhongyang, Yanqun, & Mengxiang, 2013). It could be disposed of in a landfill. These 
materials are getting stabilised by mixing with fly ash and lime before disposed of in 
landfills, structural fills, or mines (American Coal Ash Association, 2009). The fate of 
mercury during the management of FGD gypsum in such scenarios is mainly dependent on 
its species. Therefore, the stability (and identification) of Hg and Hg-compounds needs to 
be controlled to avoid its release/leaching into the environment. According to the Slovenian 
Waste regulation, the maximum permitted concentration of mercury in solid waste is 20 
mg kg-1 and in liquid waste 0.05 mg L-1 (Uradni list 103/2011, 2011). 

1.6.2 Mercury in relation with other TMEs in the gypsum 

Fe, Al, K, Mg, Si, and S were the most common elements found in gypsum samples, 
indicating some of the minerals responsible for affecting the Hg-adsorption to iron oxides, 
iron hydroxide, phyllosilicate minerals (illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)], 
glauconite (K,Na)(Fe3+,Al,Mg)2(Si,Al)4O10(OH)2) and iron sulfides (Beatty et al., 2012; 
Kairies et al., 2006). These compounds are commonly present in the limestone that is 
introduced into a WFGD system (Beatty et al., 2012; Evans & Elmore, 2006). However, 
iron may be derived in the gypsum from both sources, from coal (as fine fly ash) and 
limestone (Gustin & Ladwig, 2010). In actual WFGD gypsum samples, a higher 
concentration of mercury was found to be present in the fractions enriched with iron 
(Beatty et al., 2012; Kairies et al., 2006). The literature indicates that some oxides and 
hydroxides (e.g., Fe, Al and Mn) may govern the adsorption process of Hg in solution 
(Inoue & Munemori, 1979; C. S. Kim, Rytuba, & Brown, 2004a, 2004b; Lockwood & Chen, 
1973; Stergaršek et al., 2013, 2010; Tiffreau, Lützenkirchen, & Behra, 1995). 

Leaching test proposes strong chemical adsorption rather than physical adsorption of 
Hg to the surface (Kairies et al., 2006). In the presence of Fe-compounds such as iron 
oxides and hydroxide, strong chemical adsorption could be possible in the gypsum (Beatty 
et al., 2012). A positive correlation between Fe (Al) and Hg was found in many studies 
(Beatty et al., 2012; Kairies et al., 2006; C. S. Kim et al., 2004b; Sun et al., 2014). It follows 
that in the iron-rich fine fraction of the FGD gypsum most of the PBM is retained (an 
average of (85 ± 15) %) (Kairies et al., 2006; Shuetze et al., 2012). Mercury may 
accumulate (adsorbed) also on precipitates of MnO2 or Fe(oxy)hydroxides that formed 
during the simulation experiments of WFGD scrubber (Stergaršek et al., 2010, 2013). In 
the extraction procedure using diluted acid, the residue of gypsum sample demonstrates 
accumulation of Hg in addition to Fe and Al, whereas the proportion of gypsum as 
CaSO4·2H2O is small. This indicates the importance of iron or iron/aluminium phase for 
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Hg accumulation (K. Schroeder & Kairies, 2005). Serrano et al. (2012) found that Hg(II) 
could form a Hg-Al precipitate and Hg-Fe-precipitate in the presence of Ca, SO4

2- and Fe 
or Al (Serrano, Vlassopoulos, Bessinger, & O’Day, 2012). Hg-complex with Fe and Al 
shows a high affinity to the materials in FGD gypsum (Hao et al., 2016). Mercury as Hg(I) 
mostly associated with iron oxide was proved by XAS study due to the association with 
the iron that leads to more stable mercury form (Al-Abed, Jegadeesan, Scheckel, & 
Tolaymat, 2008). In the processes where a fine fraction is not allowed to be separated, the 
output gypsum will contain increased Hg concentration (Shuetze et al., 2012).  

Mercury and different substrates: Mn and Fe show an important role in the 
oxidation of mercury. They could act as a catalyst for Hg oxidation. Due to the 
simultaneous formation of precipitates, this should be continuously removed (Stergaršek et 
al., 2010, 2013). However, Hg could also be trapped there. Since WFGD gypsum from 
Šoštanj TPP contains an elevated concentration of Fe relative to the Hg, we performed 
simple experiments using FeOOH (in addition to SiO2, CaSO4·2H2O and Al(OH)3). We 
observed the influence of different substrates on Hg TPD spectra using dry or wet mixtures. 
We focused mainly on Fe due to the possible catalytic role at increased temperature and 
adsorptive surface. For detailed studies about Hg adsorption/desorption on FeOOH (and 
other Fe-oxides(hydroxides)) in WFGD scrubber, we should simulate the conditions 
present in WFGD scrubber of Šoštanj TPP. However, this was not the main purpose of 
this work but rather to observe the effect and differences on Hg TPD spectra by using 
different substrates.  

According to the literature data, all substrates used are not stable at higher 
temperatures. They change their crystal structure or lost structurally bound water. For 
example, in case of FeOOH dehydration (removal of structurally bound water) occurs at 
temperatures above 200 °C (226-239 °C according to (Galwey & Brown, 1999) and 275 °C 
(Balek & Subrt, 1995)) where Fe2O3 is formed. Similar dehydration appears with Al(OH)3 
where Al2O3 is formed. In case of CaSO4·2H2O water is removed in two steps (around 100 
and 200 °C). SiO2 transforms from one crystal phase to another at temperatures above 500 
°C. Structural changes might influence the releasing of Hg.  

Adsorption process in solution: Mercury adsorption is an important process, which 
depends on the ligands and minerals (particles) present in WFGD slurry (C. S. Kim et al., 
2004a, 2004b). The surface of iron oxides and hydroxides represents the sites of many 
sorption reactions (Al-Abed et al., 2008; Bonnissel-Gissinger, Alnot, Lickes, Ehrhardt, & 
Behra, 1999; Gunneriusson & Sjöberg, 1993). 

Most ligands will lower or enhance the adsorption of metal cations due to several 
possible processes including (a) formation of stable nonadsorbing metal–ligand aqueous 
complexes; (b) formation of metal–ligand ternary surface complexes, which at high metal 
and ligand concentrations can lead to surface precipitation; (c) competitive ligand sorption 
to particle surfaces, effectively blocking the more reactive sorption sites at the surface; and 
(d) reduction of the positive charge at mineral surfaces, thereby lowering the electrostatic 
repulsion of cations by the surface (C. S. Kim et al., 2004a, 2004b). 

Formation of sorption complexes: INNER SPHERE is the formation of a direct 
chemical bond between Hg(II) and the substrate surface, while OUTER SPHERE 
complexation of Hg(II) is sounded by a solvation shell of water molecules sorbs in a specific 
or non-specific electrostatic or hydrogen-bonded manner. 

The importance of ligands (chloride, sulphate) presents in solutions that 
increase/decrease the Hg sorption to mineral sorbents such as goethite (α-FeOOH), γ-
alumina (Al2O3) and bayerite (β-Al(OH)3) has been demonstrated (C. S. Kim et al., 2004b). 
Several studies have reported a shift in the macroscopic Hg(II) adsorption edge to higher 
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pH levels as a function of Cl−, indicating that Hg(II) sorption is inhibited as Cl− increases 
(Gunneriusson & Sjöberg, 1993; C. S. Kim et al., 2004b). This inhibition is considered to 
be due to the formation of HgCl2 (aq) (Cl- > 10-3), which is stable in solution and less prone 
to sorption (Mac Naughton & James, 1974). Hydrolysis reactions with the formation of 
HgOH+ and Hg(OH)2 prevail when the pH raised (C. S. Kim et al., 2004a). If no other 
ligands are present in water solution, Hg(OH)2 is the dominant phase at pH around 3 
(Gunneriusson & Sjöberg, 1993; C. S. Kim et al., 2004a; Lockwood & Chen, 1973; Mac 
Naughton & James, 1974). In the presence of competing ligands such as Cl-, 3 < pH < 8 
three complexes are suggested (≡ surface) (Gunneriusson & Sjöberg, 1993): 

≡ FeOH + Hg2+  → ≡ FeOHg+ +  H+ 1.3 

≡ FeOH + Hg2+  + H2O → ≡ FeOHgOH +  2H
+ 1.4 

≡ FeOH + Hg2+  +  Cl− → ≡ FeOHgCl +  H+ 1.5 

Also, higher adsorption of Hg(II) was observed with increasing SO4
2− which suggests inner-

sphere sorption of Hg(II) rather than outer-sphere sorption. In the absence of ligands, the 
prevailing mechanism is hydrolysis, at a higher pH (pH > 3) Hg(OH)+ and Hg(OH)2 form 
(Bonnissel-Gissinger et al., 1999; Gunneriusson & Sjöberg, 1993; C. S. Kim et al., 2004a). 
Higher adsorption of Hg(II) occurs at an elevated concentration of FeOOH and low chlorine 
concentration.(Gunneriusson & Sjöberg, 1993). 

Molecular-scale knowledge of the interactions between Hg(II), complexing ligands, and 
particles found in WFGD scrubber is necessary for understanding the roles of these ligands 
in metal-ion sorption processes at gypsum–water interfaces. However, the chemistry in 
WFGD is very complicated, and a lot of factors might influence the identity and the 
presence of mercury species. This information is also important in predicting the effect of 
changes in ligand concentrations on Hg(II) adsorption/desorption processes during Hg 
transport in the desulphurization process. All the studies describing the adsorption of Hg 
to Fe-matrices used pure adsorbent, and thus the results could not be fully implemented 
to the actual samples. WFGD gypsum are very complicated matrices containing a lot of 
other species not only Fe. Nevertheless, adsorption studies of Hg to Fe-oxide(hydroxides) 
are important to better understand this process in the solution, thus suggesting a possible 
mechanism of Hg-adsorption and formation of different Hg-complexes in the WFGD slurry.  

1.6.3 A review of existing literature based on the identification of 

mercury compounds in gypsum using TPD method 

In the previous subchapter different authors suggest the importance of Fe in the 
accumulation of Hg in the gypsum and the formation of various Hg species in solutions 
where different adsorptive surfaces exist. Mercury reactions in gypsum slurry are very 
complicated (see a more detailed description in Chapter 1.4.4) and the absorbed Hg(II) in 
the slurry may also be reduced and released as Hg(0) (Ochoa-González, Díaz-Somoano, & 
Rosa Martínez-Tarazona, 2013; T. Tang et al., 2010; Wo et al., 2009). In the study of Sun 
et al. it is suggested that the excess sulphite and chloride would react with Hg(II) to form 
HgSO4, HgSO3, Hg(SO3)2

2-, ClHgSO3
- and Cl2HgSO3

2-, which could inhibit Hg(II) reduction. 
These compounds, together with those that are formed by the addition of additives, seem 
to be readily retained by the gypsum (Sun et al., 2015; Q. Tang et al., 2013). In the absence 
of chlorine formation, HgSO4 is suggested to form which would be hydrolysed in water, 
precipitating to the basic sulphate, Hg3O2(SO4) (Acuña-Caro et al., 2009; Y. Wang, Liu, 
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Wu, Mo, & Cheng, 2010). On the other hand, oxidised mercury can be absorbed by the 
solid particles present in the slurry after SO2-CaO reaction (Akiho, Nunokawa, & Shiras, 
2003). On the other hand, some other Hg-compounds (typically HgCl2, Hg2Cl2, HgO, HgS 
and HgSO4) have been identified by many authors using TPD approach (Córdoba, Maroto-
Valer, et al., 2012; J.-Y. Lee et al., 2009; X. Liu et al., 2013; Milobowski et al., 2001; Rallo 
et al., 2010; Sedlar et al., 2015; Sui et al., 2015; Z. Zhu et al., 2016; Zou et al., 2016). 

In general, thermograms of different gypsum samples obtained by using TPD method 
reveal various mercury compounds present. According to the Heebink and Hassett, (2005), 
three mercury species are the primary Hg compounds likely to be incorporated into WFGD 
gypsum: HgCl2, HgO, and possibly Hg(NO3)2. However, HgCl2 is the most probable mercury 
species present in bulk. Lower concentrations of Hg(0) can also be present. Even Hg(0) 
incorporated into FGD material is likely to be complexed or bound in some manner. The 
low concentrations of free Hg(0) emitted by unheated FGD material confirm its presence 
(Heebink & Hassett, 2005). 

In the study of Zhu et al. (2016), TPD and SEP methods were employed to identify 
the Hg species in FGD gypsum from China. Hg-compounds determined by TPD method 
showed the presence of HgCl2, Hg2Cl2, Hg2SO4, black HgS and red HgS, among which both 
HgS species prevail. The author suggested no direct connection between Hg-compounds 
present, coal types and APCDs. Hg in FGD gypsum would release as Hg(0) later in 
industrial heating processes. The results of SEP show that the Hg in FGD gypsum was 
relatively stable (extracted in Fractions 4 and 5) and thus the leaching of Hg should be 
very low in the natural environment (Z. Zhu et al., 2016). However, low Hg concentration 
in gypsum sample made results of SEP questionable and the TPD method seems to be 
more appropriate (Reis et al., 2012).  

Milobovski et al. found two distinct Hg compounds in FGD slurry, released at about 
300 and 400 °C. HgSO4 released at higher temperatures while at 300 °C either HgS or HgO 
could be present. They used only four different standards to identify Hg compounds present 
where HgS and HgO overlapped each other (Milobowski et al., 2001).  

Thermograms of two different gypsum samples from Spanish power plants indicate the 
presence of two distinct Hg-species as well. Sample with Hg releasing at about 120 °C 
might be attributed to HgCl2 while the one released at a higher temperature may be HgS 
(Rallo et al., 2010).  

In the study of Lee et al. (2009) none of the standards fits with thermograms obtained 
from gypsum samples but the possible species to be present in gypsum were HgCl2 and 
Hg2Cl2 (J.-Y. Lee et al., 2009).  

 

Figure 1.12: The thermal release of mercury standards presented in the study of Sui et al. 
(Sui et al., 2015). 
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Sui et al. (2015) analysed WFGD samples from five power plants in China all using the 
WFGD process with forced oxidation. All samples exhibit similar thermograms’ form, 
where the predominant mercury species are suggested to be HgS, followed by HgO, Hg-
chlorides, and also a small amount of Hg2SO4 and HgSO4. The origin of HgS was explained 
by possible disproportionation of sulphite ion to sulphate and sulphide ions (Sui et al., 
2015).  

In a similar work of Liu et al. (2013), WFGD samples from eight Chinese power plants 
were analysed. HgCl2 and black HgS were found as the primary species present in the 
gypsum sample, but Hg2Cl2, red HgS, HgO and HgSO4 could be present as well. In the 
wallboard production process, 10–50% of mercury could be released from the FGD gypsum 
into the atmosphere. Releasing of mercury compounds at higher temperatures is related to 
the more stable Hg-compounds present in the gypsum, such as HgSO4 and HgS compared 
to less stable HgCl2 (X. Liu et al., 2013).  

Both author groups (Liu et al. (2013) and Sui et al. (2015) used “treated gypsum” 
(preheated WFGD gypsum, Figures 1.12 and 1.13) as a matrix to prepare standards instead 
of pure CaSO4·2H2O reagent. These two works seem to be state of the art in the field 
since no other author group successfully measured thermograms of real WFGD samples 
that could provide reliable application of peak-fit approach/method.  

 

Figure 1.13: Thermal decomposition profiles of mercury standards: (a) HgCl2, HgO, black 
HgS, and HgSO4; (b) Hg2Cl2, Hg2SO4, black HgS and red HgS (X. Liu et al., 2013). 

Similar results for mercury standards are provided in our previous studies of Sedlar et 
al. (2015) (Sedlar et al., 2015; Sedlar, Pavlin, Popovič, & Horvat, 2015). For identification 
of Hg compounds in gypsum samples from the Šoštanj TPP, standard addition procedure 
using synthetic gypsum spiked with pure Hg compounds was applied. It was revealed that 
the substantial proportion of Hg in gypsum belongs to Hg-Cl and Hg-Br compounds are 
appearing at 160 to 200 °C, followed by smaller amounts of HgO, HgS and Hg sulphates 
appearing at 300 and 450 °C. Industrial gypsum samples were compared with pure Hg 
compounds (mercury standards, Figure 1.14), and the compounds mixed with different 
substrates (SiO2 and CaSO4·2H2O), for calibration purposes. 
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Figure 1.14: Thermal decomposition profiles of mercury standards, mixed with 
CaSO4·2H2O: (a) HgSe, HgO(Y, R), HgS, and; (b) HgCl2, Hg2Cl2, Hg2SO4 and HgSO4 
(Sedlar et al., 2015). 

In the investigation of Z.-W. Zhu et al. (2017), HgS represents the species that is mainly 
present in the gypsum samples. Although HgS is thought to be a stable compound, 
detectable amounts of Hg were continually emitting from all the samples probably due to 
mercury reduction of oxidised Hg in FGD gypsum and desorption/diffusion of Hg(0) among 
gypsum particles. Moreover, study shows higher releasing during the day than in the dark 
at room temperature with UV radiation being the primary factor for re-emission. However, 
those emissions are low. On the other hand, enhanced Hg releasing from the gypsum is 
observed in the presence of water (e.g., precipitation events in the environment), when 
gypsum is exposed to the solar radiation and at increased temperature (Z.-W. Zhu, Zhuo, 
Fan, & Wang, 2017). Temperature, solar radiation, and soil moisture content have been 
found to be critical parameters that influence Hg release from solid samples such as gypsum 
(Briggs & Gustin, 2013; Gustin & Ladwig, 2010; Moore & Carpi, 2005). 

Stability and identification of Hg species in gypsum samples are important due to the 
environmental exposure (after disposal) and when it is used in further production. Most of 
the authors determine Hg-species according to ˝calibration standards˝ using pure Hg-
compounds mixed with different substrates or with ˝treated˝ gypsum samples containing 
no mercury. However, this approach is not the best one due to the sample matrix that 
contains different species which may influence Hg releasing. Moreover, identification of 
mercury compounds is difficult and overlapping of the peaks may occur in actual samples 
compared to a separated peak of standards. Until now, there is no standardized method to 
calibrate the measuring system and differences among laboratories exist. 

Heating of gypsum to higher temperatures may induce a substantial change in the solid 
characteristics. Moreover, all Hg compounds (also the most stable) start to evaporate when 
the appropriate temperature is achieved. In the presence of a catalyst (e.g. FeCl2), a 
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sufficient amount of Hg is removed quickly, at lower temperatures (Matsuyama et al., 
1999). It follows that sample matrix could change TPD spectrum, and the mercury species 
which would originally release at lower/higher temperatures show completely different 
TPD spectrum. Similar is the peak shape that becomes narrower, broader or changed the 
shape. Therefore, the results obtained by the TPD method are sometimes questionable. 
Many researchers indicated the presence of different Hg species in their gypsum samples, 
but only a few of them take into account the importance of matrices and thus the presence 
of other species in the sample. It follows that interpretation of the TPD spectra provided 
by different authors is not necessarily correct. Hence, additional characterization of the 
samples may give useful information for better identification of mercury compounds; for 
example to get the data for i) sample composition (the presence of different chemical 
elements, multielemental analysis), ii) particle size distribution due to the higher 
accumulation of most TMEs in fine particles, iii) chemical/physical phenomena and 
structural information about the sample (TGA, SEP, SEM, TEM, XRD, direct methods 
using XAS and other methods). 

An important part in the determination of mercury species in solid samples is also 
sampling, sample preparation and handling. With inappropriate sampling, the sample may 
change the original composition (presence and concentration of TMEs). It follows that due 
to different properties and conditions in the sample, Hg-compounds may change, and 
identification becomes more difficult. Moreover, manipulation of the samples may change 
TPD spectra, and thus the original identity of mercury compounds present in the raw 
sample is unknown. 

In the doctoral dissertation of Matej Sedlar (Sedlar, 2014) we investigated the stability 
of various mercury compounds in solid samples at higher temperatures by mixing of 
different mercury compounds with two different substrates (SiO2 and CaSO4·2H2O). We 
found out that stability of mercury compounds is not dependent only on their 
decomposition/sublimation temperatures but rather by other factors such as matrices, 
heating rate, carrier gas, flow rate, etc., which affect their releasing temperature. The 
present doctoral dissertation represents a continuation and upgrading of the work of Sedlar 
(Sedlar, 2014). Overall, the main aim of this study was to evaluate the possibility of 
identification of mercury compounds in solid samples, in particular in the gypsum, by using 
MS instead of CV AAS. Regarding this, we try to identify mercury compounds present in 
the gypsum by observing other decomposition fragments (volatile species) and thus predict 
the decomposition reactions (reaction pathway) present at elevated temperatures. 
However, doctoral thesis encompasses different fields such as sampling and sample 
preparation, studying the stability of mercury compounds and effect of different substrates 
on mercury releasing during the TPD process, compare dry and wet method for preparation 
of mercury standards and observe their TPD spectra during the thermal process, and to 
see the effect of sample manipulation and aging of the sample on TPD spectra. Because 
fine fraction in gypsum samples from Šoštanj TPP contains higher concentrations of most 
of the TMEs compared to coarse fraction, the effect of particle size and the presence of 
other metals (e.g., Fe and Al) were studied to see the influence on Hg releasing. Distribution 
of TMEs (not only mercury) during coal combustion was examined for a better 
understanding of the behaviour and their partitioning/accumulation in the gypsum and 
other by-products of the combustion process and flue gas cleaning.  
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2 Aims and Hypothesis 

The main objective of the present work was to develop and validate a new method for 
identification of mercury compounds present in solid samples, in particular gypsum, by 
using temperature programmed desorption (TPD) coupled with mass spectrometry (MS). 
Typically cold vapour atomic absorption spectrophotometry (CV AAS) is used to detect 
released Hg(0), however, in the present work CV AAS detection was replaced by the 
quadrupole mass spectrometer (QMS) approach. MS has several advantages over CV AAS 
such as better sensitivity and a possibility to detect mercury species and other volatile 
compounds released during increasing temperature programme. Based on these facts the 
hypothesis and specific aims have been identified and guided the work of the present 
research.  

The main aims and goals of this doctoral dissertation are: 
 To characterize different gypsum samples from Šoštanj TPP with respect to 

TMEs in different grain sizes; 
 To develop and optimize TPD methodology by using QMS as a detector; 
 To study the decomposition of mercury compounds and compare the 

experimental data with theoretical calculations (e.g., HgCl2); 
 To identify mercury compounds present in solid samples and to understand the 

decomposition pathways of some mercury compounds at higher temperatures 
based on decomposition fragments (volatile species other than Hg);  

 To differentiate between weakly adsorbed mercury (e.g. Hg(0)) and mercury 
strongly bounded in the matrix; 

 To compare the results obtained by TPD-QMS method with a direct method 
based on X-ray Absorption Spectroscopy (XAS) method; 

 To evaluate the influence of other compounds (substrates) on mercury 
adsorption/retention during the TPD process (SiO2, CaSO4·2H2O, FeOOH, 
Al(OH)3); 

 To study the stability of mercury compounds in gypsum samples obtained from 
Chinese TPP. 

Hypotheses:  
 The presence of TMEs in gypsum is strongly dependent on the gypsum particle 

size, FGD set-up and APCD processes in coal-burning power plant; 
 MS offers better detection limits compared to CV AAS, and apart from mercury 

species it allows identification of other decomposition products released during 
temperature programmed heating; 
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 Sampling of gypsum, its preparation procedures prior TPD analysis and age of 
the sample may affect gypsum properties and consequently affect the Hg TPD 
curves;  

 Due to different concentrations of TMEs in gypsum, the TPD spectra from 
different power plants as well as from different blocks of the same power plant 
differ significantly.  

 TPD coupled with CV AAS and/or QMS is an indirect method and is not a 
reliable method for the identification of Hg compounds in gypsum due to matrix 
interferences during the heating process.   

 The elevated concentrations of selected elements (Fe, Al) may considerably 
effect the TPD spectra, which limits the identification of Hg compounds; 

 TPD is a useful method for studying the temperature stability of mercury in 
gypsum. 
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3 Materials and Methods 

3.1 Materials 

Nine different mercury compounds were used for standards and mixture preparation. 
Hg-compounds, suppliers and declared purity are described below: 

• HgCl2 – old chemical, Kemika d.d., Zagreb (99%) 
• HgCl2 – new chemical, Sigma-Aldrich Co. LCC. (≥ 99.998%) 
• Hg2Cl2 – Sigma-Aldrich Co. LLC. (≥ 99.5%)  
• HgO(red) – Sigma-Aldrich Co. LLC. (≥ 99.5%) 
• HgO(yellow) – May & Baker Ltd. (≥ 99.5%) 
• HgS(red) – Mallinckrodt Chemical Works (99%) 
• HgSe – Sigma-Aldrich Co. LLC. (99.9%) 
• Hg2SO4 – Sigma-Aldrich Co. LLC. (98.0%)  
• HgSO4 – Sigma-Aldrich Co. LLC. (≥ 99%)  

Other chemicals used for experiments: 
• Quartz, white powder, fine granulated, washed and calcined for analysis; Merck 

KGaA (99 – 100.5% purity of substance is calculated on calcined substance) 
• CaSO4 · 2H2O, white powder; Sigma-Aldrich Co. LLC. (99 – 101% purity of 

substance is based on anhydrous substance)  
• FeO(OH)-, Iron(III) hydroxide, brown powder; Alfa Aesar (α-phase, 99+ %) 
• Aluminium hydroxide, white powder; Acrōs organics (extra pure). 

 
All aqueous solutions and reagents used in the experimental work were prepared with 
MilliQ water (18.2 MΩ cm) (Millipore, Bedford, MA, USA). 
 
Equipment used for sample preparation: 

• pH-indicator strips, ph 0 - 14; Universal indicator, Merck 
• Mass balance: Mettler Toledo AT201 (max 210 mg, d = 0.01 mg) 
• Centrifuge: Tehtnica, Železniki, LC-320 
• Ultrasonic Homogenizer 4710 Series; Cole – Parmer Instrument Co.; Chicago, 

Illinois 60648 U.S.A. 
• Glassware and other equipment.  
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3.2 Instrumentation  

3.2.1 Experimental apparatus for mass spectrometry 

Nier type mass spectrometer (NT-MS): In the initial stage of experimentation, a 
single focusing magnet MS equipped with Nier type ion source was used. The spectrometer 
was earlier employed in Knudsen effusion experiments (KEMS method) (Knudsen, 1915). 
The detailed description can be found elsewhere (Popovič, 2003). For the present purposes, 
the solid sample was placed into one end of a semi-closed quartz tube (introduction tube 
with a length of 10 cm and 3 mm of inner diameter; instead of the Knudsen cell) while the 
open end was tightly fit into the ionization volume of the Nier ion source (Figure 3.1). The 
sample end of introduction tube was heated by nozzle type resistivity heater equipped with 
B type thermocouple (Ni/CrNi). Typical mass of the sample is 1-10 mg. The sample was 
then heated to 750 °C at 10 °C min-1 and regulated using an EUROTHERM regulator. The 
desorbed atom or molecular species were ionised at 35 eV, mass separated in a 60° magnetic 
separator and the ion abundances measured with an electron multiplier. The desorbed 
molecules (atoms) were introduced directly into the ion source of the mass spectrometer 
under a high vacuum (<10-5 Pa) without a carrier gas. The interactions of the desorbed 
species with the walls of the quartz cell were minimized, and any sudden changes in 
desorption were instantly registered without being smeared by the mixing effect due to the 
carrier gas. In addition, all desorbed species enter an almost closed ion source (resulting in 
a higher concentration of ions), which increases ionisation, and in turn enhances sensitivity.  

 

Figure 3.1: A heating cell with the sample (NT-MS). 

Quadrupole mass spectrometer (QMS): For the majority of TPD measurements, the 
Quadrupole mass spectrometer (QMS) was employed (Pfeiffer QMS 700). The desorbed 
atoms or molecular species were ionized at 70 eV, mass separated in a quadrupole mass 
analyzer and the ion abundances measured with an electron multiplier. The QMS’s high 
dynamic range enables the measurement of ions with an abundance ratio of 107, which is 
a definite advantage over the Nier-type instrument. An additional benefit of using QMS is 
the possibility to identify different molecular species that might evolve from the sample 
upon heating at the same time. Sample introduction into its ionisation chamber was carried 
out similarly as with NT-MS, via thick wall quartz tube. The quartz tube was heated the 

Heating cell 

with the sample 
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same as in the NT-MS. It also serves as a manipulator to insert the sample from the 
vacuum compartment close to the ion source. The declared sensitivity of the QMS is 10-6 
A Pa-1, which is sufficient to measure samples containing Hg concentrations as low as 5 ng 
g-1. An additional benefit of using an MS as a detector is its ability to identify various 
molecular species that evolve from the sample when heated.  

Experimental set-up: QMS is separated into two parts, pre-chamber and the central part 
(the main) of the spectrometer (Figure 3.2). The central part consists cross beam ion 
source, quadrupole mass filter (four parallel rods for filtering sample ions) and detector 
(Faraday-cup or secondary electron multiplier, SEM). It is tightly closed, and ultra-pump 
is responsible for maintaining constant vacuum during the introduction of the new sample 
in pre-chamber. In the second part (pre-chamber) is the quartz tube for sample introduction 
and the valve that should be open when the sample is inserted toward the ion source. With 
the aim to reduce the pressure difference between part one and two, rotary pump maintains 
the desired vacuum in the pre-chamber. Too big difference in a pressure could damage the 
device. The sample (Figure 3.2) was then heated to 750 °C at 10 °C min-1 under high 
vacuum (<10-5 mBar). The heating system is the same as in NT-MS using EUROTHERM 
regulation. The method is based on sample heating where volatile species go to the ion 
source, become ionised and then pass through the quadrupole rods where only ions of a 
specific mass-to-charge (m/z) ratio reach the detector. In this study, multiple ion detection 
mode (MID) was typically used for observation and detection of Hg and other volatile 
species in gypsum samples. Faraday counter was used for detection of H2O, CO2, SO2 that 
released in higher concentrations.  

All TPD spectra obtained by QMS were corrected (fitted) to the real thermocouple 
temperature while in the case of NT-MS, peaks were not corrected and all maximum 
temperatures (peaks) appeared at the slightly lower positions (temperatures). 

 

Figure 3.2: A heating cell with a sample (QMS). During analysis the cell is covered with 
the glass wool.  

Interpretation of the results using QMS: Computer software QUADERA interprets the 
data as graphs continuously show the concentration of Hg ion (and other ions of interest) 
in the signal of ion current (A) as a function of time. The temperature is measured with 
analogue input. 
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All mass and TPD spectra (thermograms) were prepared using Origin 2017 software. 
Two different Hg isotopes, 200Hg and 202Hg, were measured simultaneously. The data for 
the 200Hg isotope was used to prepare the TPD spectra due to its lower background 
compared to 202Hg. The data are presented as a signal for the continuous measurement of 
Hg concentration in counts per second (CPS) on the ordinate axis versus temperature, °C 
on the abscissa axis. In this way it is possible to observe the release of Hg with incremental 
increases in temperature (thermograms, TPD spectra). For more straightforward 
comparison between the mercury species with different intensities, the intensity of a signal 
in a period was normalized to match the highest release of the peak to 100%.  

CPS is recalculated according to ion current and the amplifications between Faraday 
cup and an electron multiplier. Amplification is typically between 5000 and 10000 and is 
determined in the separate test by observing various gases continuously present in the mass 
spectrometer (N2, O2, CO2, He, H2O, Ar, etc.). Amplification should regularly be controlled. 

3.2.2 Multi-elemental analysis of lignite, bottom ash, fly ash, limestone 

and gypsum samples using k0-INAA 

The concentrations of major, minor and trace elements were obtained using the k0-
standardisation neutron activation analysis method (k0-INAA). Homogenized samples 
(160–200 mg) were sealed into clean polyethylene ampoules (SPRONK system, The 
Netherlands), stacked together in sandwich form with an Al–0.1% Au alloy (IRMM-530R) 
standard and irradiated in a 250 kW TRIGA Mark II reactor (Jožef Stefan Institute, 
Ljubljana, Slovenia). Two irradiations were performed at a thermal neutron flux of 
1.1·1012 cm-2 s-1: a short irradiation (5 minutes) to determine elements via their 
corresponding short half-life radionuclides and a second irradiation (12 hours) to determine 
elements via their corresponding medium or long half-life radionuclides. For QA/QC 
purposes, the certified reference material BCR-320R channel sediment was used. After an 
appropriate cooling time, samples were measured on a calibrated HPGe detector (45% 
relative efficiency). HyperLab software was used to evaluate peak area and the Kayzero 
software package to determine the elemental content and calculate the effective solid angle 
(Jaćimović, Smodiš, Bučar, & Stegnar, 2003; Smodiš, Jaćimović, Medin, & Jovanović, 1993; 
Xilei, Corte, Moens, Simonits, & Hoste, 1984). 

The k0-INAA at the Department of Environment Sciences is accredited according to 
ISO/IEC 17025 since 2009 under accreditation certificate LP-090 awarded by Slovenian 
Accreditation (SA). 

3.2.3 Statistical analysis 

Correlations between separate elements were assessed using Pearson's correlation 
coefficients where P values of <0.05 were considered statistically significant. Statistical 
analyses were performed using STATA (version 12, StataCorp, TX, USA). 

3.2.4 Determination of mercury in gypsum samples using DMA-80  

DMA-80 (Direct Mercury Analyser; Milestone): About 20-40 mg of gypsum samples were 
weighed into the sample boat and placed in the auto-sampler. The sample is initially dried 
and then thermally decomposed at 650 °C in a quartz tube located inside a controlled 
heating coil. An oxygen stream passing through the tube carries the released Hg through 
the catalytic column, where Hg is reduced to Hg(0). Hg vapour is collected on a gold 
amalgamation trap and subsequently desorbed into the absorption cell. Hg content is 
determined using atomic absorption spectrometry at 253.7 nm (Figure 1.10). 
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Table 3.1: Concentration of Hg in certified reference material BCR-277R (Estuarine 
sediment), ERM-CC141 (Loam soil), BCR-320R (Channel sediment) analysed at least in 
parallel with the determination of total Hg in gypsum samples. 

Certified reference material Certified value (µg kg-1) 

BCR-277R 128 ± 17 

BCR-320R 850  ± 90 

ERM-CC141 83 ± 17 

The analytical quality of total Hg measurements was assured by regular analysis of the 
certified reference materials: BCR-277R (Estuarine sediment), ERM-CC141 (Loam soil), 
and BCR-320R (Channel sediment). Measured values were within the certified ranges (see 
Table 1.3). Unfortunately, gypsum reference material is not available. 

3.2.5 Scanning electron microscopy (SEM) 

Structural imaging and chemical characterisation of the solid particles (fine and coarse 
fractions) were obtained by field-emission-gun scanning electron microscopy (FEGSEM) 
performed on a JEOL JSM-7600F SEM equipped with an energy dispersive spectrometer 
(EDS) INCA Oxford 350. The samples were fixed with carbon tape and coated with 
amorphous carbon by evaporation (Balzers CED) and then morphologically and chemically 
characterised using the SEM. Images were obtained at a 5 kV accelerating voltage and 0.1 
pA electron beam current, measured with an inside column Faraday cup. 

3.2.6 Thermal gravimetric analyses (TGA) 

Thermogravimetric (TG) and differential thermal analysis (DTA) were conducted on a 
Netzsch STA 409 C/CD coupled to a Balzers Quadstar 422 quadrupole mass spectrometer. 
Approximately 50 mg of the reagent mixture was heated in a Pt/Rh crucible. Thermal 
changes were recorded under a dynamic flow of synthetic air of 100 mL min−1. 
Measurements were made from 25 °C to 550 °C at a rate of 10 °C min-1.  

3.2.7 Particle size distribution 

Particle size distributions were performed by Microtrac PSA FRA 9200 based on the 
Fraunhofer laser diffraction method. Each fraction was dried to a constant weight at 38 °C 
in an electric dryer (MEMMERT UFE 500). All fractions were then oven dried to constant 
weight at 38 °C in an electric drier/oven MEMMERT UFE 500. After drying, samples 
were homogenized in agate containers of a planetary mill (Fritsch planetary mill 
Pulverisette 7) or by grinding in an agate pestle and mortar.  

3.2.8 X-ray absorption spectroscopy  

Mercury L3-edge XANES spectrum of the gypsum pelletized sample was measured at room 
temperature in fluorescence detection mode at XAFS beamline of the Elettra Sincrotrone 
Trieste, Italy, utilizing a silicon drift diode detector to collect the fluorescence signal. A 
double crystal Si(111) monochromator with an energy resolution of about 1.5 eV at 12 keV 
was used for the experiment and it was initially calibrated at Au L3 absorption edge. The 
intensity of the monochromatized beam was monitored with three ionization detectors filled 
with Ar and N as follows: 70 mbar Ar + 1000 mbar N2, 650 mbar Ar + 1350 mbar N2, and 
1620 mbar Ar + 380 mbar N2. In the first detector, He was added to get a total pressure 
of 2 bars. The sample was placed between the first pair of detectors, and the reference 
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tungsten metal foil between the posterior pair, to check the stability of the energy scale 
and to obtain the exact energy calibration (W L1 absorption edge: 12098 eV). The absolute 
energy reproducibility of the measured spectra was ±0.02 eV.  

The absorption spectra were measured within the interval [−200 eV to 857 eV] relative 
to the investigated absorption edge. In XANES region, equidistant energy steps of 0.3 eV 
were used. In total twelve absorption spectra were collected in the fluorescence detection 
mode; eight spectra were collected with an integration time of 10 s/step, while for the next 
four spectra the integration times were 9 s/step. Due to low Hg concentration, the 
repetitive spectra measurements last cumulatively 36 hours. The spectra of all identical 
runs were superimposed to improve the signal-to-noise ratio and to check the stability and 
reproducibility of the detection system. The XANES spectra were analyzed with the 
IFEFFIT package (Ravel & Newville, 2005). 

3.3 Sampling and Sample Preparation  

Dry gypsum samples were prepared from gypsum slurries taken from different batches 
(blocks 4, 5 and 6). Lignite was sampled in 2012 (LIG12). Additionally, ten gypsum samples 
were obtained from various power plants of China. All gypsum fractions/samples were 
subject to multi-elemental analysis, particle size distribution analysis and TPD method 
while for some samples also micrographic and thermogravimetric analysis was performed. 
The multielemental analysis was also done for LIG12. 

3.3.1 Lignite samples 

Two different lignite samples were obtained (LIG07 and LIG12) at random from a 
conveyor belt during a typical working day to ensure that they were representative. LIG12 
was randomly sampled in 2012 from a conveyer belt during a normal working day to ensure 
representative samples. The combined mass of the samples was around 3 kg. They were 
dried to constant weight at 38 °C for a week in an electric oven (MEMMERT UFE 500). 
After the drying process, they were ground with a ball mill and sieved with a Fritsch 
Pulverisette 0 Vibratory Micro Mill to a particle size of less than 250 µm. 

Lignite samples contained 36.4% of moisture, 13.8% of the mineral matter and 49.7% 
combustibles (66.2% C, 5.0% H, 1.4% N and 26.4% O) and had 11.137 kJ kg-1 lower caloric 
value (Stergaršek et al., 2008). The procedure and the data for LIG07 were taken from a 
study of Stergaršek (Stergaršek et al., 2008). 

3.3.2 Fly and bottom ash, limestone 

Samples were taken immediately after exiting from the boiler and the ESPs. They were 
placed in PVC zip lock bags at 4 °C and transported to the laboratory immediately. 
Limestone flour was taken before introducing into the desulphurization process. In the 
laboratory the samples were stored at -20 °C. Moisture content was determined in each 
sample by weighing before and after drying at 105 °C. All further results are expressed on 
a dry weight basis. The procedure and the data were taken from a study of Stergaršek 
(Stergaršek et al., 2008). 

3.3.3 Preparation of gypsum samples  

In this doctoral dissertation, the terms gypsum slurry, gypsum and slurry water are used. 
Gypsum slurry represents total slurry solution (liquid together with solids) while gypsum 
consists only moist solid fraction (bulk sample, a mixture of the coarse and fine fraction). 
The solid fraction in gypsum slurry is settled, and slurry water represents the liquid above 



3.3. Sampling and Sample Preparation 49 

the solid fraction that contains dissolved pollutants together with small particles, typically 
not seen or seen as an opaque solution. All samples were taken when the process in 
desulphurization scrubber was in steady-state to obtain representative samples.  

 Gypsum from Šoštanj Thermal power plant 

Block 4 (sampling in April 2015): Gypsum slurry of about 50 liters was sampled from the 
WFGD scrubber and stored in a barrel. Different aliquots of gypsum slurry were taken to 
prepare dry gypsum samples for analysis: 

 The mixed fraction with ˝normal˝ particle size distribution was taken. The slurry 
bottle was first homogenised (by shaking) and sample aliquot was taken 
immediately before coarse particles settle. Random sample, TEŠ4-MSN, was 
divided into three aliquots. Aliquots were not washed (TEŠ4-MSNnotw) or washed 
(rinsed) with distilled water (TEŠ4-MSNw) or ethanol (TEŠ4-MSNet). TPD spectra 
of different washing procedures were recorded. 

 Additionally, TEŠ4-MSN was separated into finer and coarse fraction. Samples 
were centrifuged, dried and separated according to the different colour.  
Gypsum with the majority of coarse fraction (TEŠ4-CSN) was taken from the 
bottom. Coarse fraction was divided into two subsamples; one unwashed (TEŠ4-
CSNnotw) and the second highly washed (TEŠ4-CS4w, rinsed four times with distilled 
water). Finer fraction of TEŠ4-MSN was separated into upper lighter and bottom 
brown fine fractions to see if there are any differences according to the colour of 
the fine fraction (TEŠ4-FSNup and TEŠ4-FSNdown). To see the effect of washing on 
TPD spectra of finer particles, one sample was not washed (TEŠ4-FSNdownnotw).  

 After homogenisation, bigger particles of gypsum slurry settle and a small part 
above coarse fraction was taken (sample labelled as TEŠ4-FS). This aliquot 
contains mostly fine particles (less coarse fraction). Samples were centrifuged, dried 
and separated according to the different colour. The fine fraction was separated 
into three fractions, TEŠ4-FFS, TEŠ4-MFS and TEŠ4-CFS.  

In all gypsum samples total Hg concentrations were provided by CV-AAS (DMA 80, 
Milestone). Also, TPD spectra were obtained for mercury compounds characterisation. 

Block 5: Three samples of gypsum slurry were taken from an agitated tank (main 
scrubber) of the WFGD absorber. Each gypsum slurry was separated later according to 
the size fraction into a fine and coarse fraction. Two different separation techniques were 
conducted: 

a.) The first approach was based on separation of gypsum slurry particles with the 
help of a hydrocyclone (pilot version, laboratory set-up, Figure 3.3) into fine (FF) 
and coarse (CF) fractions labelled as TEŠ5-FF and TEŠ5-CF. Fractions separation 
is based on centrifugal force where denser coarse fraction settles at the bottom 
(underflow, TEŠ5-CF) and a lighter fine fraction at the top (overflow, TEŠ5-FF), 
of which the latter in actual WFGD hydrocyclone systems is recirculated back into 
the agitated tank as a recirculated slurry. Also, slurry water was also taken for 
elemental analysis (TEŠ5-W1, TEŠ5-W2). Samples were collected in May 2013. 
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Figure 3.3: Scheme for separation of the finer (overflow) and coarse fraction (underflow). 

b.) The second separation involved two samples. Gypsum slurries were homogenised 
by shaking and left 72 hours to settle until two well-defined layers were formed. 
While the bottom layer consolidated rather quickly, it took several hours for the 
upper layer to separate particulates from clear water phases. After decantation, the 
water layer was extracted with a pipette yielding a creamy brown material. Using 
this approach, two particulate fractions were obtained, labelled as TEŠ5-FF1 and 
TEŠ5-CF1 for the first sample and TEŠ5-FF2 and TEŠ5-CF2 for the second 
sample. Samples were collected in December 2013 and January 2014. In this case, 
slurry water was not obtained for further analysis. 

All samples were analysed for multielemental analyses, particle size distribution, 
micrograph structure and TPD analyses. The samples were not washed before measuring 
with MS. 

Block 6 (sampling in July 2015): Three slurry samples were collected at different sampling 
points: one from the main scrubber (the absorber), and two from the hydrocyclone. The 
original gypsum slurry (ORIG) comprises a sample of the WFGD slurry from the main 
scrubber. Within the hydrocyclone, the gypsum slurry is separated into disposal gypsum 
(DISP), which escapes the hydrocyclone and is further processed for disposal and 
recirculated slurry water (RECY), which contains the finest particles and is pumped back 
into the main scrubber. 

Once at the laboratory, each sample was homogenised (by shaking), transferred into a 
centrifuge tube (50 ml) and left to settle under gravity for 48 hours until two distinct layers 
were formed. Although the bottom layer representing the coarse fraction (CF) consolidated 
within minutes, it took at least 48 hours for the upper layer, i.e., the fine fraction (FF) to 
separate entirely from the water phase. Then, the water was decanted, and the remaining 
brownish slurry (FF) transferred to a clean centrifuge tube and centrifuged at 2500 rpm 
for 30 minutes. After again removing the water, the residual paste was transferred to four 
Teflon containers where it was left to dry. This resulted in four separate fractions: ORIG-
FF, ORIG-CF, DISP-FF and DISP-CF. The RECY sample contained the finest particles 
and only one fraction was formed. A whole gypsum sample (ORIG gypsum, bulk; not 
separated;) was also prepared from gypsum slurry.  

All samples were analysed for multielemental analyses, particle size distribution, 
micrograph structure, thermogravimetric analyses and TPD analyses. All samples were 
washed before TPD analysis. 

In addition, one aliquot of ORIG gypsum slurry was separated into five different 
fractions later, four finer fractions (the finest fraction ORIGS-FFF; a mixture of the finest 
and fine fraction ORIGS-FFF + ORIGS-FF; ORIGS-FF, fine fraction; finer fraction brown 
precipitate ORIGS-FFbrown,) and one coarse fraction, ORIGS-CF. Information about mercury 
content and the TPD spectra are provided for these samples. Samples were not washed 
before TPD analysis. 
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 Gypsum samples from various Chinese thermal power plants 

Ten gypsum samples from different power plants, packed in duplicate into plastic ZIP-lock 
bags (about 50 g each) were obtained. Samples differed in colour, odour, and humidity.  
The moisture content was determined by heating a few grams of samples at 38 °C for a 
week until a constant weight was achieved. Total mercury concentration was measured by 
CV AAS (DMA-80, Milestone). Also, multielemental analysis for TMEs was obtained. 
TPD method was applied in all samples. 

In addition to gypsum samples, gypsum slurries from two Chinese TPP were obtained 
and separated into fine and coarse particles. TPD spectra of finer fractions were recorded.  

3.4 Preparation of Different Dry and Wet Mercury 
Compound Mixtures 

Dry preparation of Hg compounds with CaSO4·2H2O and SiO2: Eight pure Hg compounds 
(HgCl2, Hg2Cl2, HgO(Y, R), HgS, HgSe, HgSO4, and Hg2SO4) were prepared by mixing with 
two different substrates (SiO2 or CaSO4·2H2O powders). A few milligrams (1-5 mg or 10-
12 mg for SiO2 and CaSO4·2H2O respectively) of Hg compound was added to 5 g of 
substrate powder. The mixtures were carefully homogenised by mixing in a zirconium 
container and mixed using a planetary mill (Fritsch planetary mill Pulverisette 7). Mercury 
content was approximately 1.5-2 mg g-1. 0.5-1 mg was taken for measurement. Detail 
preparation procedure for both substrates is described in the doctoral dissertation of Sedlar 
(Sedlar, 2014). 

Dry preparation of Hg compounds with FeOOH: Four different mercury compounds were 
selected (HgCl2, Hg2Cl2, HgO(Y) and HgO(R). About 1 mg of each mercury compound was 
diluted with 5 mg of FeOOH powder and mixed in a zirconium container using a planetary 
mill (Fritsch planetary mill Pulverisette 7). The Mercury content was approximately 
0.2 mg g-1.  

Wet preparation of Hg compounds with CaSO4·2H2O: Six different Hg compounds were 
selected (HgCl2, Hg2Cl2, HgO, HgS, HgSO4 and Hg2SO4). Each solution was prepared 
separately by dissolving 1 mg of the pure mercury compound in 1 L of a saturated solution 
of CaSO4·2H2O. An aliquot (50 ml) was then left to dry to leave a precipitate of Hg 
compound/CaSO4·2H2O. This was then analysed using TPD – MS.  

Wet preparation of Hg compounds with FeOOH/CaSO4·2H2O: In a 100 ml of each 
saturated solution of CaSO4·2H2O with added Hg-species: HgS, HgSO4, Hg2SO4, HgO(Y), 
HgCl2 and Hg2Cl2), 0.5 g of FeOOH was added. The resulting brown solution containing 
non-soluble FeOOH was stirred, centrifuged and finally dried at 38 °C. The mass of FeOOH 
added was calculated according to the amount of Fe and Hg present in original WFGD 
gypsum sample (ORIG-FF). From this 5 mg was taken for TPD – MS analysis.   

Wet preparation of Hg compounds with FeOOH: Separately, 1 mg of pure HgO(Y) and 
HgCl2 were added to the FeOOH solution (0.5 g FeOOH in 100 mL-1 of distilled water). 
The mixture was stirred, centrifuged and then dried. 

Wet preparation of Hg compounds with Al(OH)3: Two different experiments using HgS 
and HgCl2 were performed. First 0.6-0.7 mg of pure HgS and HgCl2 were added in 100 mL 
of water solution with Al(OH)3 (0.6 g added in distilled water). A small aliquot of each 
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species was taken from solution and dried afterwards to obtain crystalline phase. Crystals 
were ground then and analysed with QMS. 3-5 mg were taken for measurement. 

Wet preparation of Hg compounds with CaSO4·2H2O/Al(OH)3: Secondly, those two Hg-
compounds were added in a 100 mL of saturated solution of CaSO4·2H2O. 0.6 g of Al(OH)3 
was added, stirred, centrifuged and finally dried at 38 °C. The concentration of mercury in 
each standard was about 10 mg kg-1. From this, 3-5 mg were taken for analysis. 

Spiking with HgS: Dry prepared HgS standard was first added to a mercury standard 
solution (CaSO4·2H2O/FeOOH including HgCl2, Hg2Cl2, HgSO4 or HgO(Y)). Secondly, it 
was mixed (spiked) with dry gypsum samples (gypsum sample ORIG-FF from block 6 and 
one sample from China).  

Addition of NaCl in a solution of FeOOH/CaSO4·2H2O: To a solution of HgCl2-
CaSO4·2H2O 0.5 g of FeOOH was added. A sufficient amount of NaCl was then added to 
give two different concentrations of NaCl, namely, 0.006 and 0.17 M.  

Experiments with HgCl2: Highly pure HgCl2 was used. Pure HgCl2 was mixed with two 
different mixtures (SiO2 and CaSO4·2H2O) to obtain reproducible NIST mass spectrum 
obtained by electron ionisation (NIST Chemistry WebBook, 2014). A known weight of 
ultra-pure HgCl2 (100 mg) was placed in the ion source of the NT-MS. The cell was then 
cooled to -15 °C to prevent excessive sublimation during evacuation to a working pressure 
of 10-5 Pa. The sample was then allowed to reach room temperature (20 °C).  
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Chapter 4 

4 Results and Discussion 

4.1 Properties and Distribution of Mercury and Other 

Elements in Gypsum and Other Samples of Coal 

Combustion 

The main focus of this chapter is a characterization of the different gypsum samples from 
the Šoštanj TPP. Gypsum composition is a consequence of the cleaning of the flue gas 
(including different APCDs), conditions in the WFGD scrubber, sampling and sample 
preparation. Gypsum contains different TMEs coming into the system via flue gas (because 
of coal combustion) and with the limestone. Although we are interested mainly in mercury, 
the information about other TMEs gives us an important overview about their 
volatility/condensation and accumulation under different conditions and if there are some 
relations with mercury.  

The results in Chapter 4.1 are organised into three main parts. The first part shows the 
distribution of elements in different by-products of coal combustion and potential sources 
of TMEs in the gypsum samples. The second and third part consists the behaviour and 
partitioning of TMEs in finer and coarser gypsum fractions of block 5 and 6 of Šoštanj 
TPP. Characterization of different gypsum samples are described as well. Some parts have 
not been published yet, but represent an important contribution to the understanding of 
the processes taking place after coal combustion and in the WFGD system. All these results 
help in interpretation and understanding of the TPD spectra described in Chapter 4.2. 

4.1.1 Distribution and accumulation of major and trace elements in 

block 4 of Šoštanj thermal power plant  

Mercury chemistry during the combustion process is very complex. Therefore, it is 
important to understand the chemical and physical conditions that may affect mercury 
speciation and behaviour in the flue gas. WFGD scrubber and gypsum as by-product 
represent the last step in the ˝cleaning˝ of the flue gas in most of the TPP, also in Šoštanj 
TPP. Distribution of TMEs in different combustion by-products and the contribution of 
those elements into the gypsum coming either with the limestone or particles alongside 
with the flue gas represents an important overview of the chemistry taking place in the 
post-combustion zone. In most publications, data are available for a limited number of 
elements present in various by-products, while in the present study information for 45 
elements is provided, including some strategic rare earth elements (REEs) that are rarely 
discussed. This information enables us to estimate the contribution of different mass flows 
that come into the gypsum slurry. This section aims to put together the data from previous 
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studies to evaluate the main sources of TMEs into the WFGD gypsum and to estimate the 
distribution of these elements along the combustion process. Unfortunately, the data for 
the bottom and fly ash, limestone, and bulk gypsum exist only for block 4. Due to the 
similarity between blocks 4 and 5, some data were applied in block 5.  

The data for total elemental concentrations and corresponding uncertainties in lignite 
samples (LIG08), fly ash, bottom ash (slag), limestone, slurry water, and bulk gypsum are 
provided in the Appendix A, Table A.1. Lignite samples taken from Velenje mine were 
analysed several times within the last decades (Sedlar et al., 2015; Stergaršek et al., 2008; 
Stropnik, Byrne, Smodiš, & Jaćimović, 1994). The multielemental analysis in lignite 
samples shows no considerable differences in the composition of all samples measured. 
Therefore, the interpretation of the results described in the following subchapter includes 
some characteristic data from the previous study including block 4 of Šoštanj TPP 
(Stergaršek et al., 2008), where the same coal and APCDs as in block 5 were used. 
Considering this, all results provided here serve for a better understanding of behaviour 
and partitioning (accumulation) of Hg and other elements during the lignite combustion 
in Šoštanj TPP.  

The importance of particle size regarding mercury accumulation in WFGD gypsum 
from a Šoštanj TPP has been examined in the previous study (Sedlar, et al., 2015; 
Stergaršek et al., 2008). As already mentioned, grain size distribution revealed a 
significantly higher proportion of Hg in smaller particles (Stergaršek et al., 2008). In the 
present work, in addition to mercury, the concentrations of other 44 TMEs were determined 
in various size fractions of gypsum. Instead of studying all water streams in WFGD system, 
we decided we would focus on particles in the gypsum slurry samples (gypsum). Although 
bulk gypsum is typically used to characterize gypsum samples, in our work all gypsum 
slurry samples were separated into fine (recirculated gypsum slurry, overflow) and coarse 
(mostly consisted of CaSO4·2H2O, underflow) fractions. Our study revealed several 
important findings with regards to the distribution, accumulation and sources of TMEs in 
the different particle size fractions. We also emphasized the importance of sample 
preparation when separating gypsum slurry into fine and coarse fractions.  

 Comparison of the data for elements in coal, fly ash and bottom ash with the 

literature data 

The concentrations of elements in lignite sample from Velenje (LIG08) were compared with 
different samples from all around the world. It was observed that TMEs in lignite from 
Šoštanj TPP show the concentrations that correspond to the range determined for the 
global lignite content with consideration of different coal ranks (Vassilev, Kitano, & 
Vassileva, 1996). Molybdenum is the only element that exceeded the upper value. The 
content of elements in European fly ash has also been reported (Swaine, 1990). 
Concentrations for some TMEs from Šoštanj TPP (As, Ba, Co, Cr, Mo, Rb, Sb, Se, Sr, 
Th, U, V and Zn) are mostly in the range of European fly ash. Differences were found for 
Co, Se, Th that were below the lower limit determined for European fly ash, and for Mo 
and U, which occur in higher concentrations. Hg concentrations in Šoštanj TPP fly ash 
belong to the group of samples containing lower concentrations. So far, there are only few 
literature data (the multielemental analysis) to compare the gypsum samples (S. J. Lee et 
al., 2006; Meij, 1994b; Pudasainee, Kim, Yoon, & Seo, 2012; Yokoyama et al., 2000).  

Figure 4.1 shows the concentration of elements in samples of lignite, fly and bottom 
ash where elements are partitioned into different groups according to their volatility 
(Clarke & Sloss, 1992; Klein et al., 1975; Meij, 1994a; M. Xu et al., 2004). Comparing coal, 
fly and bottom ash, the differences between the groups exist. The first group including 
non-volatile elements shows the same behaviour for all classified elements. Concentrations 
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of TMEs in coal are lower compared to slag (bottom ash) and fly ash. It follows that the 
enrichment (accumulation) of elements during the process of coal combustion is distributed 
equally between fly and bottom ash (Ca, Mn) or shows a slightly higher concentration in 
fly compared to bottom ash. Further, elements classified into group two (semi-volatile 
elements), show comparable concentrations in coal and bottom ash whereas fly ash shows 
enrichment. Elevated concentrations of those elements in fly ash are consistent with the 
literature data where the elements in the second group volatilize during coal combustion 
and then condense onto the particles in the flue gas stream. The third group of elements 
representing volatile elements that show completely different behaviour; concentrations in 
coal are higher than in ash samples due to the volatility. The only exception is iodine 
showing the highest concentration in bottom ash. Group of elements such as Na, Cs, V, Cr 
and U show behaviour between group one and two. Few elements (Zr, W, In, S, Nd, Tb, 
Dy and Yb) have not been classified in the literature and are located separately in Figure 
4.1. They reflect a similar distribution of elements between fly and bottom ash as elements 
in the first group, with only exceptions of Zr, In and volatile S. Zr and In show a similar 
concentrations pattern as iodine. 
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Figure 4.1: Concentration of elements in coal, fly and bottom ash distributed regarding the 
group in which each element belongs. 
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 Distribution of elements between fly ash and bottom ash (slag) 

The enrichment factors (EF) for fly (EFFA) and bottom ash (EFBA) concerning the lignite 
were calculated to express the element partitioning using the following equation:  

 EFFA; EFBA =
Conc. of the X in FA or BA/ Conc. of Sc in FA or BA  

Conc. of the X in coal / Conc.  of Sc in coal
 (4.1) 

EF refers to the ratio of the concentration of an element in fly ash (FA) and bottom 
ash (BA) to its concentration in coal (Figure 4.2). X represents the concentration of an 
element used in the calculation. Scandium, as a non-volatile element, present in low 
concentrations in all samples, was used for normalisation. Typically, Al and Fe are used 
(Esenlik et al., 2006; Germani & Zoller, 1988; Gordon & Zoller, 1973; Meij, 1992; Querol 
et al., 1995; Ratafia-Brown, 1994; Smith M., 1987; Vassilev, Eskenazy, & Vassileva, 2001) 
for normalization purpose, although in geochemical normalization Sc is preferred due to its 
unique presence in geochemical settings and non-anthropogenic origin (Ackermann, 1980; 
Grousset et al., 1995). 
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Figure 4.2: The enrichment factors for fly (EFFA) and bottom ash (EFBA) relating to lignite. 
Elements in red represent orientational value since the concentrations are below the limit 
of detection. 

As shown in Figure 4.2 the physical-chemical processes result in the dynamic 
distribution of elements between FA and BA is similar with the data (Klein et al., 1975; 
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Meij, 1994a). Elements with EFs close to 1 are considered conservative whereas EF factors 
above 1 indicate enrichment. For example, Al and Ca are enriched in both fractions, which 
can be explained by the presence of Al minerals in FA (Al-Si glass and Fe bearing phases) 
and silicate and alumina-silicate glass fractions in BA (Z. Li et al., 2005). Elements such 
as I, Zr, In, Mn, Sr, Fe, Ti, Ba and U enrich in BA. Some of them (Fe, Mn, Zr) have higher 
density and low volatility (J. Li et al., 2012) while Mn is probably enriched due to high 
affinity for Fe oxides (Q. Tang et al., 2013) abundant in BA (Querol et al., 1995). Mg is 
classified as a non-volatile element. Enrichment of Mg in FA and its depletion in BA is 
possibly due to the formation of its volatile compounds (Neville, Quann, Haynes, & 
Sarofim, 1981). Non-volatile elements are significantly depleted in FA (I, Zr, In, Mn) and 
show high enrichment in BA indicating scavenging processes (J. Li et al., 2012). As, Sb, 
Zn classified in Group 2 show typical depletion in BA (Esenlik et al., 2006). A number of 
elements are depleted in both fractions, because of their volatile nature (Hg, Se, Br and 
Cl) (Clarke & Sloss, 1992; Klein et al., 1975; J. Li et al., 2012; Meij, 1994a; Querol et al., 
1995, 1996). Cd shows similar behaviour to volatile elements although it belongs to the 
second group according to the literature. 

The partitioning of elements obtained in this study is similar to the literature data with 
some exceptions. For example, the enrichment of iodine in BA is not consistent with its 
volatile nature. Zr and In, which are not volatile, show a similar partition as I. It should 
be taken into consideration that for elements such as Cd, Cl, I, In and Zr with 
concentrations below the limit of detection (LOD) half the value of concentration was 
taken for calculations (Table A.1). REEs also demonstrate the conservative behaviour. 

Literature shows that the highest concentrations of trace elements are associated with 
the fine fraction of fly ash (Clarke & Sloss, 1992; Klein et al., 1975; Meij, 1994a; M. Xu et 
al., 2004) that is not captured by particulate control devices. The finest particles in the 
flue gas stream, therefore, pass through and reach the WFGD device (Galbreath et al., 
2000; Otero-Rey et al., 2003; Pavlish et al., 2003). These particles can be retained in the 
WFGD due to adsorption and co-precipitation (Stergaršek et al., 2010, 2013), while a 
smaller fraction is emitted to the atmosphere through the stack gas (Helble & Sarofirm, 
1993).  

 Accumulation of elements in bulk gypsum and their sources 

The data of sampling campaign from 2007 (Stergaršek et al., 2008) were used to evaluate 
the primary sources and contribution of TMEs in WFGD gypsum. Trendlines (best-fit of 
the concentration of elements) for FA, bulk gypsum, limestone and slurry water versus 
lignite (LIG08) are shown in Figure 4.3. Enrichment/depletion of TMEs in gypsum 
(concentrations above or below the expected trend line) is a consequence of solubility effect 
or co-precipitation and adsorption in WFGD gypsum slurry. In the bulk gypsum, 
accumulation of elements reflects the chemistry of elements/species taking place during the 
desulphurization and recirculation process. Most of the elements in bulk gypsum are located 
(distributed) close to the trend line. On the other hand, accumulation is observed for Hg, 
Se and halogens, while Mn shows depletion. The trendline for FA is positioned above all 
others and shows a linear correlation with elements present in lignite. FA was taken from 
ESP, and the elements represent the concentrations present there and not the particles 
entered in the gypsum slurry. However, the smallest particles passing through the ESP 
have not been sampled, except in case of Hg where most of PBM is retained in gypsum 
slurry (Stergaršek et al., 2008). On the contrary, depletion of volatile elements in FA 
indicates accumulation of those elements in WFGD scrubber (Hg, Se, and halogens). The 
trendline for limestone versus coal points to the relative contribution of elements into the 
system (e.g., Ca, Sr) as another source of elements. Parallel lines of limestone and FA show 
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the natural presence of most elements in those fractions. Also, the data of slurry water was 
obtained demonstrating a higher concentration of Cl, Br, Na, Mg and Ca due to the high 
solubility of these elements (compounds), for which the recirculation process plays a 
significant role in their concentrating (accumulation) in the WFGD scrubber. 
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Figure 4.3: Concentration of elements in Velenje lignite (LIG08) versus concentration of 
elements in limestone, fly ash, bulk gypsum, and gypsum slurry water. 

The data provided above assists more as an insight into the sources of TMEs in the gypsum 

and shows the distribution of elements in various by-products. Unfortunately, detailed 

study of all income/outcome sources was done only in block 4. Gypsum was not separated 

into various size fractions to see the distribution of TMEs there, except for Hg. In further 

chapters more information about the distribution of TMEs in gypsum samples of block 5 

and 6 is provided. 
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4.1.2 Distribution and accumulation of major and trace elements in 

gypsum samples – block  5 

The results and discussion in this section are based on a) the properties of fine and coarse 
fractions of gypsum samples, b) enrichment of elements in fine fraction with respect to the 
coarse fraction of gypsum, c) input of elements with the limestone as a source of TMEs 
into the system, and d) comparison between fine and coarse fractions versus lignite and 
among the different preparation procedures. Sample preparation is a key step in obtaining 
detailed information about the distribution of elements and for better prediction of 
reactions taking place in WFGD system. 

 Characterization of a fine and coarse fraction 

0,1 1 10 100

0

10

20

30

40

0,1 1 10 100

0,1 1 10 100

0

10

20

30

40

0,1 1 10 100

0,1 1 10 100

0

10

20

30

40

0,1 1 10 100

0

10

20

30

40

Size (µm)

 TEŠ5-FF a)

F
ra

c
ti
o

n
 p

e
rc

e
n
ta

g
e

 (
%

)
F

ra
c
ti
o

n
 p

e
rc

e
n
ta

g
e

 (
%

)
F

ra
c
ti
o

n
 p

e
rc

e
n
ta

g
e

 (
%

)

Size (µm)

 TEŠ5-FF2 c)

Size (µm)

 TEŠ5-CF1

b)

Size (µm)

 TEŠ5-CF

Size (µm)

 TEŠ5-CF2

Size (µm)

 TEŠ5-FF1

 

Figure 4.4: Distribution of particles in fine and coarse fractions from block 5: separation 
by hydro cyclone (TEŠ5-FF, TEŠ5-CF) and separation by sedimentation approach (TEŠ5-
FF1, TEŠ5-FF2, TEŠ5-CF1, TEŠ5-CF2). 

Gypsum slurry in WFGD system is a complex matrix containing mainly CaSO4·2H2O, 
alongside with unconsumed, insoluble and soluble constituents of limestone, and particles 
washed out of the flue gas. In this study, each slurry sample was separated into fine and 
coarser fraction.  
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Particle sizes determined by grain size distribution analyses are presented in Figure 4.4. 
Gypsum samples demonstrate differences that are most likely caused by sample preparation 
procedures as well as different sampling time, locations and conditions within the WFGD 
system. The differences are more pronounced in the composition of the fine fractions. The 
fine fraction of TEŠ5-FF contains a relatively high amount of coarse fraction (green 
distribution in Figure 4.4). This indicates that sedimentation technique provides better 
separation of fine and coarse fractions concerning the separation using hydrocyclone. 
Within sedimentation, almost no bigger particles were found in fine fraction (TEŠ5-FF1, 
TEŠ5-FF2). Coarse fractions slightly differ between subsamples where TEŠ5-CF2 contains 
a greater proportion of particles smaller than 50 µm.  

SEM technique gains insight into the structure of fine and coarse particles (Figure 4.5). 
Differences between fractions are seen. CaSO4·2H2O crystals represent the main stream in 
coarse fraction (Figure 4.5b). Non-uniform size distribution of fine fractions illustrates a 
different structure, presumably consisting of unburned particles and various minerals 
originating from fly ash, agglomerates and precipitates (Figure 4.5c). Bigger agglomerates 
are typically found in fine fraction (Figure 4.5d). However, the fine fraction may also 
contain some bigger crystals of gypsum (Figures 4.5a and c) that could be present as a 
consequence of the incomplete separation of the original gypsum slurry sample.  

 

Figure 4.5: Scanning electron microscope (SEM) images of solid particles in gypsum from 
block 5: (a) fine fractions TEŠ5-FF, (b) coarse fraction TEŠ5-CF, (c) fine fraction of TEŠ5-
FF1), and (d) typical example of agglomerate present in both finer fractions. 

Table 4.1 shows the proportion of CaSO4·2H2O crystals present in bulk gypsum and 
in each separated fraction calculated according to the measured concentration of Ca present 
in the sample (multielemental analysis Tables A.1 and A.3 in Appendix A). The bulk 
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sample represents an average between coarse and fine fraction containing a lower amount 
of CaSO4·2H2O concerning the coarse fraction. Coarse fraction is predominantly in a form 
CaSO4·2H2O while in fine fractions its proportion is much lower. The fine fraction TEŠ5-
FF differs from TEŠ5-FF1 and TEŠ5-FF2 according to a higher proportion of 
CaSO4·2H2O. Due to the incomplete gypsum slurry separation into TEŠ5-FF and TEŠ5-
CF as observed in Figure 4.4, it follows that there is a lower amount of CaSO4·2H2O in 
coarse fraction and consequently elevated proportions in a fine fraction. Table 4.1 indicates 
far less CaSO4·2H2O in TEŠ5-FF2 than in TEŠ5-FF and TEŠ5-FF1. In general, less 
CaSO4·2H2O present in fine fractions is consistent with a lower particle size and increasing 
proportion of other species (elements) comprising in the sample.  

Table 4.1: Percentage of Ca and calculated proportion of CaSO4·2H2O crystals in gypsum 
samples. 

Sample  
Percentage of calcium 

finer/coarse fraction (%)* 
Proportion of CaSO4·2H2O in 

gypsum (%) 

Bulk gypsum 20.4 87.6 

TEŠ5-CF 22.3 95.6 

TEŠ5-FF 14.4 61.9 

TEŠ5-CF1 23.2 99.6 

TEŠ5-FF1 11.8 50.5 

TEŠ5-CF2 23.2 99.6 

TEŠ5-FF2 4.31 18.5 

* Theoretical molar proportion of Ca in CaSO4·2H2O is 23.3%. 

 Partitioning of elements in different size fraction of gypsum 

Accumulation of TMEs in gypsum depends on particle sizes. The elements are partitioned 
between fine and coarse fractions (Figure 4.6). Most of the elements are considerably 
enriched in the fine fractions, with some exceptions (Ca, Sr, S) that constitute the bulk of 
gypsum. Strontium introduced into the system alongside limestone usually occurs as SrCO3 
(Ochoa-González, Díaz-Somoano, & Martínez-Tarazona, 2013). In general, enrichment of 
elements in TEŠ5-FF is smaller concerning TEŠ5-FF1 and TEŠ5-FF2. A larger proportion 
of bigger particles in the fine fraction TEŠ5-FF causing a “dilution” effect (Figure 4.4). 
However, much higher enrichment for most TMEs is observed in TEŠ5-FF2 concerning 
TEŠ5-FF1 and TEŠ5-FF fraction of gypsum, suggesting the importance of sampling and 
preparation procedures. Higher enrichment of most TMEs is consistent with Table A.3 
(Appendix), where the proportion of CaSO4·2H2O is significantly lower as a consequence 
of other particles present in the sample. 

Alkali elements show similar enrichment except for Na, while earth-alkaline elements 
show enrichment for Mg and Ba, but not for Ca and Sr (Figure 4.6). Additionally, Ba is 
highly enriched in finer fractions of TEŠ5-FF2. Since the salts of alkali and earth alkali 
elements have a solubility several orders of magnitude higher than the salts of the transition 
elements, the precipitation reactions alone cannot explain these findings. Adsorption is 
probably the prevalent mechanism. Aluminium is enriched in all finer fractions and is one 
of the most enriched elements. A small part is supplied with limestone while mostly 
entering with fly ash that escapes the ESP and could be present as small aluminosilicate 
cenospheres with the high specific surface for adsorption/condensation. On the other hand, 
it could enter as sulphate (oxide) aluminium species, where some are well soluble, and 
therefore TMEs can be released (Córdoba et al., 2015; Querol et al., 1995). Al can be 
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introduced by different insoluble, saturated species as well (Córdoba et al., 2012; Ochoa 
González et al., 2015). As, Sb and Se show similar enrichment in all fractions. Enrichment 
of transition elements is comparable, except for La, Hf and Mn. Mn as a non-volatile 
element is typically retained in bottom ash and therefore its presence in gypsum is mostly 
the consequence of limestone addition (Ochoa-González, Díaz-Somoano, & Martínez-
Tarazona, 2013) and only minor part could enter with the smallest particles. Furthermore, 
Mn can form precipitates such as MnO2 in WFGD slurry tank (Stergaršek et al., 2013). 
Lanthanides in TEŠ5-FF are slightly enriched compared to other fine fractions. Actinides, 
namely Th and U, have similar concentrations in the fine fractions of TEŠ5-FF and TEŠ5-
FF1. On the contrary, finer fraction TEŠ5-FF2 shows strong enrichment of both elements.  
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Figure 4.6: Enrichment of elements in the fine fraction compared to the coarse fraction of 
block 5. Elements are ordered according to the periodic system: alkali, alkaline earth 
metals, transition and post-transition metals (Al, Ga, In), metalloids (As, Sb), non-metals 
(S, Se), halogens (Cl, Br, I), lanthanides and actinides. 

Table A.2 also includes the data of TMEs measured in slurry water. The concentration 
of elements (TEŠ5-W1 and TEŠ5-W2) decreases within the following order: Cl, Mg, Ca 
>> Na, Br, K > I, Mn, Ti > other elements. Different soluble complexes with halogens, 
SO4

2- and OH- anions can form in WFGD scrubber (Córdoba et al., 2015). Inorganic 
pollutants in FGD waters tend to concentrate in the recirculation process, where they could 
reach equilibrium, and possibly saturate, precipitate, or accumulate in fine fraction 
afterwards. This is promoted by the operational conditions affecting the wet limestone 
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FGD-system. However, enrichment of halogens in a fine fraction relating to coarse fractions 
is not significant, except for iodine in TEŠ5-FF2 (Figure 4.6). High concentrations of those 
elements in slurry water and gypsum afterwards indicate their accumulation followed by 
the formation of different insoluble species or adsorption process (highly insoluble Al–Si 
fraction of limestone, carbonate fraction of limestone that reacts with S to form low soluble 
sulphate species, elements in gaseous phase that react with limestone components and are 
retained in gypsum as sulphate or fluoride species, PM elements not dissolved in gypsum 
slurry water and filtered water) (Córdoba, 2015). Halogens that are well soluble with higher 
concentrations in slurry water enter the system as volatile compounds, while fly ash 
components (particulate matter) may be dissolved in the aqueous phase of the absorbent 
slurry or retained in the solid fraction (gypsum sludge). High levels of TMEs and other 
pollutants in recirculated water increase the emission of metals by entraining and/or 
evaporation of droplets as PM from gypsum slurry in the flue gas that escapes the FGD 
(Córdoba, 2015). 

 Sources of trace and major elements in gypsum 

Some properties of limestone such as particle size distribution, porosity, and the impurities 
of limestone may play a significant role in the efficiency of desulphurization process. These 
parameters can be considered as key factors of the reactivity of the limestone and thus the 
formation of gypsum (Córdoba, 2015; Ochoa-González, Díaz-Somoano, & Rosa Martínez-
Tarazona, 2013). This has an effect on adsorption and accumulation of TMEs in the 
gypsum. It is highly recommended to use the limestone with purity higher than 95% due 
to the impurities that may supply with less pure calcite (e.g. F, Mn, Al, Si) (Córdoba, 
2015). However, also limestone with 95% purity involves impurities. 

As seen in Figure 4.6, most of the elements in the fine fraction are enriched relative to 
the coarse fraction. Coarse fraction of TEŠ5-CF1 was chosen for comparison with limestone 
since it contains almost 100% of CaSO4·2H2O according to the calculations in Table 4.1. 
The composition of coarse fraction resembles limestone which is an important source of 
elements in the system.  

Most of the elements represented in Figure 4.7 show higher concentrations in limestone 
(red bar) compared to the coarse fraction, TEŠ5-CF1 (black bar). It follows that most 
elements in coarse fraction originate from the limestone (non-soluble species). On the other 
hand, halogens, Hg and Se show the opposite trend since they are not entering the system 
with limestone (Figure 4.7). Elements coming with the small particles alongside with flue 
gases are of minor importance in coarse fraction where bigger crystals of CaSO4·2H2O are 
a predominant matrix. As already mentioned, reactivity is dependent on the particle size 
and coarse fraction with bigger particles showing less affinity to accumulate TMEs. 
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Figure 4.7: Concentrations of elements in limestone as a source of elements and in coarse 
fraction of gypsum (TEŠ5-CF1) are present in the same graph indicating similarities in 
composition. Grey bars highlight the elements followed by coal combustion. 

To support the above statements associations between concentrations of TMEs in lignite, 
fly ash, coarse and fine fractions of gypsum and limestone are presented in Figure 4.8.  

Trendlines for fine/coarse fractions and fly ash show enrichment/depletion of TMEs 
regarding lignite while the trendline for limestone versus coal shows their relative 
contribution of elements into the system. Slopes for fine and coarse gypsum fractions are 
similar which reflects the same origin of TMEs with enrichment in fine fraction mainly 
related to particle size effect. The trendline for fly ash and a fine fraction of gypsum coincide 
with slightly different slopes caused by significant contribution of some elements into the 
fine gypsum from limestone (Ca, Sr, Mg) and depletion of volatile elements (Hg, Se, Br 
and Cl) in fly ash. The firmly positioned trendline for coarse fraction and limestone 
demonstrate a similar composition of coarse fraction as a consequence of limestone 
introduction (see also Figure 4.7). The coarse gypsum fraction is composed of CaSO4·2H2O 
crystals after the reaction between SO2 and CaCO3. 
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Figure 4.8: Concentration of elements in Velenje lignite versus concentration of elements 
in FA, limestone, a fine and coarse fraction of gypsum (TEŠ5-FF and TEŠ5-CF). 

Deviations from the expected trend lines relative to lignite and limestone contributions 
of TME in gypsum are due to the solubility effect in WFGD slurry or co-
precipitation/adsorption of volatile TMEs. Soluble TMEs are therefore located below the 
trend line (Mn, Al, Fe, alkali elements) while co-precipitated elements such as Hg and Se 
are far above the trend lines. In addition to Hg and Se, halogen elements are also typically 
found above the trendlines due to their volatile nature and good solubility. Concerning the 
results obtained with calculations of EFFA, EFBA in Chapter 4.1.1.2 and concentration of 
elements in gypsum samples versus those in coal it is evident that volatile elements depleted 
in fly ash and slag (see EFs in Figure 4.2) accumulated in gypsum samples. 
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 Comparison of fine and coarse fractions versus lignite 

To compare trendlines and concentration of elements that are enriched/depleted in all 
fractions of fine and coarser gypsum, concentrations of elements in different samples are 
shown in the same graph (Figure 4.9). Similar behaviour for most of the elements is 
observed, however some distinct differences related to Br, Cl, and I are seen. 
Concentrations of Cl, Br and I in the fine fractions TEŠ5-FF are close to the trend line 
itself, following the predicted concentration ratios between fine fraction and lignite samples 
(Figure 4.9). On the other hand, much higher levels of these elements are present in the 
other fine fractions of block 5. Similarly, all coarse fractions (TEŠ5-CF, TEŠ5-CF1 and 
TEŠ5-CF2) show that Br, Cl and I are located significantly higher in relation to the 
concentrations in coal and according to the other elements present in coarse fraction. 
Coarse fractions with the majority of CaSO4·2H2O seem to be an efficient matrix for 
removal of halogens, whereas high retention is even more apparent in fine fractions 
indicating greater accumulation with possible binding and reactions with other elements, 
adsorption onto the minerals or to smaller crystals of gypsum. Concerning the position of 
the trendlines, it is evident that TEŠ5-FF2 contains higher concentrations of most TMEs. 
On the contrary, in coarse fractions, there are no such differences among the samples.  

Among the most interesting features is high accumulation/retention of Hg and Se in all 
gypsum fractions regarding coal. Se mainly condenses on fly ash particles while Hg is found 
as volatile species in flue gas (Otero-Rey et al., 2003). Concentrations of Se and Hg in the 
particles leaving the ESP are higher in medium to a fine fraction. In the gypsum, Se is 
suggested to be in oxidation state Se(IV) (Al-Abed et al., 2008). SeO2 is a predominant 
species in flue gas that combines with lime in the scrubber to form CaSeO3 (Huggins, Senior, 
Chu, Ladwig, & Huffman, 2007). Another explanation for Se accumulation is attributed to 
its presence in gypsum as calcium selenate dihydrate (CaSeO4·2H2O), which has similar 
properties as CaSO4·2H2O (Freyer & Voigt, 2003; Krüger & Abriel, 1991). In the case of 
Hg, various mercury compounds have been suggested to be present in gypsum, such as Hg–
Cl compounds, HgS, HgO, HgSO4, etc. (Al-Abed et al., 2008; J.-Y. Lee et al., 2009; X. Liu 
et al., 2013; Sedlar, et al., 2015; Sui et al., 2015; Z. Zhu et al., 2016). Although Hg and Se 
form stable Hg–Se compounds, e.g., in biological systems (Khan & Wang, 2009), this has 
not been proven in WFGD gypsum so far (Córdoba, 2017). Fe and Al (oxides/hydroxides) 
may also have an essential role in the adsorption of Hg that are formed in the WFGD 
system (Al-Abed et al., 2008; Beatty et al., 2012; Kairies et al., 2006; Shah, Strezov, Prince, 
& Nelson, 2008).  
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Figure 4.9: Concentration of elements Velenje lignite versus concentration of elements in 
all six finer and coarse fractions of gypsum (TEŠ5-FF, TEŠ5-CF, TEŠ5-FF1, TEŠ5-CF1, 
TEŠ5-FF2 and TEŠ5-CF2). 

In general, conditions after coal combustion and behaviour/partitioning of elements in 
APCDs are expected to be constant. However, the sampling procedure itself and separation 
of gypsum into fine and coarser fraction are important factors affecting partitioning of 
TMEs in fine and coarser fractions of gypsum samples. Improved (and standardized) 
separation procedure are needed to obtain comparable results. Also further investigations 
in obtaining better knowledge about the species formed and to explain reactions present in 
WFGD boiler. Identification of different species formed during the desulphurization process 
and better knowledge of the processes in WFGD scrubber would help in the understanding 
of Hg chemistry and its accumulation in the gypsum samples. 
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4.1.3 Distribution and accumulation of major and trace elements in 

Šoštanj thermal power plant – block 6 

In this chapter, the properties of three gypsum samples of block 6 were described. Gypsum 
slurries were taken at the same time from different locations in the WFGD system. 
Separated gypsum fractions from block 6 are characterised and compared among the 
samples. Particles size distribution, microstructure images, and thermogravimetric analyses 
were performed. Also, the results of multielemental analyses for 43 elements in fine and 
coarse gypsum fractions of block 6 are provided in Table A.4 (Appendix A).  

 Characterization of fine and coarse fractions of gypsum 

Figure 4.10 shows the particle size distribution for all separated fractions. The coarse 
fractions have an identical distribution (DISP-CF, ORIG-CF). All three fine fractions differ 
from each other (ORIG-FF, DISP-FF and RECY). Additionally, particle size distribution 
of a slurry sample from the main scrubber (ORIG-slurry) was performed to compare the 
results with separated fractions. ORIG-slurry significantly differs among other samples, 
because slurry encompassed both finer and coarse particles. However, the proportion of 
coarse fraction represents only a minor part due to the rapid settling (sedimentation) of 
bigger particles although the sample was mixed before analysis. 
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Figure 4.10: Distribution of particles in fine and coarse fractions of gypsum from block 6. 

Smaller particles accumulate a higher concentration of TMEs, as it has been already 
observed in the previous chapter. To connect the particle size distribution with the 
concentrations of TMEs in the samples, an example for Hg is provided here. RECY - the 
finest fraction contained the highest concentration of Hg. The Hg concentrations in both 
coarse fractions were similar (0.22-0.31 mg kg-1), whereas the concentration of Hg in the 
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finer fractions decreased as follows: RECY (20.6 mg kg-1) > DISP-FF (12.5 mg kg-1) > 
ORIG-FF (8.94 mg kg-1) (Table A.4), which is consistent with the particle size distribution.  

Figure 4.11 shows SEM pictures of various gypsum samples. In the bulk gypsum, coarse 
fraction prevails, and the fine fraction is barely seen (Figure 4.11a). The coarse fractions 
are mostly composed of crystals >40 µm size (Figure 4.11b). In the fine fractions (Figure 
4.11c), in addition to smaller CaSO4·2H2O crystals, other solid compounds were formed 
under slurry water recirculation process by precipitation and adsorption process (Córdoba 
et al., 2015). Inclusions of Fe and Al oxy-hydroxides were present in the fine particles of 
the gypsum (Figure 4.11d; EDS analysis in Figure 4.12).  

 

Figure 4.11: Scanning electron microscope (SEM) images of solid particles in gypsum: a) 
bulk fraction of ORIG gypsum sample, b) crystal of gypsum in a coarse fraction of DISP-
CF, c) finer fraction of ORIG-FF gypsum and (d) an example of agglomerate present in 
the finest fraction of RECY gypsum. 

Since SEM figure cannot give us the information about elemental composition, SEM-
EDS was applied for observation of the gypsum sample RECY. This methodology enables 
elemental analysis or chemical characterization of the sample. The advantage of this 
method is that you can determine the location in the sample which you are interested in 
and get the information about elemental composition. However, the uncertainty of the 
method depends on the sample, sample preparation and varies up to 5%. We performed 
this measurement to confirm the presence of iron/aluminium oxides. However, more 
measurements are needed as well as using of calibration standards to compare the spectra 
and to calculate the species possibly present in the sample according to the percent of each 
element. In general, characterization of the finest particles in the view of speciation is very 
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important. All this information helps in the understanding of the species responsible for 
the accumulation of TMEs.  
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Figure 4.12: SEM-EDS spectrum and elemental quantitative data representative in the 
gypsum sample RECY.  

Figure 4.13 represents the TG-DTA thermograms of two gypsum samples (one coarse and 
one fine fraction), DISP-CF and RECY, recorded under heating between 25 and 550 °C. 
Equation 4.2 summarizes the reaction of the removal of H2O from CaSO4·2H2O 
(Borrachero, Payá, Bonilla, & Monzó, 2008; Fatu, 2001): 

The temperature interval of interest is between 100 and 220 °C, where the H2O evolves in 
two steps (see Figure 4.13 DTA and TG, mass loss) as a consequence of the CaSO4·2H2O 
decomposition (dehydration, loss of the hydrated water). DTA maximum is observed at 
164 and 183 °C for DISP-CF and 153 and 164 °C at RECY gypsum.  

As already mentioned, a sample of coarse fraction mostly consists of CaSO4·2H2O and 
graph for DISP-CF gypsum sample representing almost pure gypsum (calculated value 
from the graph is 97.5%). In Figure 4.13b the situation in the fine fraction of RECY lower 
water removal indicating less crystalline CaSO4·2H2O present in the finest fraction (the 
calculated number is 39.2%). Mass loss (TG) and DTA differ among Figure 4.13a and 
Figure 4.13b where water from the sample of RECY (Figure 4.13b) starts releasing a little 

 

CaSO4 · 2H2O
−1.5 H2O
→      CaSO4 · 0.5H2O

−0.5 H2O
→      CaSO4 

(4.2) 
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before than from DISP-CF (Figure 4.13a). This is probably due to the presence of smaller 
crystals of CaSO4·2H2O. Also, mass loss from the beginning of the DTA curve is seen in 
the sample of RECY which confirms the presence of other unstable species caused by 
decomposition and formation of gases that evolve from the sample.  

It follows that water removal at higher temperatures represents the strongest decrease 
in mass loss even in the finest gypsum. Volatile species as a consequence of thermal 
decomposition start evaporating above 250 °C which is evident in Figure 4.13. In a coarse 
fraction, this is mainly due to the decomposition of CaSO4 and unconsumed CaCO3, where 
SO2, CO2 and other gases released. In fine fraction in addition to CaSO4 decomposition of 
other decomposition products may form as well. 

In case of mercury, interaction with matrix and with water complicate the identification 
of the mercury species that is initially present in the gypsum sample. Moreover, 
dehydration and decomposition of the sample change the sample structure (crystal lattice) 
and Hg that is trapped may release.  
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Figure 4.13: TG and DTA analysis for gypsum samples of a) coarse fraction (DISP-CF) 
and b) fine fraction (RECY) in the temperature interval between room temperature and 
550 °C. 

 Partitioning of elements in different size fraction of gypsum 

4.1.3.2.1 Enrichment of elements in fine fraction 

The results of the multielemental analysis (43 elements) of the fine and coarse fractions 
are given in Table A.4 in the Appendix A. Most of the elements show positive correlations 
between the concentrations of Hg and concentrations of other elements (Pearson correlation 
coefficient and statistical significance are provided in Table A.5). Majority of TMEs 
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accumulate in the fine fraction rather than in coarse because of the smaller particle sizes. 
However, negative correlations with the concentration of Hg were shown for Ca, S, Sr and 
halogens (Br, Cl), except for iodine. Ca, S and Sr are the major elements in coarse fractions, 
and their concentrations are typically lower in the fine fractions. In the study of Sedlar et 
al. (2015), halogens were found in much higher concentrations in the fine gypsum fractions 
compared to the coarse fractions (Sedlar et al., 2015). In this work, high enrichment of Cl 
and Br in fine fraction compared to the coarse fraction was not observed. Also in the finest 
fraction of RECY, the halogens are present in concentrations similar to the coarse fraction 
DISP-CF. One reason could be the presence of SCR which is primarily intended for NOx 

removal. Due to the possible formation of various Cl and Br species that may bound to 
some particles after SCR, these particles may be removed in ESP. It follows that 
concentrations in the gypsum are lower. Another option is that halogen species in the slurry 
water do not accumulate in the gypsum but rather circulate in the system. Their 
concentrations in the slurry water are constant, and when the concentrations exceed the 
formation of precipitates and adsorption to particles becomes important.  
Figure 4.14 shows the Ca:S molar ratios of the different gypsum samples. The Ca:S ratio 
was nearly unit one in the coarse phases (ORIG-CF and DISP-CF), indicating pure 
CaSO4·2H2O, while in ORIG-FF and DISP-FF they were between 1 and 2. In RECY there 
is a strong deviation from unit one, likely because of the presence of various carbonates 
(e.g. unconsumed CaCO3). Moreover, Ca precipitate with molecules and cluster ions other 
than SO4

2- (Córdoba, 2015).  
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Figure 4.14: The molar ratio between concentrations of Ca and S present in gypsum 
fractions. 
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Figure 4.15 shows a significant difference of TMEs concentrations between the ratio of fine 
to coarse fraction in the samples DISP and ORIG. Gypsum samples intended for further 
processing before disposal to the landfill (DISP) demonstrate high enrichment for most of 
the elements in a fine fraction concerning the coarse sample and in comparison with the 
samples of ORIG. DISP sample is filtered/separated in hydrocyclone and slurry with the 
smallest particles and soluble species is returned to the scrubber. During the ˝dewatering 
process˝ adsorption and precipitation might be the processes responsible for the 
accumulation of most of the elements that are present at an elevated concentration in DISP 
samples regarding ORIG sample. This could also explain a slightly higher ratio for Ca/S 
in Figure 4.14. The higher Ca/S ratio proposed the formation of other compounds and thus 
the purity of gypsum decrease. 
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Figure 4.15: Enrichment of elements in the fine fraction compared to the coarse fraction of 
block 6. Elements are ordered according to the periodic system: alkali, alkaline earth 
metals, transition metals and post-transition metals (Al, Ga, In), metalloids (As, Sb), non-
metals (S, Se), halogens (Cl, Br, I), lanthanides and actinides. 

4.1.3.2.2 Comparison of fine and coarse fractions versus lignite 

The finer fractions accumulate most of the elements where attention is devoted to Hg and 
Se. The finest fraction labelled as RECY shows a little different slope of the trendline about 
the others due to the increased concentration of some elements. Moreover, the smallest 
particles are responsible for the higher accumulation of some elements (regarding the 
concentration in coal), such as V, Cr, Zr, U, Ga, Dy, Se, Hg and Ti. On the other side, 
soluble species such as Br, Cl, Na, Mn and S are depleted in the finest fraction (Figure 
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4.16). The positions (from bottom to top) of the trendlines for all five fractions follow as 
DISP-CF < ORIG-CF < ORIG-FF < DISP-FF < RECY. The trendlines are consistent 
with the particle size distribution (Figure 4.10). Coarse fractions, DISP-CF and ORIG-CF 
show similar particle size distribution, but the concentrations of TMEs are lower in DISP-
CF. On the contrary, TMEs show elevated concentrations in DISP-FF compared to ORIG-
FF. This is the consequence of fraction separation in hydrocyclone, where soluble part 
return as RECY, and non-soluble species and precipitates accumulate in DISP-FF.  
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Figure 4.16: Concentration of elements in Velenje lignite versus concentration of elements 
in all five finer and coarse fractions of gypsum from block 6 (ORIG-FF, ORIG-CF, DISP-
FF, DISP-CF and RECY). 
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4.2 Temperature Programmed Desorption Method 

We previously examined the importance of particle size for mercury accumulation in 
WFGD gypsum from lignite burning Šoštanj TPP and tried to identify possible Hg-species 
present in the fine fraction of the gypsum (Sedlar et al., 2015; Stergaršek et al., 2008). 
Because the sensitivity of TPD method using AAS detection is not sufficient to detect the 
low concentrations of Hg compounds in the solid samples such as coarse gypsum fractions, 
the mass spectrometer was applied in the present study. We hypothesise that high 
sensitivity and the ability to measure other volatile species and their fractions would allow 
the identification of Hg species present in the gypsum samples. Although MS has a lot of 
advantages versus AAS, it has its limitations that are described in subchapters. The results 
obtained by TPD method include various gypsum samples from block 4, 5, 6 of Šoštanj 
TPP and different gypsum samples from China. Since samples were differently prepared, 
the influences on TPD spectra including sample preparation and age of the sample are 
presented here. Fe and Al were enriched in the fine gypsum particles compared to the 
coarser gypsum. Therefore, part of the experiments reported in this dissertation was 
devoted to studying the desorption/decomposition of different Hg-species mixed with 
FeOOH, Al(OH)3 and CaSO4·2H2O. Part of this chapter is also intended to determine 
HgCl2 and HgS in the investigated gypsum samples since these two species are thought to 
be present in most gypsum samples. 

4.2.1 Development and validation of the method for Hg fractionation 

using quadrupole mass spectrometer (QMS) 

TPD approach using CV-AAS detection is well described in the doctoral dissertation of 
Sedlar (Sedlar, 2014). In the present study, NT-MS was applied at the beginning of the 
experimental work and then replaced with new set-up (QMS). The desorbed atomic and 
molecular species were ionized by electron energy of 35 eV (NT-MS) and 70 eV (QMS). 
These two mass spectrometers have different ion sources for ion generation (both produce 
ions with electron ionization) and mass analysers for mass separation. NT-MS used 
magnetic sector for mass ion separation whereas QMS used quadrupole mass filter. NT-MS 
could not measure more than one ion at the same time (continuous mode), as it is possible 
with QMS (multiple ion detection mode). Experimental set-up for sample introduction is 
similar in both cases. Since QMS was used for most of the experiments in this doctoral 
dissertation, advantages/disadvantages of this instrument are provided in this chapter. 
Some TPD spectra of gypsum obtained with QMS were compared with NT-MS. NT-MS 
was also used for experiments with HgCl2.  

 Method development and optimization 

During the development of the method using QMS, we tested and adjusted some 
parameters (settings) to optimise conditions before starting with the measurements of the 
actual samples: 

• The heating rate of the thermocouple: Three different heating rates (5 °C min-1, 10 
°C min-1 and 20 °C min-1 were tested. There were no significant differences in TPD 
spectra and therefore 10 °C min-1 was chosen for all further experiments. However, 
linear heating is stable with 5 and 10 °C min-1, while with 20 °C min-1 the heating 
is not constant and discrepancies (falling/rising) in heating line could be observed. 

• Temperature correction factor: Heating quartz cell (where the sample is introduced, 
Figure 3.2) together with the sample coil and quartz tube were coupled with QMS. 
Spiral alloy heater has a small introduction hole for sample vessel (heating quartz 
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cell). The sample should be inserted and positioned at the same place each time, if 
possible. The sensor of the heating cell is not located in the middle of spiral alloy 
(where the quartz sample vessel is positioned) but below that, and the following 
temperature is, therefore, lower than in the sample itself. The correction factor had 
to be calculated because the temperature obtained in the display (measured 
temperature) deviated from the real temperature of the sample. Thermocouple type 
K (Nickel-Chromium) was used to determine temperature correction. To decrease 
the differences between measured and real temperature, we fixed the position of the 
sample vessel later (sample was located at the same position (height) in all 
experiments), and the correction factor was calculated as follows:  

 T𝑐 = 1.42343 ∙ T𝑚 − ((0.000148036) ∙ (T𝑚)
2) − 14.29032 (5.1) 

where Tc (°C) represents the corrected temperature and Tm (°C) the measured 
temperature. 

• The amount of the sample: Mass is dependent on the concentration of Hg in the 
sample. A minimal amount of the sample (less than 1 mg with estimated 
uncertainty ± 0.2 mg) was weighted in the case of the pure Hg-standard mixture 
(mixture with CaSO4·2H2O or SiO2), few mg for other Hg compounds mixed with 
FeOOH or Al(OH)3, and between 1-15 mg for actual gypsum samples (depends on 
Hg concentration in the sample). Experiments showed that in the presence of 
smaller sample weight, the obtained TPD spectra show peak(s) with fewer 
interferences (peaks are smoother). However, this is not the case in the samples 
with Hg concentration below 0.5 mg kg-1. 

• Powder sample with smaller particles may enter into ionisation cell and might form 
a barrier for efficient ionization. To prevent this effect a quartz nozzle was inserted 
between the sample cell and quartz tube. With appropriate heating rate (should 
not be too fast) and slow achieving of vacuum in pre-chamber (regulating with the 
rotary vane pump) sample entering into the ionization cell is prevented. This is 
also dependent on the sample material. 

 Sample with higher humidity: Samples containing crystalline water or moist 
samples should be dried before measuring with QMS. In the case of no sample pre-
heating, the presence of water vapour could saturate in the ion source, and 
ionization is not proper around 100 °C. Although the boiling point is determined 
to be at 100 °C, evaporation starts below this temperature. Simultaneous increasing 
of both Hg isotopes (200 and 202) and the background at m/z 203 confirm the 
presence of the false peak. This phenomenon is observed in the samples containing 
small Hg concentrations while at higher concentrations this effect is less 
pronounced. For that reason, most of the samples (including Hg-compounds mixed 
with CaSO4·2H2O) were dried in a heating cell under vacuum at 75-78 °C. To see 
if there was any loss of Hg when the sample was preheated, various Hg-standards 
and gypsum samples were tested before pre-heating was regularly applied. In most 
experiments, mercury is detected at room temperature, but the proportion of Hg 
releasing in relation to the main Hg evaporation (main TPD peak) is negligible. 
Therefore, preheating has been routinely applied in further experiments with 
gypsum. An example of false peaks (artefact) in the presence of crystalline water is 
presented in Figure 4.17.  
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Figure 4.17: TPD spectra of two different isotopes of Hg (m/z 200 and 202) and background 
(m/z 203). 

 Washing of the sample: For studying desorption/decomposition profile with QMS, 
it is recommended that samples are not treated before analysis to get the real TPD 
spectra. Some species in the samples may interfere with the spectra. Therefore, it 
is desirable that samples are water free (previously dried) and washed. The washing 
procedure usually does not significantly change Hg releasing profile but decreases 
the background. Therefore, interpretation of the peaks is easier, and the maxima 
of the peaks are more accurate. For this reason, a washing step was included as an 
efficient way of reducing background interferences. The presence of hydrocarbon 
and their fragments also interfere with the measured ionic species. More about the 
washing effect on TPD spectra is presented in the following sections describing the 
results obtained from samples of block 4, 5 and 6 of Šoštanj TPP. 

 Heating of the system: Introduction part (cell) and tubes connecting rotary pump 
and MS have been covered with the heating tape. After each measurement 
(especially when using samples with Hg concentration > 10 mg kg-1) all these parts 
are heated to remove Hg that might potentially adsorb to the walls. This step is 
also essential for decreasing the background. 

• Quartz tube introduction into the ionization cell (cross beam ion source with 
electron ionization, EI): Long quartz tube was inserted toward an ion source 
without touching the hole that leads into the cross beam ion source. Between quartz 
tube and ion source, the distance was <1 mm supposing there was no ion lossless. 
We observed that if the quartz cell touches the collision cell, baseline (background) 
significantly increases and samples with low Hg concentration are unable to detect. 
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 Mercury detection by QMS 

Mercury has 7 stable isotopes with different natural abundances. Since the highest 
proportions have Hg isotopes 200 (23.10%) and 202 (29.86%), these two ions are normally 
used for measuring. 

 Two Hg isotopes were measured simultaneously, m/z 200 and 202. Sometimes the 
background is very high, and isotope 200Hg shows different releasing peak (TPD 
spectrum) than 202Hg. Therefore, the whole m/z spectrum in the range between 194 
and 207 was recorded (scan mode). If all seven Hg isotopes show an appropriate 
ratio between peaks, then Hg is confirmed to be present in the sample (Figure 4.18). 
All isotopes are seen except 196Hg (its natural abundance is only about 0.15%).  
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Figure 4.18: Typical mass spectra of seven different isotopes of Hg where 196Hg is barely 
seen. Natural abundances (atom % in the environment) are written in percentage above 
the signal peaks. 

Figure 4.19 does not represents typical pattern for Hg isotopes (scan mode). Two 
options are possible in such cases; mercury is not present in the sample, or background 
is much higher relative to the Hg. However, in this case, Hg is not present because 
intensity at m/z 200 is very low. 
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Figure 4.19: Mass spectra recorded in the m/z range 194-209. Typical mass spectrum of 
seven different isotopes is absent. 

In the next example (Figure 4.20) the influence of background on Hg isotopes could be 
seen. This is emphasised especially at m/z 202. Here, Hg could be present in the sample. 
To confirm the presence of Hg in such a case, more Hg scans need to be recorded and 
compare the scans at room temperature and at elevated temperatures to see if Hg starts 
evaporating from the sample. 
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Figure 4.20: Mass spectra recorded in the m/z range 194-207. The ratio of Hg isotopes is 
under background. 
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 According to Figure 4.20 200Hg isotope was typically chosen for graphical 
presentation of TPD spectra due to its smaller background influence compared to 
the 202Hg. To test the effect of the background, m/z 203 was measured 
simultaneously with two mercury isotopes (200 and 202). Background optimisation 
is an essential step in obtaining reliable results, especially at low mercury 
concentrations. The background is then subtracted from the main line of 200Hg or 
202Hg (Figure 4.21).  
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Figure 4.21: Background subtraction.  

Sometimes the peak at m/z 203 is higher than at m/z 200 and 202. In Figure 4.22 
at temperatures between 150 and 200 °C Hg peak is expected but due to the high 
background (m/z 203), this peak may be an artefact since all three peaks show a 
similar releasing profile. Similar trend is observed with the peaks at higher 
temperatures (Figure 4.22), where the background peak (m/z 203) is the most 
intensive and overlaps both Hg peaks.  
In the presence of organic matter or complex matrices, the background might 
increase significantly. Additionally, the proportion (intensity) between Hg isotopes 
differs a lot, and this indicates that Hg is not present or is present in a very low 
amount (could not be detected). Scanning of mercury isotopes (the pattern similar 
to the one in Figure 4.19) confirm the absence of mercury in the sample and thus 
the formation of peaks that do not represent Hg releasing.  
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Figure 4.22: TPD spectra measure at m/z 200 and 202 and background m/z 203.  

 Sensitivity of the QMS 

For TPD experiments, QMS is not intended to determine Hg concentration in the 
samples (quantitative Hg measurements) but rather to observe different releasing 
temperatures at which Hg or mercury compounds evaporate (decompose, desorb or 
sublimate). The concentration of Hg is measured with other instruments. The total amount 
of mercury in WFGD gypsum (a mixture of the fine and coarse fraction) is typically low 
(<1 mg·kg-1) and even lower in the coarse fraction (<0.2 µg g-1). Fortunately, the much 
higher sensitivity of the QMS enables a reliable release profile in samples containing as 
little as 10 ng g-1 of Hg.  

 QMS is much more sensitive than CV-AAS (detection with Lumex device; RA-
915+ mercury analyser with Zeeman background correction). In case of QMS (or 
NT-MS), typically less than 10 mg of the sample is needed to obtain thermograms 
with visible, separated peaks. Regarding the CV-AAS up to 0.5 g of a sample is 
required when the concentration of Hg in the sample is very low (< 0.2 mg kg-1). 
The limit of quantification in QMS is about 0.05 ng of Hg present in the sample 
concerning the Lumex where at least 20 ng is needed to get the thermograms of 
sufficient peak visibility (meaning that maximum of the temperature could be easily 
determined from the spectra). TPD spectra with the amount of Hg less than 0.05 
ng could be obtained by QMS, but the background effect prevails (Figure 4.23), 
and the spectrum is not clear. Detection of mercury (TPD spectra, thermograms) 
depends not only on Hg concentration in the sample but also on the sample matrices 
which can affect overlapping of the Hg peaks with the background of unknown 
species in the sample.  



82  Chapter 4. Results and Discussion  

0 100 200 300 400 500 600

0

50000

100000

150000

200000

C
P

S

Temperature (°C)

 200 Hg

 202 Hg

 203 backgorund

 

Figure 4.23: Sample contains 0.02 ng of Hg. 

 Manipulation of the sample, such as washing or sample pre-heating, significantly 
improves the sensitivity. In the case of mercury species that tend to change 
(transform) under different environmental conditions, any handling may change 
the original identity. Therefore, doubt remains about the authenticity of the 
mercury species in the sample after sample manipulation.  

Measuring of other ions (volatile compounds): Up to ten volatile species could be 
measured in the same experiment. Ion current is measured for each volatile species. Volatile 
species that released at higher concentrations should not exceed ion current of 10-5 A. For 
volatile compounds with elevated concentrations it is better to use Faraday cup detector 
than secondary electron multiplier (SEM). One needs to be aware that vacuum pressure 
should be better than 10-5 mBar (maximum operation pressure) during the whole 
measurement to get reproducible thermograms. If the vacuum is worse than 10-5 mBar, this 
could damage the instrument (SEM, ionization filament). 

 Thermal decomposition of CaSO4·2H2O is an example of observing other volatile 
compounds as a consequence of sample decomposition. The decomposition of 
crystalline water from the matrix shows a very intensive peak. In this case, the 
vacuum inside the instrument gets worse and also the ion current (intensity of the 
peak) confirms this (intensity of H2O almost reaches the upper limit (threshold), 
10-5 A). Water is one of the most critical gases. However, the same precaution also 
applies to other gases (e.g. SO2, CO2). 
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Figure 4.24: TPD spectra of H2O, CO2 and SO2 released from the pure CaSO4·2H2O (SEM 
continous mode).  

 During sample heating, the sample start to decompose and different volatile species 
evaporate (as seen in Figure 4.24). But decomposition fragment could help with 
identification and prediction of the decomposition reactions. This is only possible 
for pure Hg compounds, not with the actual sample. In the actual samples, reactions 
cannot be assumed due to the much higher concentration of other volatile 
compounds rather than mercury. An example where we can predict decomposition 
reactions is HgS mixed with powder CaSO4·2H2O (Figure 4.25). Different reactions 
are suggested to happen during the decomposition of HgS according to the 
literature (Leckey & Nulf, 1994; Wu et al., 2011): 

 HgS(s)
T
→Hg(g) + 1/2S2(g) (5.2) 

 HgS(s) + O2(g)
T
→Hg(g) + SO2(g) (5.3) 

 HgS(s) + H2O(g)
T
→HgO(s) + H2S(g) (5.4) 

 HgS (s) + H2
T
→Hg(g) + H2S(g) (5.5) 

The first reaction suggests decomposition into Hg and sulphur. This reaction is 
favourable in the absence of O2. In the presence of O2 reaction 5.3 is more likely. In the 
mass spectrometer under high vacuum, it is believed that a very small amount of oxygen 
is always present. However, the amount of O2 is still much higher compared to the Hg 
present in the sample (or in the mercury standard). A small amount of SO2

+ is detected 
and coincides with the peak of Hg+ ions. The intensity of SO2

+ depends on the presence of 
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O2. Formation of intermediate [HgSO3] is proposed in the study of Wu et al. (2011). Step 
reaction follows by the decomposition of [HgSO3] into HgO and SO2. HgO is further 
decomposed into Hg(0) and O2 (reaction not showed) (Wu et al., 2011). The presence of 
H2S+ ions is not expected and might form as a consequence of hydrolysis (Eq. 5.4). Here, 
the formation of HgO is suggested instead of Hg releasing. HgO decomposed into Hg(0) 
and O2. HgS+ ion was not detected although sublimation of HgS is suggested in the 
literature (Lide, 2009). HgS decomposition is also proposed via reaction with H2, which is 
also present in a small amount in a vacuum. Reaction in Eq. 5.5 was proposed at 
temperatures above 340 °C in a flow of hydrogen where dissociative sublimation (into Hg 
and S) and reduction of HgS proceeds (Baláž & Godočiková, 2001). However, due to the 
presence of a small amount of H2 in the QMS system, this reaction cannot be excluded.   
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Figure 4.25: TPD spectra of various ions observed by decomposition of HgS mixed with 
dry CaSO4·2H2O.  
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4.2.2 Gypsum samples from Šoštanj thermal power plant 

Different gypsum samples from Šoštanj TPP were analysed to determine the thermal 
stability of mercury/mercury compounds present in the sample and try to identify those 
compounds. All samples were separated into fine and coarse fractions as described in 
Chapter 3.3.3.1. TPD spectra were recorded in these samples (block 4, 5 and 6 from Šoštanj 
TPP). We compared the results with two different mass spectrometers, NT-MS and QMS. 
Also, the influence of sample preparation (washing effect, pre-heating of the gypsum, aging 
of the samples) on TPD spectra has been tested.  

 Samples from block 4 

50 L of gypsum slurry was sampled from the WFGD scrubber of block 4 and two different 
aliquots of gypsum slurry sample were taken from barrel (Figure 4.26). One aliquot had 
normal particle size distribution (mixed slurry taken immediately after shaking the barrel; 
sample labelled as TEŠ4-MSN) while the other contains small amount of coarse fraction 
(finer slurry sample at the top was taken after sedimentation; sample labelled as TEŠ4-
FS).  

  

Figure 4.26: Scheme represents the preparation of different samples taken from the main 
sample of gypsum slurry which has been sampled from block 4.  

These two aliquots were separated into different fractions (coarse and fine fractions) among 
which some were washed and others not. Separated fractions of aliquot that contains mostly 
fine fraction (TEŠ4-FS) are labelled as TEŠ4-FFS (fine fraction), TEŠ4-MFS (mixed 
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fraction), TEŠ4-CFS (coarse fraction). Different sub-aliquots were taken and prepared from 
aliquot with normal particle size distribution (TEŠ4-MSN); TEŠ4-MSNnotw, TEŠ4-MSNw, 
TEŠ4-MSNet, TEŠ4-CSNnotw TEŠ4-CSN4w TEŠ4-FSNup, TEŠ4-FSNdown and TEŠ4-
FSNdownnotw. Separation based on sedimentation and the colour of the different gypsum 
fractions.  

The total Hg concentrations and TPD spectra are provided to compare concentrations and 
variations among different gypsum samples and to see the differences between the washing 
procedures. The concentrations of each separated fraction are provided in Table 4.2. The 
results of thermograms are shown in Figures 4.28–4.31. Each measurement in Table 4.2 
shows the concentration of Hg in various gypsum samples of block 4 that were used for 
TPD spectra characterisation. Additionally, sample weight used for each TPD 
measurement is written in the last column.  

The concentration of mercury and particle size distribution in gypsum samples: 

Table 4.2: The concentration of total Hg present in different gypsum samples from block 
4 of Šoštanj TPP. Samples in the table are labelled the same as in TPD graphs. 

Gypsum samples 
Concentration (mg 

kg-1) 
Mass (mg) 

Finer fraction of block 4 (washed) - TEŠ4-FFS 4.05 ± 0.02 2.5 

Mixed fraction of block 4 (fine + less coarse fraction, 

washed) - TEŠ4-MFS 
1.09 ± 0.02 6.2 

Coarse fraction of block 4 (washed) - TEŠ4-CFS 0.310 ± 0.003 11.7 

Sample of mixed fraction (coarse + fine fraction of block 4, 

not washed) - TEŠ4-MSNnotw 
0.644 ± 0.001 5.2 

Sample of mixed fraction (coarse + fine fraction of block 4, 

washed with water) - TEŠ4-MSNw 
0.421 ± 0.007 5.8 

Sample of mixed fraction (coarse + fine fraction of block 4, 

washed with ethanol) - TEŠ4-MSNet 
0.305 ± 0.008 5.1 

Coarse fraction (not washed) taken from mixed fraction - 

TEŠ4-CSNw 
0.12 ± 0.01 11.6 

Coarse fraction (highly washed) taken from mixed fraction 

- TEŠ4-CSN4w 

0.057 ± 0.001 10.7 

FFF fine upper lighter fraction - TEŠ4-FSNup 3.07 ± 0.02 2.4 

FFF fine bottom dark fraction - TEŠ4-FSNdown 1.72 ± 0.01 2.6 

FFF fine bottom dark fraction (not washed) –  

TEŠ4-FSNdownnotw 
1.61 ± 0.13 11.7 

*All samples were measured with DMA.   
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Figure 4.27: Particle size distribution of two gypsum samples from block 4, TEŠ4-MS and 
TEŠ4-FS.  

Figure 4.10 shows the influence of particle size on Hg concentration where smaller 
particles accumulate more Hg (samples taken from block 6). In block 4, particle size 
distribution has not been obtained for all samples but only for TEŠ4-MFS and TEŠ4-FFS 
(Figure 4.27). Mixed fraction (TEŠ4-MFS) represents the sample aliquot that contains 
more fine fraction than is normally present in mixed gypsum (contains less than 50% of 
the coarse fraction). Bulk gypsum usually consists around 90% of the coarse fraction. 
Particle size distribution in TEŠ4-MFS is a consequence of the sampling procedure. The 
distribution in fine fraction (TEŠ4-FFS) is similar to the sample of RECY (Figure 4.10). 
The majority of particles size lies in the range between 5-10 µm. TEŠ4-FFS was prepared 
from TEŠ4-FS, and it contains the highest concentration of Hg among the samples prepared 
from the gypsum slurry samples of block 4. However, the concentration of Hg in fraction 
TEŠ4-FFS (Table 4.2) is five times lower compared to the sample RECY from block 6 
(Table A.4). It follows that sample preparation represents an important step in the 
determination of total mercury concentration. Although smaller particles accumulate more 
Hg, its final concentration is still dependent on other factors present in TPP.  

Table 4.2 shows a higher concentration of Hg in all fine fractions. However, 
concentrations in fine fractions differ among the samples for more than two times (TEŠ4-
FFS > TEŠ4-FSNup > TEŠ4-FSNdown > TEŠ4-FSNdownnotw). This is the consequence of 
sample preparation (Figure 4.26) where sample with the highest concentration (4.05 mg 
kg-1) was prepared from different aliquot than other three samples. TEŠ4-FFS accumulates 
more Hg as a consequence of smaller particles compared to the samples TEŠ4-FSNup, TEŠ4-
FSdown. Although these two samples represent fine fractions, the presence of bigger particles 
causes ˝dilution effect˝ and thus the concentration of mercury is lower (Table 4.2). 
However, Hg concentration in TEŠ4-FSNup is higher than TEŠ4-FSNdown. To test the 
washing effect, half of the TEŠ4-FSNdown was washed, and the rest represents an unwashed 
sample TEŠ4-FSNdownnotw. There are not big differences in concentration between these two 
samples (washed and unwashed). This could be attributed to the species present in the 
gypsum that shows affinity to Hg. Both fractions (TEŠ4-FSNup and TEŠ4-FSNdown) differ 
in colour which is probably the result of a different composition of those two fractions. 
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Unfortunately, multielemental analysis has not been made for samples of block 4. Coarser 
fractions obtained from TEŠ4-MSN, labelled as TEŠ4-CSNnotw and TEŠ4-CSN4w, show the 
lower concentration of Hg compared to the coarse fraction of TEŠ4-CFS. TEŠ4-CFS 
represents the residue of fine slurry particles that means that although it represents a 
coarse fraction, the particles are probably smaller than in normal coarse fraction taken 
from the mixed slurry. 

TPD spectra: TPD spectra show one peak in most of the samples. The peak shape and 
peak height depend on the particle size – the presence of coarse fraction, and the amount 
of Hg in the sample. All TPD spectra are divided into four figures: Figure 4.28 represents 
fractions prepared from sample aliquot containing less coarse fraction (TEŠ4-FS), Figure 
4.29 shows samples prepared from aliquot of normal particle size distribution (TEŠ4-MSN) 
where a different washing procedure was applied to see if there are any differences between 
the peaks, Figure 4.30 compares two coarse fractions, washed and unwashed prepared from 
the same aliquot (TEŠ4-MSN, normal particle size distribution), and the last Figure 4.31 
represents different finer fractions also prepared from aliquot TEŠ4-MSN.  
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Figure 4.28: TPD spectra of finer (TEŠ4-FFS), mixed (TEŠ4-MFS) and coarse fraction 
(TEŠ4-CFS) are shown. Samples are prepared from TEŠ4-FS. All samples were washed 
before analysis. 
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TPD spectra in Figure 4.28 show one peak in all fractions. The shapes are similar while 
the temperature of peak maximum varies in the range of 247 ± 17 °C. As already 
mentioned, fine, mixed and coarse fractions originated from mixed gypsum slurry that 
contains less coarse particles (TEŠ4-FS). The same mercury compound(s) are suggested to 
be present in those samples.  

Unwashed samples show different peaks compared to the washed gypsum. 
Thermograms of mixed fraction treated (rinse) with water, ethanol and without washing 
are presented in Figure 4.29. Water was used to see if removal of a soluble part in the 
sample effect on TPD spectra and if rinsing with the water removes soluble Hg from the 
samples. Ethanol was taken for removal of the organic soluble part since organic matter 
may disturb the TPD spectra. However, when using ethanol or water for rinsing, the 
concentrations of Hg in the samples is slightly lower (Table 4.2).  
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Figure 4.29: TPD spectra of gypsum slurry (randomly sampled) washed with water, ethanol 
or without washing. 

Bigger particles (coarse fraction) broaden the peak shapes but releasing pattern for all 
three samples is similar. Unwashed sample (TEŠ4-MSNnotw) shows the influence of 
background, but the background is also observed in the TPD spectra of washed samples, 
TEŠ4-MSNw and TEŠ4-MSNet. In the unwashed sample Hg released (peak maximum) at 
270 °C which is a little higher temperature than in washed samples (240 and 250 °C). In 
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TPD spectra of unwashed samples, more peaks may occur, and the peaks are not smooth. 
However, peaks are not smooth also in case of washed samples (TEŠ4-MSNet and TEŠ4-
MSNw). In general, spectra do not differ so much, and procedure such as washing could 
only reduce the background. However, concentration in washed samples is lower meaning 
that part of Hg is lost during the washing procedure. This probably represents soluble Hg 
species, and Hg adsorbed on a surface that can easily be removed. 

TPD spectra of two different coarse fractions prepared from TEŠ4-MSN are shown in 
Figure 4.30. Highly washed coarse fraction (rinsed four times), TEŠ4-CSN4w, has a similar 
shape than a coarse fraction obtained from TEŠ4-FS (TEŠ4-CFS, Figure 4.28), but the 
peak intensity and Hg concentration are much lower compared to TEŠ4-FS. Unwashed 
coarse fraction has a higher concentration than highly washed gypsum (Table 4.2), but the 
influence of background is observed. The peak is wider with many humps compared to 
TPD spectrum of TEŠ4-CSN4w. The peak of TEŠ4-CSN4w is very noisy due to low Hg 
concentration. It is possible that soluble Hg-compounds (if present in the gypsum samples) 
wash out from the sample during rinsing of the gypsum. To see if Hg is released with 
washing, we measured the concentration of Hg in the washing solution. Hg concentration 
of around 2.5 ng mL-1 was obtained in the ˝leached solution˝. In the study of Stergaršek 
et al., Hg concentration < 1 ng mL-1 was measured in WFGD water from block 4 (Table 
A.1). Gypsum slurry water contains a small amount of Hg due to the conditions in WFGD 
scrubber that retain mercury in a stable form (as bound to particles). However, we did not 
perform the measurements in the gypsum slurry (water residual) from the main scrubber 
to compare the data of slurry water and rinsed water solution. 
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Figure 4.30: TPD spectra of unwashed and washed samples taken from mixed fraction 
TEŠ4-MSN.   

Figure 4.31 shows the thermograms of two finer fractions (TEŠ4-FSNup and TEŠ4-FSNdown) 
prepared by separation of the fine fraction taken from TEŠ4-MSN. One narrow peak is 
seen for TEŠ4-FSNup (upper lighter fraction), while for TEŠ4-FSNdown (dark bottom 
fraction) the intensity of the peak (peak height) is much lower and consequently the peak 
shape is broader. A higher proportion of coarse fraction in this sample follows by lower Hg 
concentration (Table 4.2). Also, one unwashed sample of the fine bottom fraction was 
tested (TEŠ4-FSNdownnotw). A significantly different peak was observed. Similar as in Figure 
4.29, unwashed samples show a broader peak with a peak maximum at little higher 
temperatures. However, it is hard to determine the peak maximum due to the peak shape. 
It seems that different species (impurities) in fine fraction have the stronger influence to 
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the peak shape compared to coarse or bulk fractions where this is not so obvious. A 
unwashed sample of TEŠ4-FSNup has not been prepared due to the small amount of sample. 
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Figure 4.31: TPD spectra of fine fraction separated into FFF upper fraction and FFF 
bottom fraction. The unwashed sample is shown for comparison. 

Discussion: It is suggested that the washing procedure (rinsing of the sample) leached a 
small part of soluble mercury species or weakly adsorbed mercury/mercury species. The 
literature states no obvious differences in Hg concentrations between the washed and 
unwashed materials taken from the same facilities. However, watering promoted Hg release 
from all FGD materials to the air after some time with more Hg release from those samples 
that have been previously washed. This could be explained by the reduction of oxidized 
Hg (Gustin & Ladwig, 2010). In the doctoral dissertation of Sedlar, it was found out that 
humidity has a significant effect on Hg releasing from the samples shown by the different 
TPD profile (peak shape) for the moist (wet) and dry sample. By using QMS, all samples 
were pre-dried before measuring since unreal peaks were formed in the presence of water 
(moist sample), see Chapter 4.2.1. Humidity affects Hg releasing but also other impurities 
in the sample matrix play an important role as found in the TPD spectra of unwashed 
gypsum. If we compare the washed, and unwashed samples, higher background, broader 
peaks, differences in the peak shapes and slightly higher temperature of Hg releasing from 
the sample are typical in unwashed samples. Therefore unwashed samples prevent detail 
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observation of Hg releasing peak in our study. Washing is an efficient way to the decrease 
measurement background. However, according to the results demonstrated in Figure 4.28, 
it should be emphasised that some Hg could release during the sampling preparation. More 
studies are needed to see the effect of water on the releasing of Hg from gypsum samples 
from Šoštanj TPP. Moreover, more leaching tests should be performed to obtain the 
information about the soluble and weakly adsorbed part of Hg in the gypsum.  

 Samples from block 5 

The properties of samples from block 5 are described in Chapter 4.1.2. The composition of 
gypsum and the concentrations of TMEs differs among the samples. Gypsum slurry samples 
were sampled three times where each slurry was separated into fine and coarse fraction 
(Figure 4.32). Within coarser fractions, there are not so many differences as in fine fractions 
(concentrations in coarse fractions are between 0.1-0.2 mg kg-1). Fine fractions contain 
about 10 mg kg-1 of Hg (TEŠ5-FF2 = 11.9 mg kg-1 > TEŠ5-FF = 10.6 mg kg-1 > TEŠ5-
FF1 = 8.6 mg kg-1).  

 

Figure 4.32: Three different gypsum slurry samples were obtained from block 5 and 
separated into finer and coarse fractions. 

TPD spectra of gypsum samples obtained from block 5 are shown in Figures 4.33–4.35. 
Gypsum slurry samples were taken at three different sampling times and separated with 
two different procedures as described in Chapter 3.3.3.1. All samples were analysed with 
NT-MS where sample pre-heating has not been applied, and with QMS where samples were 
heated before TPD analysis. Some differences among the thermograms have been observed. 
Samples were not washed before TPD analysis. 

Experiments with NT-MS: The coarser fractions (TEŠ5-CF, TEŠ5-CF1 and TEŠ5-
CF2) are similar, and the strong sharp peak is observed around 90 °C. In the fine fractions, 
the position and intensities of the peaks differ among the samples. Three different peaks 
are seen in the samples of TEŠ5-FF1 and TEŠ5-FF2: at around 90 °C (similar than in 
coarse fraction), between 140 and 200 °C and the last peak is observed in the range between 
300-360 °C. In the fine fractions of TEŠ5-FF1 and TEŠ5-FF2, the peak above 300 °C is 
the most intensive. As seen in Figure 4.33, TEŠ5-FF shows a completely different TPD 
spectrum concerning TEŠ5-FF1 and TEŠ5-FF2. TEŠ5-FF shows only two peaks instead 
of three; strong peak at 144 °C and peak at 356 °C, which is barely seen. The peak at 
about 90 °C is absent. 
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Figure 4.33: TPD spectra of separated WFGD samples from block 5 of Šoštanj TPP (finer 
and coarser fractions) sampled in a) May 2013, TEŠ5-CF and TEŠ5-FF b) in December 
2013, TEŠ5-FF1 and TEŠ5-CF1 and c) in January 2014, TEŠ5-FF2 and TEŠ5-CF2. 
Samples were measured with NT-MS.  

Experiment with QMS: TPD spectra obtained by QMS (Figures 4.34 and 4.35) 
significantly differ from those observed with NT-MS (Figure 4.33). It has to be taken into 
account that all samples were pre-heated before TPD analysis. More about pre-heating is 
written in Chapter 4.2.1. Only gypsum sample TEŠ5-FF (Figure 4.35) shows TPD 
spectrum that is similar with both mass spectrometers. Peak maximum obtained by QMS 
(Figure 4.35) represents the temperature at about 50 °C higher than with NT-MS (Figure 
4.33), while the second peak differs for 100 °C. Both spectra for TEŠ5-FF (obtained by 
QMS or NT-MS) show intense first peak and small second peak. Other TPD spectra of 
samples TEŠ5-FF1, TEŠ5-FF2, TEŠ5-CF1 and TEŠ5-CF2 (Figure 4.34) show completely 
different Hg releasing concerning those obtained by NT-MS, especially for coarse fractions. 
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None of the coarse fractions show the peak at 100 °C, but rather at higher temperatures 
in the range between 240 and 260 °C. In both coarse fractions, the additional smaller peak 
is seen above 300 °C. The broader peak of TEŠ5-CF1 might be the consequence of sample 
preparation since samples were not washed before analysis. Finer fractions show at least 
two peaks, similar than with NT-MS. However, the maxima of the peaks differ between 
the samples. TEŠ5-FF shows two maxima at 192 and 455 °C, similar to TEŠ5-FF1 with 
the peaks at 243 and 510 °C. Finer fractions of TEŠ5-FF2 represent three peaks at 271, 
352 and 500 °C. Coarser fractions TEŠ5-CF1 and TEŠ5-CF2 differ from each other, but 
the maxima and the shape of the peaks resemble the TPD spectra measured in the fine 
fractions. However, the first peak at about 100 °C was not observed in any of the samples.  

0 100 200 300 400 500 600

0

40000

80000

120000

0 100 200 300 400 500 600

0

40000

80000

120000

0 100 200 300 400 500 600

0

40000

80000

120000

0 100 200 300 400 500 600

0

40000

80000

120000

C
P

S

 TEŠ5-FF1 

243 °C

510 °C ? 

 TEŠ5-FF2
352 °C

271 °C 500 °C

C
P

S

Temperature (°C)

 TEŠ5-CF1

258 °C

470 °C ?

0 200 400 600
0

2000

4000

6000

C
P

S

Temperature (°C)

Temperature (°C)

 TEŠ5-CF2

346 °C

248 °C

0 200 400 600
0

8000

16000

24000

C
P

S

Temperature (°C)

 

Figure 4.34: TPD spectra of separated WFGD samples from block 5 of Šoštanj TPP (finer 
and coarser fractions, TEŠ5-FF1, TEŠ5-CF1, TEŠ5-FF2 and TEŠ5-CF2). Samples were 
measured with QMS. 

Since well-seen peaks were observed in coarse fractions by QMS, we cannot explain the 
absence of those peaks using NT-MS.  
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Figure 4.35: TPD spectra of a fine fraction of the sample from block 5 of Šoštanj TPP 
(TEŠ5-FF). 

Discussion: All samples were taken from the main tank of block 5, and differences among 
the samples (composition of the gypsum sample) probably resemble the operation 
conditions of the power block, sampling procedure (collecting of the sample), the presence 
of different species and conditions in WFGD scrubber. The importance of sampling and 
separation procedure into fine and coarse fractions is well described in Chapter 4.2.1.  
TPD analysis show differences in spectra between the two mass spectrometers and among 
the samples. It has to be emphasized that temperature correction was not applied with 
NT-MS and therefore the resulted temperature should be slightly higher as presented in 
Figure 4.33. Differences between NT-MS and QMS are mainly observed in coarse fractions 
at around 90 °C. The main reason is probably pre-heating of the samples. With slow pre-
heating we can lose some mercury, but on the other side humidity (most of the water 
present in the samples) that may affect the measuring process (ionization) has gone. 
However, if only Hg(0) is present in the gypsum sample (adsorbed on the surface or 
incorporated in the matrix) some part of mercury may evaporate at the pre-heating 
temperature (75-78 °C), dependent on how strong it is adsorbed to the surface (physical, 
week adsorption). Also TPD spectra of finer fractions show differences. Multielemental 
analyses vary among TEŠ5-FF, TEŠ5-FF1 and TEŠ5-FF2 where elevated concentrations 
for most of the elements are found in fine fraction TEŠ5-FF2. TEŠ5-FF show composition 
of elements similar to the sample TEŠ5-FF1, but the TPD spectrum differ. Considering 
halogens, TEŠ5-FF shows much lower concentrations of Br, Cl and I compared to the 
TEŠ5-FF1 and TEŠ5-FF2. Hg-halogenides are suggested to be present in the gypsum 
samples (Sedlar et al., 2015). In our previous study more than one peak was observed in 
TPD spectrum of pure mercury compounds of HgCl2 and Hg2Cl2 mixed with CaSO4·2H2O. 
Moreover, with spiking pure compounds into the gypsum sample, only Hg-Cl compounds 
fitted with the sample peak. If Hg-Cl is present in the gypsum samples from block 5, the 
differences in TPD spectra between TEŠ5-FF and TEŠ5-FF1 or TEŠ5-FF2 may be related 
to the concentration of chlorine present in the sample. However, additional studies should 
be done to confirm this.  
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 Samples from block 6 

The results for two types of samples are provided in this chapter: i) gypsum slurry 
samples (ORIG, DISP and RECY) taken from two different sampling points of block 6 
that were washed and pre-dried before analysis, and ii) samples prepared from gypsum 
slurry taken from the main scrubber (ORIGS) that were not washed. ORIGS slurry sample 
was separated into five different fractions (ORIGS-FFF, ORIGS-FFF + ORIGS-FF, ORIGS-
FF, ORIGS-FFbrown and ORIGS-CF). Samples of ORIG, DISP and RECY were separated 
into coarse and fine fractions, except the sample of RECY (Figure 4.36). TPD spectra for 
ORIG, DISP and RECY were obtained by both mass spectrometers, while only QMS was 
used for ORIGS. Samples were preheated when measured with QMS, but not with NT-MS. 

 

Figure 4.36: Scheme of gypsum slurry samples obtained from two different sampling points 
of block 6. Samples were separated into various gypsum fractions. 

The same samples as described in the next Subchapter 4.2.2.3.1 were taken to see the 
effect of aging to the Hg TPD spectra in these samples. Within this experiment, we also 
observed the influence of pre-heating and washing to the Hg spectra. In the last part of 
this chapter (Subchapter 4.2.2.3.4), we were focused on the releasing of other volatile 
compounds from the sample RECY to study the decomposition of Hg-compounds in 
gypsum samples.  

4.2.2.3.1 TPD spectra of washed samples 

Experiments with NT-MS: Five different gypsum samples (RECY, DISP-FF, DISP-
CF, ORIG-FF and ORIG-CF) were analysed with NT-MS. Thermograms of fine fractions 
(DISP-FF, ORIG-FF and RECY) released between 200 and 220 °C (Figure 4.37). The peak 
shapes are similar and differ in intensities which are consistent to the concentrations of 
mercury present in these samples (RECY > DISP-FF > ORIG-FF). Coarse fractions show 
Hg peak at about 100 °C, similar than in block 5 (Figure 4.33). The second small peak 
follows at around 200 °C and is barely seen. On the other side, fine fractions show strong 
Hg peak at around 200 °C. Small first peak is observed in the samples ORIG-FF and DISP-
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FF. All TPD spectra are put on the same scale for comparison. Sample pre-heating was 
not applied here.  
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Figure 4.37: TPD spectra of five separated WFGD samples of Šoštanj TPP (finer and 
coarser fractions).  

Experiments with QMS: In the experiment with QMS, pre-heating was used before 
TPD analysis. The same samples (ORIG-FF, ORIG-CF, RECY, DISP-FF and DISP-CF) 
as with NT-MS were measured with QMS. Additionally, bulk washed sample ORIG was 
analysed. Figure 4.38 shows TPD spectra of all six samples put on the same scale for 
comparison among the samples. A single peak is observed in each sample with the 
maximum positioned in a range between (259 ± 7) °C. The mixed fraction of ORIG (bulk) 
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shows medium intensity as a consequence of ˝dilution˝ of a fine fraction with the coarse 
one, the latter representing the majority (by weight) of WFGD material. Significantly 
lower Hg peaks are observed for both coarse fractions. This is consistent with the particles 
size where bigger gypsum particles accumulate less Hg.  
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Figure 4.38: TPD spectra of five separated WFGD samples of Šoštanj TPP (finer and 
coarser fractions) and one mixed fraction containing both fractions (bulk fraction). 

According to the Chapter 4.1.3, RECY contains far less CaSO4·2H2O than other samples. 
The peak shapes and the positions on temperature scale are similar in all fractions 
indicating single decomposition process of Hg compound. The peak at 100 °C is not seen 
as it was observed with NT-MS. The absence of the peak at 100 °C could be the 
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consequence of sample pre-heating. Without preheating, all gypsum samples except RECY 
showed a small, barely seen a peak at 100 °C (not shown).  

 
Discussion: Strong peak below 100 °C in coarse fractions is observed by NT-MS. It is 
thought to represent Hg(0). It follows that bigger particles may retain mostly adsorbed 
Hg(0) and very few other mercury species since the second peak is very small. On the other 
hand, using QMS we got different TPD spectra with strong second peak, but small first 
peak at 100 °C. The same results were obtained when sample preheating has been applied.  

We found the importance of sample pre-heating at 75-78 °C to remove the surplus of 
humidity. Coarse gypsum fraction is mostly composed of CaSO4·2H2O where more than 
20% of the whole mass represents water. Water starts decomposing around 100 °C (Figure 
4.13). In samples containing water or not dried samples unreal peak appeared at around 
100 °C (Figure 4.17). Not only Hg but also other volatile species show increased intensity 
(small peak) at a temperature around 100 °C (Figure 4.17). This was confirmed by QMS, 
where more ions could be observed simultaneously (all releasing spectra show peaks at the 
same temperature). The phenomenon is more significant when ˝water˝ (humidity) is 
present in a higher proportion such as crystalline water (e.g. CaSO4·2H2O or coarse 
gypsum samples) or when the sample is not dried before analysis. However, with the dry 
samples contain no crystalline water sample pre-heating is not necessary. 

During thermal heating, the crystalline water in CaSO4·2H2O starts to 
decompose/crack and evaporates close to 100 °C (see Chapter 4.1.3). Normal heating 
without cracking would probably cause releasing of Hg at higher temperatures, but due to 
the small explosions and possible changes in the structure, Hg evaporates and shows plenty 
of sharp peaks around 100 °C that disturb TPD spectrum. Part of the released Hg could 
represent Hg(0) captured in the crystal of the gypsum. With heating up to 75-78 °C (pre-
heating of the sample), decomposition and releasing of water is not so intensive since most 
of the water evaporates at lower temperatures and the small amount released during 
thermal heating when recording the TPD spectra. Moreover, water vapour hinders normal 
ionization and with preheating it cannot enter the ionization cell. Using preheating, the 
obtained TPD spectra show the smooth, flat peak(s) instead of the irregular peak with 
many small or intensive sharp peaks. 

According to the explanation above, the peaks obtained in all coarse fractions are 
supposed to be unreal and only minor proportion represents Hg(0). Unfortunately, NT-MS 
does not allow us to observe two ions (isotopes) simultaneously, so we cannot observe this 
at the time of experiments as with QMS. 
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4.2.2.3.2 TPD spectra of unwashed samples 

In the next experiment (Figure 4.39), we took an aliquot of ORIG gypsum slurry 
labelled as ORIGS and separated it into five different fractions according to the 
sedimentation and different colours (the finest fraction ORIGS-FFF-dark brown, ORIGS-
FFF + ORIGS-FF, fine fraction ORIGS-FF-light brown, ORIGS-FFbrown-brown with dark 
brown inclusions that differ from the fine and the finest fraction, and coarse fraction of 
ORIGS-CF). Darker gypsum represents a finer fraction, while coarse fraction has the same 
white-light brown colour in all coarse samples. The purpose of this test was to see if there 
are any differences in TPD spectra within the separated fractions obtained from the same 
sample (ORIGS), and if there are differences compared to the washed samples of ORIG 
(previous Subchapter 4.2.2.3.1). 

The total Hg concentrations in all five fractions were measured and the results are 
provided in Table 4.3. The highest concentration was obtained in the finest fraction, 
ORIGS-FFF. Interestingly, brown precipitate ORIGS-FFbrown, which was darker than other 
parts of the sample shows much higher Hg concentration than fine fraction FF (ORIGS-
FF). Unfortunately, multielemental analysis has not been obtained for those samples to 
compare the concentration of other elements present as well. However, these results confirm 
greater accumulation of Hg to some species (elements) in a fine fraction as already seen 
from previous experiments.  

Table 4.3: The concentration of total Hg present in different size fraction of gypsum from 
block 6 of Šoštanj TPP. Samples are labelled the same as in TPD graphs in Figure 4.39. 

Gypsum samples (block 6, ORIGS) Concentration (mg kg-1) Mass (mg) 

ORIGS-FFF 32.2  2.1 

ORIGS-FFF + ORIGS-FF 9.2 2.5 

ORIGS-FF 1.2 6.8 

ORIGS-FFbrown 21.2 2.5 

ORIGS-CF 0.2 9.1 

 
TPD spectra of different fractions of ORIGS from the main scrubber of block 6 are 

shown in Figure 4.39. Similar releasing of Hg is observed in all cases with only one peak to 
be released at (260 ± 13) °C. Although samples were not washed, peaks are smooth and 
did not become broader because they have not been washed.  
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Figure 4.39: TPD spectra WFGD samples of Šoštanj TPP separated into various finer and 

coarser fractions from ORIG sample. 

4.2.2.3.3 TPD spectra of aged samples 

In this experiment, we evaluate the influence of sample aging in the view of changes of 
TPD spectra after 18-24 months since the first set of TPD analysis has been performed. 
Moreover, we compare the influence of sample pre-heating and washing in those samples 
after this period. The results were obtained with QMS and the spectra are provided in 
Figures 4.40–4.43.  

The most obvious changes occur in the coarse fraction from block 6. To compare the 
effect of washing and heating in those samples, we took washed and unwashed coarse 
fractions which were heated or not heated before TPD analysis (Figure 4.40). All TPD 
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spectra for coarse fractions of ORIG-CF differ with the TPD spectrum shown in Figure 
4.38. TPD spectrum of ORIG-CF in Figure 4.38 shows one narrow peak without any sample 
pre-peak. On the contrary, peaks of coarse fractions in Figure 4.40 show one or more peaks. 
Significant differences are observed between heated and not heated coarse fractions. Heated 
samples of ORIG-CF are similar if the sample is washed before analysis or not. However, 
the peak is broader with a shoulder before the main peak probably due to the reduction of 
Hg. Samples without preheating show at least two peaks where TPD spectra of the main 
peak also differ, especially in case of the unwashed sample. 
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Figure 4.40: TPD spectra of aged washed and unwashed coarse fractions of ORIG-CF with 
and without sample preheating.  

The strong peak at around 100 °C possibly represents Hg(0), which releases much more 
intensively as in the case when preheating is applied. Due to structural changes (fast 
decomposition of crystal water; see explanation in Chapter 4.2.2.3.1) this causes deviation 
in TPD spectra as found in both coarse samples without preheating. Therefore preheating 
is useful since water evaporates slowly, but part of Hg may be lost, and we cannot observe 
the peak at 100 °C. However, the strong peak representing Hg(0) has not been observed in 
the first measurements (Figure 4.38), even without preheating. After two years, some Hg 
in the sample may reduce and Hg(0) is weakly adsorbed to the surface which then released 
and the peak for Hg(0) is detected at around 100 °C.  

Washed and unwashed samples of finer fraction from block 6 (ORIG-FF) that were 
preheated show one peak where the peak of the unwashed sample is broader (Figure 4.41). 
Additional peaks occurred in case of no preheating. Similar as with coarse fraction, releasing 
of Hg at around 100 °C probably represents Hg(0) due to the Hg transformations (Hg 
reduction). In washed sample two peaks occurred while in unwashed (and not preheated) 
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the TPD spectra completely change. The presence of a higher amount of water vapours is 
not recommended in the mass spectrometer, and this may change the TPD spectra.  
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Figure 4.41: TPD spectra of aged washed or unwashed fine fractions of ORIG-FF with and 
without sample preheating.  

In case of DISP and RECY only washed samples were tested. Coarse fractions, DISP-
CF, show slightly different TPD spectra as in coarse fraction ORIG-CF (Figure 4.38). In 
Figure 4.42, the preheated sample shows two peaks which resemble reduction of Hg-species 
into Hg(0) or transformation into less stable Hg-compounds. DISP-CF without preheating 
indicate releasing of Hg(0) at 100 °C similar to the sample of ORIG-CF. The main Hg peak 
in a coarse fraction above 200 °C also differs by shape in comparison to the heated sample. 
A preheated and not preheated samples of DISP-FF shows a similar main peak. Similar to 
ORIG-FF, additional peaks occur in the sample without preheating. However, the main 
peak in DISP-FF (washed and not preheated) does not change a lot compared to ORIG-
FF (washed and not preheated). 
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Figure 4.42: TPD spectra of aged washed fine and coarse fractions of DISP with or without 
sample preheating. 

Figure 4.43 represents heated and not preheated sample of RECY. The small peak at 
100 °C probably indicates Hg(0). Peak at around 150 °C may represent reduced or less 
stable Hg species or Hg(0) that is more strongly adsorbed to the surface. This peak is 
present in sample DISP-FF (washed, not preheated) as well. However, this first peak(s) is 
negligible in comparison to the main peak, and usually cannot be observed (if the data are 
not enlarged) in TPD spectra due to the intensity of the main peak (higher concentration 
of Hg in the sample). 
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Figure 4.43: TPD spectra of aged washed sample RECY with or without sample preheating. 
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Discussion: All coarse fractions show different TPD peaks compared to the first 
measurement in Figure 4.38. It follows that sample aging affects the Hg species present in 
coarse fractions as observed in TPD spectra (Figures 4.40–4.43). Additional peaks are also 
present in fine fraction, but this phenomenon is not as strong as in coarse fractions. The 
changing of the samples over time depends on the sample matrices. In fine fraction mercury 
is bound stronger than in coarse fraction due to the non-changing of chemical and physical 
properties over time. Better stability of Hg species is reflected with higher accumulation of 
Hg in those fractions and no peak changes after period of time. On the other side, coarse 
fractions are subject to the process of conversion that are present on the sample surfaces. 
UV, humidity and temperature have a strong influence on Hg reduction. However, samples 
may also contain species that favours reduction of Hg. UV and temperature are excluded 
here, due to the storage in the dark and at the same temperature all the time. Therefore, 
humidity may cause reduction. Although coarse fraction is dry, it still contains crystalline 
water which may cause and accelerate transformations of Hg-species. In finer fractions, this 
is not so obvious due to the presence of other species that stabilize Hg species. Some 
reduction and thus the presence of Hg(0) has also been observed. However, we did not 
observe this in our first measuring campaign even when samples were not preheated.  

Chemical and physical properties of the samples change over time, and Hg 
transformations on the surface of these samples have to be taken into account. Weak 
physical adsorption may retain reduced Hg(0). It follows that gypsum eventually changes 
and this is of key important for its permanent storage, disposing to the landfill or reusing 
in the production of new products. 

4.2.2.3.4 Observation of other volatile compounds 

Mercury represents only a small proportion in gypsum samples and identification of 
mercury species by observing other volatile compounds is difficult. For example in Figure 
4.24, volatile compounds such as CO2, H2O, HCl that released from the sample show high 
intensity. Intensity of Hg peak is negligible in this case. However, the peak of HgS mixed 
with CaSO4·2H2O in Figure 4.25 resembles the TPD spectra released from gypsum of 
block 6. Therefore we observed TPD spectra of H2S and SO2 in the sample of RECY which 
contains the highest Hg concentration among the samples in block 6. Literature indicates 
decomposition of HgS (metacinnabar) or HgSx (mercury polysulphide) into Hg(0) and S2 
(Q. Wang et al., 2018). Since S2 and SO2 have the same m/z, decomposition into S2 cannot 
be excluded. 

Figure 4.44 shows simultaneously observed TPD spectra of mercury, H2S and SO2. Four 
different experiments with different sample masses indicate a similar releasing pattern for 
SO2 and H2S with different intensities. This is dependent on the conditions in the mass 
spectrometer (background at particular m/z) and sample preparation. A sample of RECY 
in the experiment ˝a)˝ was not preheated and peak at around 100 °C is observed for both 
SO2 and H2S. This is a consequence of water evaporation which influences all observed 
volatile species. The small peak for H2S is observed at the same position where Hg is 
released. Similar as with SO2. According to Figure 4.25, H2S and SO2 are the decomposition 
fragment which is supposed to be involved in decomposition of HgS (cinnabar) present in 
the sample. In Figure 4.44, the intensities of H2S and SO2 released from RECY gypsum are 
much higher compared to Hg whereas in Figure 4.25 pure HgS was mixed with 
CaSO4·2H2O, and thus Hg releasing prevails relative to SO2 and H2S. Therefore, the 
presence of HgS is suggested in the sample of RECY. 
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Figure 4.44: TPD spectra of H2S, SO2 and mercury isotopes 200 and 202. 

 Comparison between the gypsum samples from Šoštanj TPP - summary 

These results give us important insight into the TPD spectra from different gypsum 
samples of the same TPP, burning the same coal. Most of the results for block 5 and 6 
were obtained by two different mass spectrometers for comparison which sometimes gives 
different TPD spectra due to the sample preparation. Comparison between block 4, 5 and 
6 indicates different concentrations of Hg in the samples. Not all results of total Hg are 
directly compared. Samples from block 4 and 5 are taken only from the main scrubber, 
while in block 6 samples were also obtained from hydrocyclone. The concentrations of Hg 
present in the samples from block 6 are similar to block 5, whereas block 4 contains far 
less Hg in all samples investigated. Since TPD spectra in block 4 and 6 are very similar, 
this could be the consequence of APCDs. Samples from block 5 contain elevated 
concentrations of halogens compared to the block 6. TPD spectra also differ among 
samples. Block 4 and 6 show similar thermograms with one peak, whereas spectra from 
block 5 are completely different and indicate at least two peaks. The presence of an elevated 
concentration of halogens such as chlorine and bromine could reflect the differences in TPD 
spectra. Halogens may influence the shape, position and the number of peaks with the 
formation of different Hg-halogen species. However, also some other metals such as Fe, Al, 
Ti, Mn that accumulate in elevated concentrations in gypsum (especially in the fine 
fractions) may have an important role in accumulation in adsorption/oxidation of Hg.  

Identification of mercury compounds from TPD spectra is difficult. Although QMS 
enable us observation of more than one ion simultaneously, this cannot always solve the 
problem with Hg speciation in the samples. Hg is present only as a minor element in the 
gypsum and observation of decomposition reaction and identification of mercury 
compounds present in the sample is only an approximation. However, TPD method is a 
good approach for the determination of stability of mercury/mercury compounds in the 
samples. In the samples containing a low concentration of Hg, we could not get any 
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additional information on decomposition/desorption of mercury compounds by observing 
the other volatile species which form as a consequence of thermal decomposition. In general, 
artificially prepared mercury standards are normally used where pure mercury compounds 
are mixed with different substrates. According to the position of the TPD spectra of 
mercury standard and actual sample, we try to identify mercury compounds in the solid 
samples. This type of identification is better described in the next chapter (Chapter 4.2.3). 

Chapter 4.2.2 also provides an important insight into sample preparation. Unwashed 
samples sometimes show different TPD spectra compared to the washed. This was observed 
in samples from block 4, but not in block 6. Samples from block 5 were not washed, and 
this might be the reason for more, broader peaks. As it was seen from the thermograms, 
unwashed samples broaden the peak and the peak is not smooth. Sample pre-heating is 
useful for decreasing the background in gypsum samples. However, with this manipulation, 
we can lose some mercury that could be adsorbed to the surface and/or released at a 
temperature below 100 °C. Regarding this, it is important to mention the age of the sample. 
After some time, TPD spectra may change due to the reduction of Hg compounds in the 
sample (Hg transformations in the sample matrix). With sample preheating, the first peak 
cannot be observed. Mercury transformation is more probably present in the samples 
containing less stable Hg-compounds (e.g. HgCl2, graph not showed). In case of Hg-Cl 
standards, different shapes and positions of Hg thermograms were obtained in our previous 
study using AAS detection (Sedlar, 2014). Moreover, similar changing happened with 
samples from block 5 which were analysed after some time. Since Hg-Cl were the Hg species 
suggested in those sample, we predict that those species are unstable in gypsum samples 
and transformed or reduced in Hg(0) or other less stable Hg-species which appeared as a 
peak(s) at lower temperatures. Hg-Cl compounds are classified as a water-soluble fraction 
when using SEP and gradually decreasing of Hg was found with aging time in the study of 
Diao et al. Moreover, more Hg(0) was found in the different fractions of SEP. The results 
indicated that the aging process could result in the change of mercury fractions in gypsum 
(Diao et al., 2018). However, not only less stable Hg-species, but also sample matrix (e.g. 
coarse fraction containing mainly CaSO4·2H2O) and particle size distribution in the 
samples are very important. Gypsum contains a variety of different species among which 
some could reduce Hg. As already mentioned, mercury could release as Hg(0) and/or stay 
weakly adsorbed on the surface. In the present study, this has been confirmed by the 
formation of pre-peak that did not occur at first analysis. It follows that sample aging 
indicates Hg reduction (transformation) in gypsum samples, where the amount of reduced 
Hg is dependent on sample composition and particle size. This is more obvious within the 
sample with a low concentration of Hg (coarse fraction of gypsum) whereas at elevated 
concentration this is less profound. QMS detect a small amount of mercury even at room 
temperature (in the aged samples) which indicates constant evaporation from the sample. 
This has been more obvious in not preheated samples. 
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4.2.3 Preparation of mercury standards  

Identification of mercury compounds in gypsum is complicated due to the matrices which 
could differ among the samples. The composition of gypsum is a consequence of many 
factors such as sampling and sample preparation, type of coal and Hg concentrations there, 
presence and efficiency of various APCDs, the presence of TMEs, etc. The chemistry 
present in the WFGD slurry is responsible for the formation of different Hg-species. 
However, Hg species in WFGD scrubber are in solution where conditions are different than 
later in moist gypsum. Stability of mercury in the gypsum depends on the mercury species 
present as well as interaction with the surface and incorporation into different matrices 
present in the sample. Moreover, during dewatering, drying and heating of the gypsum 
samples, Hg species might change, and real identity is questionable. This makes 
identification of mercury compounds by TPD method in the gypsum samples even more 
difficult.  

In the previous chapter, we showed the TPD spectra of gypsum samples from Šoštanj 
TPP. Decomposition fragments suggest the presence of HgS in the sample, however, due 
to the differences between the spectra and because we did not test all other possible volatile 
compounds that may resemble the presence of other Hg species, we cannot confirm this. 
Therefore, we performed additional experiments. Different mercury standards were 
prepared, and we compare their spectra with those from actual samples. HgS and HgCl2 
are two Hg-species most likely to be present in the gypsum according to other researchers. 
In the previous study of Sedlar et al. we identify HgCl2 as the possible Hg-species present 
in the gypsum from block 5 (Sedlar et al., 2015). Therefore, in the present doctoral 
dissertation, we try to identify HgCl2+ ions (pure compounds or mixed with the substrate) 
by using NT-MS. The presence of HgCl2+ ions would make further identification in actual 
gypsum sample much easier. However, theoretical calculations show various factors 
affecting the decomposition of HgCl2 in the mass spectrometer and thus inability to detect 
HgCl2+ ion. In the next step, we prepared different mercury compounds mixed with 
different substrates and compared TPD spectra of those Hg-mixtures. Also, mercury 
compounds were dissolved in different water solution, dried and precipitates were analysed 
with TPD method to see the differences between dry preparations. We studied the effect 
of Fe and Al on TPD spectra as it has already been known that Fe and Al species have a 
catalytic role or adsorb mercury species and thus change the position of the peak in TPD 
spectra. There is also a lack of knowledge about the possible reactions between Hg and 
different compounds present in the gypsum sample that may occur at elevated temperature. 
In this chapter, all experiments except detection of HgCl2 ions were performed with QMS. 

 Detection of HgCl2 molecule by mass spectrometer 

HCl and Cl2 are highly present in the flue gas of coal combustion, and HgCl2 is likely to be 
present in flue gas (Galbreath et al., 2000; Pavlish et al., 2003). It is volatile and highly 
soluble, and as such, it is expected to be present in WFGD slurry. Various chlorine 
complexes of [HgClx]y-, precipitated Hg2Cl2 and other complexes/precipitates with Hg could 
form as well. In general, conditions and a variety of different species that are included in 
Hg oxidation-reduction and binding processes in WFGD slurry influence the formation of 
the final Hg-species. The presence of HgCl2 (and other halogens such as HgBr2 and HgI2) 
in various samples has been identified previously using either atmospheric pressure 
chemical ionization mass spectrometry, APCI-MS (˝soft ionization˝ technique) (Deeds et 
al., 2015) or gas chromatography-mass spectrometer, GC-MS (Babko et al., 2001; Jones, 
Lyman, Jaffe, Allen, & O’Neil, 2016) but not as desorbed (volatile) species in untreated 
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solid samples using TPD approach. Therefore, the possibility of direct identification of 
HgCl2 by MS was investigated in the present subchapter. 

In principle, the use of mass spectrometer enable us to detect any molecular species 
involved during the desorption process. However, in this work, we were preferably 
interested in the shape and temperature of the maxima of TPD curves to answer whether 
or not their shapes could be used for mercury speciation. For this reason, we were mainly 
concerned with mercury-containing ions and their precursors. Since HgO, HgS, HgSe, 
Hg2SO4 and HgSO4 are thermally unstable compounds, only atomic Hg (Hg+ ion) could be 
expected as desorption species. According to the literature data, HgCl2 should be stable 
upon heating and ions such as HgCl2+, HgCl+ might be found in mass spectra. There are 
some studies describing ionisation and fragmentation of Hg-halogenides (Jones et al., 2016; 
Kiser, Dillard, & Dugger, 1968; Kokkonen, Löytynoja, Hautala, Jänkälä, & Huttula., 2015; 
Matsumoto, Sasaki, & Takeuchi, 1972). However, the mass spectrum of HgCl2 is known in 
the database of mass spectra (Figure 4.45; NIST Chemistry Webbook, 2014). In the ion 
source of MS, HgCl2 is ionized into HgCl2+, HgCl+, and Hg+ and their relative abundances 
are 100:5:60, respectively. Hg+ ions are formed due to the dissociative ionization according 
to the following equation: 

 HgCl2  +  e̅  =  Hg
+  +  2Cl•  + 2e̅ (5.6) 

 

Figure 4.45: Mass spectrum of HgCl2 obtained from NIST database.  

In the first experiment, we mixed HgCl2 with SiO2. Figure 4.46 shows that mass 
spectrum obtained by desorption of HgCl2 from silica does not correspond to the expected 
from NIST. NIST spectrum proposes more HgCl2+ than Hg+ ion detects in the mass 
spectrum. However, the great majority (100/1) of ions in desorption spectra were observed 
to be Hg+, indicating mostly dissociative desorption process. In the experiments where 
HgCl2 was mixed with CaSO4·2H2O mass spectrum shows no HgCl2+ peaks at 140 °C, but 
only the presence of Hg+ ion (Figure 4.47). Moreover, no HgCl2+ ion was observed even at 
a lower temperature. 
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Figure 4.46: Mass spectrum of Hg vapours obtained during TPD experiment of dry SiO2 
mixed with HgCl2 (100 mg kg-1 mixture) at 70 °C. Very weak peaks at m/z 272 represent 
HgCl2+ ions. 
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Figure 4.47: Mass spectrum of Hg vapours obtained during TPD experiment of dry 
CaSO4·2H2O mixed with HgCl2 (0.9 g kg-1 mixture) at 140 °C. No peaks of HgCl2+ ions 
are seen at m/z around 270. 
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In a rather comprehensive work of Wu (Wu et al., 2011), when studying the desorption of 
various Hg compounds from different matrices, it was found that HgCl2 predominately 
desorbs as atomic Hg(0), for which the authors could give no reasonable explanation given 
that HgCl2 is thermodynamically stable (Kozin & Hansen, 2013). In the mass spectrometer, 
certain reactions govern the formation of Hg(0) (dissociative desorption of HgCl2 from a 
seemingly inert material) during thermal desorption of HgCl2 at low pressures (vacuum 
>10-5 Pa). Additionally, in the presence of water, the hydrolysis of HgCl2 cannot be ruled 
out. To understand this better, additional experiments were performed using high purity 
HgCl2 (not mixed with the substrate). 

Pure HgCl2: Figure 4.48 shows a spectrum of ultra-pure HgCl2 obtained by NT-MS. At 
20 °C, the equilibrium pressure of the HgCl2 vapour over bulk HgCl2 was 5·10-3 Pa 
(IVTANTHERMO database). It is apparent that the spectrum does not correspond to the 
NIST entry. The excess of Hg+ ions most likely derives from elemental mercury, Hg(0), 
which is present as a contaminant in the HgCl2 reagent and the presence of Hg(0) as a 
contaminant in the pure reagent can be explained, in addition to possible hydrolysis, by 
the photodecomposition of HgCl2. To test HgCl2 stability, the same measurement was 
repeated with a long-standing (old) HgCl2 reagent, revealing an even more profound 
deviation from the NIST data (not shown). The deviation of the HgCl2 spectrum (Figure 
4.48) from the NIST data was less intense than seen in Figure 4.46. Thermogram was 
obtained probably because of the use of a new ultra-purity HgCl2 reagent and a pressure 
of 5·10-3 Pa (Iorish, Belov, & Gurvich, 2005). 
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Figure 4.48: Mass Spectra of HgCl2 vapours in equilibrium with condensed HgCl2 at 20 °C. 

Theoretical calculations: The possible hydrolysis of HgCl2 within the MS has been 
investigated using thermochemical calculations in the IVTANTHERMO program 
incorporated into the Glusko database (Iorish et al., 2005). For this purpose, the HgCl2: 
Hg equilibrium ratio is computed as a function of total pressure, temperature and the 
H2O:HgCl2 mole ratio (Figure 4.49). Analyses confirm that the hydrolysis of HgCl2 is 
promoted at low pressure, elevated temperatures and a water content relative to HgCl2. 
Evidently, the HgCl2:Hg ratio in the vapour phase is temperature-pressure-concentration 
dependent.  
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Figure 4.49: The calculated equilibrium ratio of HgCl2/Hg dependency on pressure, 
temperature and molar H2O/HgCl2 vapour ratio. 

For a better understanding of HgCl2 hydrolysis, Figure 4.50 shows the dependency of 
HgCl2:Hg versus the pressure at constant temperature. The amount of Hg decreases in 
higher pressure whereas HgCl2 shows a different behaviour. Considering thermodynamic 
calculations, the stability of HgCl2 at atmospheric pressure is more favourable than in 
vacuum conditions. However, the presence of water is significant and shows almost no 
changing in the amount of HgCl2 even at low pressure at a lower amount of water. HCl is 
shown to confirm the hydrolysis of HgCl2 by the same decomposition pattern as Hg.  

The ratio of HgCl2:Hg in the vapour phase is temperature-pressure-concentration 
dependant. Taking this into account, it becomes easy to explain the observations of other 
researchers (Sedlar et al., 2015; Uddin et al., 2009; Wu et al., 2011) who studied the 
desorption of HgCl2 from various sorbents, such as SiO2 and CaSO4·2H2O, using MS. 
When the concentration of adsorbed HgCl2 is high, for example, when using pure HgCl2, it 
is reasonable to expect HgCl2+ ions in the mass spectrum, but in the presence of low 
amounts of HgCl2 relative to the amount of water, they decompose entirely into Hg(0).  
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Figure 4.50: The calculated equilibrium ratio of HgCl2/Hg dependent on the pressure at 
constant HgCl2 concentration and different water content.  

The concentration of mercury in the WFGD gypsum is low (around 1 mg kg-1 or lower 
in the bulk samples) relative to the pure Hg compound, meaning that the presence of HgCl2 
(by observing HgCl2+ ions) using MS was unlikely, especially if the water was co-released. 
Gypsum also loses water when heated. Although care should be taken when using 
thermodynamic calculations based on chemical equilibrium to explain kinetically governed 
processes, such as thermal desorption-decomposition, in the present case, the calculations 
agree with experimental observations (Sedlar et al., 2015; Uddin et al., 2009; Wu et al., 
2011). 

Mass spectrum of HgCl2 in gypsum of TEŠ5-FF: The only gypsum sample in which 
we were able to detect HgCl2+ was TEŠ5-FF (Figure 4.51). HgCl2 was not detected during 
the thermal heating process of this sample but after the heating was finished (at room 
temperature). There was a small amount of fine white powder sample dispersed on the 
walls of the quartz sample vessel, and it seems that acts as a condensation medium for 
HgCl2 (see sample vessel in Figure 3.1). An alternative explanation proposes the formation 
of HgCl2 from Hg and chlorine that evaporates as a decomposition of various halogenides 
present in the gypsum. Although the sample is heated in the vacuum, ˝cold surfaces˝ may 
cause condensation (and adsorption) on the particles. Figure 4.51 represents the only 



114  Chapter 4. Results and Discussion  

spectrum where HgCl2+ ion has a higher intensity than Hg+ and resembles the original 
NIST spectrum. Since we were not able to obtain the spectrum similar to the NIST´s one 
from the pure Hg-compounds, we hypothesise that ˝HgCl2˝ formed after heating or 
evaporated as pure Hg-compound may accumulate onto quartz tube after a couple of 
measurements and not as a consequence of only one completed measurement.  
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Figure 4.51: Mass spectrum of HgCl2 measured in the ash of gypsum sample accumulated 
on the walls (˝cold surface˝) during the measurements.   

 Differences between HgCl2 and Hg2Cl2 adsorbed to the surface or bounded in 

crystalline CaSO4·2H2O 

The data about the identification of HgCl2 shows that it only exists at low temperatures 
and high concentrations, typically as a pure Hg compound. In the presence of different dry 
(powder) substrates, it is expected that dissimilarities in releasing of Hg-compounds are 
the consequence of energy (higher temperature) necessary to break weak Van der Waals 
force due to the physical adsorption. According to the literature, most of the HgCl2 
decompose when is in contact with the substrate (Ozaki et al., 2008; Uddin et al., 2009; 
Wu et al., 2011). To evaluate the effect of substrates on TPD spectra and variances 
between HgCl2/Hg2Cl2 species prepared by dry and wet mixing, three different substrates 
(CaSO4·2H2O, SiO2 and FeOOH) were chosen (Figures 4.52 and 4.53; releasing 
temperatures are provided in Table 4.4). In case of dry mixtures, Hg is adsorbed to the 
surface (e.g., to the CaSO4·2H2O), while in solution Hg compounds ionized and/or they 
could be incorporated and bounded by the crystal structure of CaSO4·2H2O in the drying 
of the sample. Significant differences are seen between the Hg releasing profiles. Hg mixed 
with powder CaSO4·2H2O released at about 70-90 °C lower temperatures than from the 
inside of the crystal. Only one peak was obtained when Hg-Cl species were added to the 
saturated solution of CaSO4·2H2O. However, in the latter case, it was not possible to 
differentiate between HgCl2 and Hg2Cl2 due to the similar releasing temperatures and the 
peak shape. In water solution formation of the same Hg-species is proposed for both Hg-
species. Decomposition (desorption) of HgCl2 shows the position of Hg peaks at similar 
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temperatures for FeOOH and SiO2, whereas with powder CaSO4·2H2O it is shifted to a 
lower temperature (Figure 4.52).  
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Figure 4.52: TPD spectra of dry mixtures and precipitate from wet mixture show 
differences between HgCl2 released when Hg is adsorbed to the CaSO4·2H2O, SiO2, FeOOH 
or mixed in a solution of CaSO4·2H2O (Hg located in the crystal). 

On the contrary, dry mixture of Hg2Cl2-FeOOH indicates two-step decomposition. Mixture 
with powder CaSO4·2H2O proposes step decomposition as well, but it is not as profound 
as with FeOOH. This decomposition path is consistent with other researchers (Lopez-
Anton et al., 2010; Raposo et al., 2003) according to the following reactions (eqs. 5.7 and 
5.8):  

 Hg
2
Cl2

dec.
→ HgCl2 +Hg(0) 5.7 

 HgCl2
dec.
→  Hg(0) + Cl2 5.8 

However, single peak observed with the mixture of Hg2Cl2-SiO2 indicating decomposition 
of Hg2Cl2 into HgCl2 and Hg(0). This could happen in previous preparation steps as a 
consequence of light exposure, mechanical forces and humidity effect. Interaction with 
matrix is also important. The higher temperature of maxima peak demonstrates the 
stronger interaction between SiO2 and FeOOH than with CaSO4·2H2O. Moreover, in the 
previous Subchapter 4.2.3.1, the influence of water has been proposed as a factor affecting 
the decomposition of HgCl2. According to the theoretical calculations and TPD spectra 
(Figures 4.52 and 4.53), crystal water present in dry powder of CaSO4·2H2O caused similar 
decomposition and desorption process of both Hg-Cl species showing by the same 
temperature of the Hg releasing peak. Two-step decomposition in case of Hg2Cl2 is therefore 
questionable.  
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Figure 4.53: TPD spectra show differences between Hg2Cl2 released when Hg is adsorbed 
to the CaSO4·2H2O, SiO2, FeOOH or in a solution of CaSO4·2H2O (Hg located in the 
crystal).  

Table 4.4: Temperature at which peaks attain its maximum (maximum temperature) for 
Hg-Cl species mixed/added in solution with different substrates such as SiO2, CaSO4·2H2O 
and FeOOH. 

Hg-compounds + substrate Temperature (°C) 

HgCl2 mixed with powder CaSO4·2H2O 152 

Hg2Cl2 mixed with powder CaSO4·2H2O 151, (181) 

HgCl2 mixed in the crystal with powder CaSO4·2H2O 237 

Hg2Cl2 mixed in the crystal with powder CaSO4·2H2O 227 

HgCl2 mixed with powder SiO2 216 

Hg2Cl2 mixed with powder SiO2 216 

HgCl2 mixed with powder FeOOH 201 

Hg2Cl2 mixed with powder FeOOH 153, 203 

 Hg-compounds mixed with dry CaSO4·2H2O 

CaSO4·2H2O is one of the dominant components in the gypsum samples. In addition to 
Hg-Cl species, we prepared additional Hg-mixtures. Previous Subchapter (4.2.2) showed 
the TPD spectra of samples from block 4, 5 and 6. In this doctoral dissertation, we are 
mainly focused on identification of the mercury species present in block 6. However, TPD 
spectra prepared by mixing of pure mercury compound with the substrate such as 
CaSO4·2H2O could be applicable for identification of mercury compounds in other gypsum 
samples as well. 
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To determine which of the mercury species decompose at 260 °C in the samples of block 
6 (Figure 4.38), the resultant spectra were compared with seven dry mercury standards 
mixed with pure CaSO4·2H2O (Figure 4.54; releasing temperatures are written in the 
Appendix Table A.6). Standard mixtures (HgS, HgCl2, Hg2Cl2, HgO(red), HgO(yellow), 
Hg2SO4 and HgSO4) show smooth peaks at defined temperatures. HgO(red), HgO(yellow) 
and Hg2SO4 show two peaks (one bigger and one smaller). Simlarly, HgSO4 show more 
peaks where first two peaks are very small. HgS show one narrow peak whereas HgCl2 and 
Hg2Cl2 have broadened peak with small shoulders. All compounds released as a consequence 
of decomposition/desorption of pure Hg-compound from the surface of the substrate. 
However, the substrate may affect the final position of the TPD spectrum.  

None of the mercury compounds mixed with dry CaSO4·2H2O matched the actual 
gypsum samples in Figure 4.38. There are two possible reasons for this; i) none of the 
compounds is present in the gypsum or ii) the chemical composition of the gypsum changes 
the desorption temperature of Hg compounds. Another concern is that the system was 
˝calibrated˝ using pure crystal mercury compounds mixed with crystalline CaSO4·2H2O, 
and does not reflect the conditions in the gypsum of the WFGD system. Also, HgS as an 
Hg-species that may be present in the gypsum of block 6 according to the decomposition 
fragments SO2 and H2S does not fit with the decomposition temperature of the peak of 
pure HgS in Figure 4.54. To identify Hg peak(s), wet mercury standards were prepared in 
the next step. 
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Figure 4.54: TPD spectra of reference standards prepared by dry mixing of various Hg-
species with pure CaSO4·2H2O. 

 Hg-compounds in a solution of CaSO4·2H2O 

In the samples prepared by dry mixing of Hg compounds with CaSO4·2H2O, a 
desorption/decomposition process takes place from the surface of the crystals dispersed in 
the matrix (CaSO4·2H2O), and diffusion is unlimited, meaning that there is less interaction 
with the matrix. This produces narrower peaks at different positions on the temperature 
scale (Figure 4.54). In slurries, however, Hg exists in its ionic state and can form complexes 
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or become attached to different particles. Consequently, it is unreasonable to expect 
identical decomposition spectra in both cases.  

Therefore, a simple experiment was performed using mercury compounds (HgS, HgSO4, 
Hg2SO4, HgO(Y), HgCl2, Hg2Cl2) dissolved in a saturated solution of CaSO4·2H2O. The 
solution was dried, and the TPD spectra for the remaining solid samples (solid precipitate) 
were recorded in Figure 4.55. From the resulting family of TPD curves using CaSO4·2H2O 
(Figure 4.55) regardless of which Hg compound was used in the “wet” preparation of 
mercury compounds, all Hg-species decomposed at a similar temperature (maximum at 
243±13 °C), unlike in the case of dry mixing (Figure 4.54). The family of curves represents 
the desorption/decomposition processes of Hg compounds from the bulk of the 
CaSO4·2H2O crystals. Evaporation processes are hindered by the diffusion of Hg through 
the crystal bulk and by the kinetics of the possible reactions taking place between the bulk 
CaSO4·2H2O and Hg compounds during heating. The resulting TPD spectra all exhibit 
broad unsymmetrical peaks with humps, and the presence of several shoulders indicate 
various decomposition reactions between the gypsum matrix and Hg compounds.  
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Figure 4.55: TPD spectra of mercury compounds in precipitates prepared by wet mixing 
various Hg-compounds in a saturated solution of CaSO4·2H2O. Note: The absence of HgS 
peak is due to its low solubility. 

 Hg-compounds in a solution of CaSO4·2H2O with added FeOOH 

The literature indicates that some oxides and hydroxides (e.g., Fe, Al, Mn) may govern 
the adsorption process (Inoue & Munemori, 1979; C. S. Kim et al., 2004a, 2004b; Lockwood 
& Chen, 1973; Stergaršek et al., 2013, 2010; Tiffreau et al., 1995). In actual WFGD samples, 
the mercury is mostly present in the fine fractions that are enriched with iron (Beatty et 
al., 2012; Kairies et al., 2006). To verify the presence (effect) of Fe-species on Hg TPD 
spectra in solid samples, FeOOH was added. As seen in Figure 4.56, the obtained TPD 
spectra have narrower peak half-widths, with their maximums at 237±21 °C, similar to the 
WFGD samples from Šoštanj TPP (Figure 4.38). However, TPD curves in Figure 4.56 still 
do not adequately follow the TPD spectra of the actual gypsum samples. The difference 
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between the two sets of curves (Figures 4.55 and 4.56; wet preparation) is most visible 
regarding peak width and, to a lesser extent, peak positions. This indicates the influence 
of FeOOH on Hg TPD spectra. 

The low solubility of HgS meant that Hg-mixture using the wet method could not be 
compared with other Hg-compounds.  
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Figure 4.56: TPD spectra of mercury compounds in precipitate prepared by wet mixing 
various Hg-species in a solution of CaSO4·2H2O and FeOOH. Note: The absence of HgS 
peak is due to its low solubility. 

 Hg-compounds mixed with dry FeOOH and in a solution of FeOOH  

Figure 4.57a shows TPD spectra of selected Hg-compounds (HgO(Y), HgO(R), HgCl2 
and Hg2Cl2) after dry mixing with FeOOH. The Hg compounds cover the matrix surface 
in the form of small crystals, and decomposition resembles that of the pure compound, 
where its thermal stability determines the position of the peak (Figure 4.57a), similar to 
dry CaSO4·2H2O (Figure 4.54). Step decomposition of Hg2Cl2 into HgCl2 is seen in Figure 
4.57a (more in Chapter 4.2.3.2.). The decomposition profiles for both HgO mixed with 
FeOOH decompose at the same temperature compared to those mixed with CaSO4·2H2O. 
It follows that mercury compounds prepared using various dry substrates have different 
TPD spectra. The ability of different substrates to change the shape and the position of 
the TPD curves was confirmed in our previous study (Sedlar et al., 2015).  
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Figure 4.57: TPD spectra of Hg2Cl2, HgCl2, HgO(Y) and HgO(R) mixed with dry FeOOH 
and b) TPD spectra of HgCl2 and HgO(Y) in precipitates prepared by wet mixing of Hg-
species in a solution of FeOOH. 

In another experiment, HgCl2 and HgO(Y) were mixed in a solution of FeOOH without 
the addition of CaSO4·2H2O (Figure 4.57b). The TPD spectra of the precipitates prepared 
from chemically pure systems (HgO or HgCl2, FeOOH and distilled H2O) show an almost 
identical desorption/decomposition profile suggesting the same Hg-species were formed 
after the dissolution of HgO or HgCl2. Literature data propose the presence of Hg in the 
fine fractions of gypsum with elevated concentrations of different elements such as iron 
(Al-Abed et al., 2008; Beatty et al., 2012; Kairies et al., 2006). Due to the similarities 
between the TPD spectra of actual WFGD samples from Šoštanj and the TPD spectra 
from the different experiments (Figures 4.38, 4.56 and 4.57b), the presence of Fe-species 
could influence the shape of the TPD spectra and the temperature (position of the peak) 
at which Hg-species desorbed/decompose. Literature data show that iron influences 
thermal stability where it acts as a catalyst and thus changes the temperature at which 
Hg released from the solid sample (Matsuyama et al., 1999). 

Regarding the pH of the WFGD slurry, low chlorine content in gypsum obtained from 
block 6 and literature data describing adsorption of Hg to Fe-surfaces, the formation of 
Hg(OH)2 and other Hg-O- surface complexes in the gypsum slurry are suggested. The 
decomposition of Hg(OH)2 into HgO after drying could be the possible mechanisms for 
mercury removal in the solid gypsum. Due to the low Cl content, HgO is more favourable 
than Hg-Cl or other Hg species. WFGD system is a very complex system including a lot 
of diverse ligands (Cl-, HSO3

-, HSO4
-, HCO3

-, OH-, etc.), and many different Hg complexes 
may form in the solution. More simulation experiments using different ligands together 
with Fe, Al, Mn and other compounds that could be involved in the process of Hg 
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accumulation in the gypsum are needed to identify the mechanisms which are responsible 
for Hg retention in the gypsum and to determine the mercury species formed on the 
particles.  

 Experiments with the addition of NaCl 
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Figure 4.58: TPD spectra of precipitate of HgCl2 in a saturated solution of CaSO4·2H2O 
and FeOOH without the addition of NaCl and with two different concentrations of NaCl 
(0.006 and 0.17 M). 

As already mentioned, in the WFGD gypsum slurry, different ions are present. The 
formation of Hg species is most likely attributed to the presence of SO3

2-, OH- and Cl- 

(Heidel et al., 2016; Ochoa-González, Díaz-Somoano, & Rosa Martínez-Tarazona, 2013; 
Stergaršek et al., 2013; Sun, Cheng, et al., 2014). At a pH of 6 (pH in the WFGD system 
of Šoštanj TPP is 5.4-5.6), the Hg species present in solution depend mainly on the presence 
of Cl- and OH- ions. The literature shows the possibility of adsorption of Cl- and Hg to 
FeOOH as a prevailing process, but at a higher concentration of Cl- ions, Hg adsorption is 
inhibited (Bonnissel-Gissinger et al., 1999; C. S. Kim et al., 2004b; Tiffreau et al., 1995). 
In the presence of chlorine ions at a lower pH, HgCl2 forms instead of Hg(OH)2; while at a 
higher pH, the formation of Hg(OH)2 is observed (Inoue & Munemori, 1979). 

To evaluate the influence of chlorine on the TPD spectra of a solid precipitate prepared 
by dissolving HgCl2 in a saturated solution of CaSO4·2H2O/FeOOH, two different 
experiments were performed: one with low (0.006 mol L-1) and one with high (0.17 mol L-

1) amounts of Cl-. The TPD spectra reveal an additional peak at the higher concentration 
of Cl- (Figure 4.58), while at the lower concentration, no change in the peak position or 
peak shape was observed, similar to the spectra with no addition of NaCl. Low 
concentration of Cl- does not affect the TPD spectra whereas at higher NaCl levels more 
stable Hg compound form, which is shown by the existence of a peak at higher 
temperatures. However, the hydrolytic effect and specific experimental conditions mean 
that mass spectrometry cannot confirm the presence of HgCl2 molecules from observing 
HgCl2+ ions. 
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 Preliminary experiments with Al(OH)3 
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Figure 4.59: TPD spectra of HgS and HgCl2 in precipitate prepared by wet mixing Hg-
species in a saturated solution of CaSO4·2H2O with Al(OH)3 addition. 

Intensive studies were done with FeOOH, whereas only a few experiments were performed 
using Al(OH)3. In addition to FeOOH, Al(OH)3 is another matrix that might adsorb Hg 
(C. S. Kim et al., 2004b). The multielemental analysis shows high accumulation of Al in 
the gypsum samples from Šoštanj TPP, in particular in fine fractions. For that purpose, 
we performed some experiments to see the influence on TPD spectra. Two different Hg-
species were chosen (HgCl2 and HgS). First, Hg compounds were diluted in pure Al(OH)3 
solution and then in a saturated solution of CaSO4·2H2O with the addition of Al(OH)3.  

In the experiments using a saturated solution of CaSO4·2H2O with the addition of 
Al(OH)3, two visible peaks are seen in the range between 100 and 500 °C (Figure 4.59). 
The first peak is strong for both Hg-compounds and released at around 250 °C, while the 
second peak appeared as a shoulder (with HgCl2) or small peak (with HgS) in the range 
between 340 and 390 °C. It should be emphasised that HgS show very similar results as 
HgCl2 which is in contradiction with FeOOH where no peak for HgS was obtained. These 
similarities indicate the impact of Al(OH)3 to the solubility of HgS in a saturated solution 
of CaSO4·2H2O/ Al(OH)3. 

 The results of pure HgS or HgCl2 added in the solution of Al(OH)3 are provided in 
Figure 4.60. Significantly different peaks were obtained. HgS shows one intensive peak at 
390 °C with a small shoulder at 250 °C. The highest peak resembles the releasing 
temperature of the pure HgS peak without any matrices. On the other side, HgCl2 
represents two peaks at a lower temperature (215 °C) and the other at a relatively high 
temperature (595 °C).  
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Figure 4.60: TPD spectra of HgS and HgCl2 in precipitate prepared by wet mixing Hg-
species in a solution of Al(OH)3. 

Results obtained by using Al(OH)3 precipitates indicate different TPD spectra 
concerning the FeOOH. Moreover, using precipitates of pure mercury compounds added to 
a solution of CaSO4·2H2O/Al(OH)3 show entirely different spectra as with pure Al(OH)3 
solution. However, only preliminary studies were done with Al(OH)3 and further 
experiments are needed. Also, more Hg species need to be tested, and the processes that 
are present in the solution should be studied to understand the formation of the additional 
peak. Nevertheless, the results show that different substrates may completely change the 
TPD spectra of precipitates and the study of influences of different substrates to the 
changes of TPD spectra is very important. Unfortunately, we did not prepare dry mixtures 
with Al(OH)3 to compare the TPD spectra with the spectra of other mixtures. 

 HgS in the gypsum sample 

4.2.3.9.1 Different gypsum samples spiked with HgS 

Mercury sulphide is commonly considered the most likely Hg species present in WFGD 
samples (X. Liu et al., 2013; Z. Zhu et al., 2016). Its formation is thought to occur at higher 
loads of sulphur due to the disproportionation of SO3

2- into S2- and SO4
2- (Sui et al., 2015) 

as follows:  

 4SO3
2− ↔ 3SO4

2− + S2− (5.9) 

 Hg2+ + S2− ↔ HgS(s) (5.10) 

The solubility product of HgS is extremely low (Ksp = 2·10-53) (Hepler & Olofsson, 1975; 
Wagman et al., 1968), meaning that it should precipitate in the slurry. In the Šoštanj TPP 
samples, this is not the case because its decomposition temperature (Figure 4.54: HgS TPD 
spectrum obtained by dry preparation) is about 100 °C higher than the measured WFGD 
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gypsum samples (Figure 4.38). To prove this, gypsum sample from China and sample from 
Šoštanj TPP (ORIG-FF) were blended with pure solid HgS prepared by dry mixing (Figure 
4.61). In the spectra, an additional peak appears as a consequence of HgS decomposition 
meaning that the original WFGD sample does not contain HgS. However, the shape of the 
peaks observed in Figure 4.38 all resemble HgS mercury standards. Therefore, HgS cannot 
be excluded from the set of possible species present in the gypsum, because matrix may 
change the position of TPD peak as confirmed in our previous study (Sedlar et al., 2015).  
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Figure 4.61: TPD spectra of DISP-FF and WFGD sample from China with and without 
HgS addition. 

4.2.3.9.2 Hg-compounds in solution of CaSO4·2H2O/FeOOH 

Similar experiments than in previous subchapter were repeated using Hg compounds 
prepared in a saturated solution of CaSO4·2H2O with added FeOOH. Additional peaks 
appear (Figure 4.62) at similar temperatures than in the actual gypsum slurry (ORIG-FF). 
Although many authors identify HgS in their samples (J.-Y. Lee et al., 2009; Milobowski 
et al., 2001; Rallo et al., 2010; Sui et al., 2015; Z. Zhu et al., 2016), it was not possible to 
prove its presence in the gypsum samples in this study, since no characteristic TPD peak 
was observed between 300 and 400 °C.  

Here are some reasons why HgS could not be detected by using HgS mercury standard 
in gypsum samples of Šoštanj TPP using mass spectrometric detection: i) HgS is not 
present in the gypsum samples, ii) the presence of HgS is too low to be detected by the 
TPD, and thus the peak for HgS is hidden in the background, iii) HgS could be present in 
the form of metacinnabar which is released at lower temperatures according to the 
publications of other researchers and has not been tested in the present work, and iv) HgS 
could be present as Hg-S bonded to the substrate (surface) contains Fe or other elements, 
where the strength of the S-Hg bonds are weaker than in the crystalline phase of HgS. It 
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follows that decomposition at lower temperatures than with crystalline HgS is possible and 
v) HgS is present in the gypsum, but it is released at lower temperatures than mixed with 
the dry mixtures due to the presence of unknown species such as Fe-compounds in the 
gypsum samples which have a catalytic role and cause the desorption/decomposition of 
HgS at lower temperatures.  
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Figure 4.62: TPD spectra of various wet prepared standards blended with the dry prepared 
HgS. 

4.2.3.9.3 Results of XAS experiments 

The analysis of XANES spectra was performed with the IFEFFIT program package 
ATHENA (Ravel & Newville, 2005). The relative L3-shell contribution in the absorption 
spectra was obtained in the standard procedure (Ravel & Newville, 2005; Wong, Lytle, 
Messmer, & Maylotte, 1984) by removing the extrapolated best-fit linear function 
determined in the pre-edge region (-150 eV -30 eV), and by conventional normalization, 
extrapolating the post-edge spline background, determined in the range from 150 eV to 
800 eV, to set the Hg L3-edge jump to 1. The best linear combination fit was obtained with 
the combination of standard reference compounds HgS and HgO (Kodre et al., 2017) 
(Figure 4.63), with HgS as predominant (>90%) type of coordination.  
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Figure 4.63: The results of XANES analysis. 

The results of XANES confirm the presence of HgS in gypsum samples from block 6 
(tested in the sample RECY). XAS is the only method that allows direct determination of 
Hg species present in our gypsum samples. Due to the stability of HgS, Hg form has not 
been changed after two years from the first analysis (Figure 4.43). However, Hg reduction 
into Hg(0) that adsorbed onto the surface of the matrix was observed in the samples of 
coarse fraction. Since CaSO4·2H2O is a prevailing matrix, crystal water may affect this 
process.  
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4.2.4 Gypsum samples from China 

Bulk gypsum samples from ten different Chinese TPP were obtained. The main purpose 
was to compare different gypsum samples from China among themselves, and with the 
gypsum samples from Šoštanj. The concentrations of TMEs vary between Chinese gypsum 
samples, possibly due to the burning of different coal, APCDs installation and conditions 
in WFGD scrubber. All Chinese TPPs are equipped with ESP, SCR and WFGD, whereas 
Jiaaisi and Nanjing have also installed WESP. To see in which by-products during 
combustion process retains the highest amount of Hg, total Hg concentrations in coal, 
limestone, fly ash, slag and sludge in those TPP were also measured next to the gypsum 
samples. Unfortunately, we cannot provide Hg concentrations for all these samples because 
samples were not obtained from each APCDs. Total Hg concentrations and the properties 
of each TPP are provided in Appendix A in Table A.7. 

Differences in gypsum composition and the concentration of Hg caused that TPD 
spectra of Hg differ in Chinese gypsum. It has been observed in Chapters 4.2.2 and 4.2.3 
that identification of mercury compounds by using of QMS was possible in fine fractions 
of block 6, but the uncertainty is high, and other methods are needed to confirm the 
presence of a particular compound. It follows that because of lower concentrations in 
Chinese bulk samples we can only study the stability of mercury compounds in those 
samples.  

 General properties 

Bulk gypsum samples (gypsum slurry samples) were not separated into fine and coarse 
fractions but represent a mixture of both fractions. Multielemental analyses for all ten 
samples were provided including 45 elements (Table A.8 in Appendix A). The amount of 
Hg and other TMEs in the samples represents an average concentration, which is lower 
compared to fine fractions from Šoštanj TPP. Chinese gypsum samples contain Hg 
concentration in the range 0.04-1.70 mg kg-1 whereas fine gypsum fraction from Šoštanj 
typically contains around 10 mg kg-1 of Hg. The total concentration of Hg was measured 
by two different procedures, k0-INAA and direct mercury measurement (DMA-80) (Table 
4.5).  

Table 4.5: Concentrations of Hg in gypsum samples, the temperature at which peak 
attains its maximum and corresponding mass weight. 

Gypsum 

sample 

Concentration (mg 

kg-1) *DMA 

Concentration (mg 

kg-1) **k0-INAA 

Peak maximum 

(°C) 

Mass 

(mg) 

Tianjin 0.038 ± 0.002 < LOD 250 (two peaks) 10.0 

Jiaaisi 0.078 ± 0.0003 0.14 ± 0.02 250 10.6 

Quijing 0.110 ± 0.006 0.12 ± 0.02 250 10.1 

Turpan 0.117 ± 0.002 0.16 ± 0.03 370 (not defined) 7.8 

Hongyanchi 0.211 ± 0.001 0.20 ± 0.03 230 9.8 

Guizhou 0.479 ± 0.002 0.50 ± 0.03 250 8.5 

Hubei 0.76 ± 0.01 0.74 ± 0.04 275 9.2 

Xiasaishan 0.853 ± 0.003 0.88 ± 0.04 260 9.1 

Shijiazhuang 1.44 ± 0.01 1.60 ± 0.06 220 9.8 

Nanjing 1.66 ± 0.06 1.70 ± 0.07 230 8.6 
†The data are obtained by two different methodologies, by DMA or by k

0
-INAA method. 
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To compare elemental composition between the bulk gypsum samples from China and 
samples from Šoštanj TPP, the only possibility is to use the data of the bulk sample from 
block 4, containing about 1 mg kg-1 of Hg (the data is taken from the study of Stergaršek 
et al., 2008 (Stergaršek et al., 2008)).  

The amount of mercury in different by-products: Additional data for some 
samples of coal, fly ash, slag and limestone have been provided. There are three data for 
the concentration of Hg in the coal samples (no information for coal type). Jiaaisi shows 
the highest concentration of Hg, followed by Guizhou and Nanjing. All coal samples contain 
a higher amount of Hg compared to the Velenje lignite. According to this, none of those 
samples probably represent lignite coal. Limestone used in Guizhou and Jiaaisi have a 
higher concentration than limestone used in Šoštanj TPP. There are few data for fly ash 
(Hubei, Jiaaisi, Shijiazhuang, Turpan, Nanjing, Tianjin TPP) but due to the incomplete 
data for mercury concentration present in other by-products, this is only applicable for 
Jiaaisi and Nanjing fly ash. Nanjing retains a five times higher concentration of Hg than 
fly ash of block 4, whereas fly ash from Jiaaisi accumulates almost 1 mg kg-1 of Hg which 
is similar than the concentration of Hg accumulates in bulk gypsum from Šoštanj TPP. 
Since limestone from Jiaaisi TPP contains a low proportion of Hg, and most of Hg probably 
retain in fly ash, the amount of Hg in the gypsum is low. It seems that conditions in coal 
combustion that enable accumulation of Hg into the fly ash caused the lower concentration 
of Hg in the gypsum. Similar to Jiaaisi is also Tianjin TPP which contains the lowest 
mercury concentration in the gypsum. There are also other options of low mercury 
accumulation in fly ash and gypsum: i) coal contains very low Hg concentration or ii) 
mercury is not retained in APCDs and goes alongside with flue gas in the atmosphere. 

Comparison of bulk gypsum samples: Figure 4.64a represents some selected 
elements (Al, Br, Cl, Fe, Hg, I, Mg, Mn, Se) that could be related to mercury accumulation 
due to the adsorption, their catalytic role or due to the possible formation of Hg-species 
(e.g. halogens). The data for other TMEs are provided in Table A.8. In general, bulk 
gypsum samples from China show similar concentrations of elements to a bulk sample from 
Šoštanj TPP. TPPs from Shijiazhuang and Nanjing province show higher Hg 
concentrations than the sample from Šoštanj TPP. On the contrary, higher concentrations 
of Fe and Al were found in Šoštanj TPP related to Chinese samples. There are no 
connections observed between Hg and elements presented in Figure 4.64a, except with Se 
where Se shows increased concentration at elevated Hg concentration. However, this 
increasing is more noticeable at a lower concentration of Hg and Se. 

The molar ratio of Ca and S indicates the purity of gypsum. In Figure 4.64b, the ratio 
for most samples is close to 1 as expected for bulk samples which contain approximately 
10% of fine fraction. Gypsum from Quijing and Shijiazhuang shows the ratio higher than 
1.3, possibly as a consequence of other impurities in the gypsum sample, unconsumed 
CaCO3 or introduction of different additives. The ratio between Ca and S higher than 1 
was observed in the fine fractions of gypsum from block 6. A higher ratio is expected in 
the samples with a lower particle size, where CaSO4·2H2O represents a minor amount 
than in bulk or coarse samples. Less CaSO4·2H2O means the formation or introduction of 
other species (e.g. additives) in the sample and the ratio between Ca and S changes. 
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Figure 4.64: a) Concentrations of some TMEs in ten industrial gypsum samples from China 
and one sample of Šoštanj TPP, and b) molar ratio between Ca and S in gypsum samples. 

Figure 4.65 represents particle size distributions for all ten Chinese samples. Similar 
distributions are found for all samples. As already mentioned, bulk gypsum samples are a 
mixture of a coarse and fine fraction with the domination of bigger particles. Therefore, 
particle size distribution is shifted toward smaller sizes concerning the coarse fraction of 
Šoštanj TPP. However, if we compare the distribution in Figure 4.65 with Figure 4.4 and 
Figure 4.10, all distribution curves in Figure 4.65 are positioned between fine and coarser 
particles, with the maxima between 31 and 44 µm. This distribution is expected due to the 
mixture of fine and coarse fractions, but we do not have the particle size distribution of 
bulk sample from Šoštanj to compare the results. Moreover, no information about the 
sampling and sample preparation of gypsum sample from China has been provided together 
with the samples (samples age, if samples are grinded or homogenized before 
transportation).  
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Figure 4.65: Particle size distribution for ten gypsum samples from a Chinese thermal 
power plant. 

 TPD spectra of bulk gypsum from different Chinese thermal power plants 

In this chapter, we obtained TPD spectra to determine the stability of mercury compounds 
in Chinese gypsum samples. All TPD spectra were recorded by QMS. Samples are divided 
into three groups according to the concentrations of Hg present in those samples (Table 
4.5). The TPD spectra are shown in Figures 4.66–4.68. All gypsum samples were washed 
and preheated before TPD analysis. However, a relatively high background in each TPD 
spectrum occurs. 

Samples with a low amount of Hg (< 0.16 mg kg-1 **) show more peaks due to the 
influence of background, except for gypsum from Jiaaisi TPP (Figure 4.66). However, one 
major peak at 250 °C is seen in the samples from Tianjin, Jiaaisi and Quijing TPP. Hg in 
Turpan gypsum reached the maximum peak at temperature higher than 370 °C although 
Hg start to release from room temperature (the same as in other TPD spectra). 
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Figure 4.66: TPD spectra of Chinese gypsum samples contain the lowest Hg concentration. 

According to our classification, gypsum samples containing middle Hg concentrations 
(0.2 mg kg-1 < Hg < 0.9 mg kg-1 **; Hongyanchi, Guizhou, Hubei and Xisaishan) belong 
in the second group (Figure 4.67). All spectra show one peak in the temperature range 230-
275 °C. Gypsum from Hongyanchi TPP indicates some smaller peaks at higher 
temperatures representing the presence of additional Hg compounds. However, this could 
also be the consequence of the background.  
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Figure 4.67: TPD spectra of Chinese gypsum samples contain medium Hg concentration.  
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Figure 4.68: TPD spectra of Chinese gypsum samples contain higher Hg concentration.  
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Samples of Shijiazhuang and Nanjing contain much higher Hg concentration (> 0.9 mg 
kg-1 **) relative to other Chinese bulk gypsum (Figure 4.68). TPD spectra are positioned 
at 220 °C for Shijiazhuang and 230 °C for Nanjing sample. Both samples indicate one 
additional smaller peak (shoulder) around 300 °C.  

Discussion: In general, all gypsum samples reached their maximum below 300°C, 
except Turpan gypsum. In the samples of Tianjin, Quijing, Turpan, Hongyanchi and 
Shijiazhuang the intensity of Hg signal in TPD spectra starts to increase above 550 °C. 
There are two possibilities for this: i) this resembles the influence of background, ii) and/or 
the rest of the Hg is released from the samples at higher temperatures due to structural 
changes in the samples or decomposition of the material in which Hg is entrapped. The 
release of Hg at temperatures higher than 650 °C was confirmed by scan mass spectrum 
recorded after TPD analysis, between m/z 195 and 205, where the presence of Hg is seen 
(figure not shown due to the similarities with Figure 4.18). It follows that Hg was still 
present in all Chinese samples after each TPD measurements was completed. However, the 
background effect is also present and is higher in some samples than in others.  

Since gypsum slurry of Chinese samples has not been separated into a fine and coarse 
fraction, we cannot directly compare the thermograms of a separated fraction from Šoštanj 
with the samples from China. Problems regarding bulk samples are average concentration 
between fine and coarse fraction where some Chinese samples contain very low Hg 
concentration (compared to the coarse fractions of samples from Šoštanj TPP). 
Consequently, increase in the background in TPD spectra is observed. However, in samples 
from Šoštanj TPP, we found similar TPD spectra in samples from the same block no matter 
the particle size (coarse, bulk and finer fraction from block 4 and 6). TPD spectra differ 
only in intensities and the peak width that is a consequence of Hg concentration present 
in the sample. We predict that similar peaks as with bulk samples would occur in the 
separated fractions of Chinese gypsum samples.  

In all Chinese samples, one strong peak around 250 °C appeared which is similar as in 
the case of gypsum from Šoštanj. We found Hg bound to sulphur in the finest gypsum 
sample of RECY (see Chapter 4.2.2). Many Chinese authors demonstrated HgS in their 
gypsum samples by using the TPD method with AAS detection where mercury standards 
were applied for identification. In our case, HgS standard released above 300 °C with similar 
peak shape as TPD spectra of actual gypsum samples from block 6. With respect to HgS 
standard we would not suggest the presence of HgS in our samples. However, additional 
study using XANES analysis confirmed the presence of HgS in our samples. Therefore, 
comparison with the standards is not always the case, and sample matrix has a big influence 
on Hg releasing from the sample. Similar precaution should be applied with Chinese gypsum 
where TPD spectra of bulk sample show smaller intensities than fine fractions and 
identification is even more difficult.  

 TPD spectra of finer fractions from Chinese samples  

As it has already been mentioned, TPD spectra of gypsum samples from Šoštanj show 
similar thermograms in each particle size fraction. Therefore, we predict similar peaks with 
higher intensities and similar peak shapes in the case when Chinese samples would be 
separated into fine and coarse fractions. In addition to bulk samples, two gypsum slurries 
were prepared. All gypsum slurry samples should be separated into fine and coarse fraction 
because bulk samples represent the average concentration and not the concentration of Hg 
in different size fractions. Unfortunately, there were not enough samples to separate all 
bulk samples. Moreover, not all samples from Chinese TPPs have been provided.  
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Nanjing and Jiaaisi fine fractions were prepared from two slurry samples. Nanjing 
contains the highest Hg concentration (1.7 mg kg-1 **) compared with other bulk samples, 
whereas Jiaaisi represents one of the samples with a lower concentration (0.14 mg kg-1 **). 
In comparison to the fine fractions of block 5 and 6, the concentration of Hg measured by 
DMA-80 shows a relatively low amount of Hg in fine fraction of Jiaaisi, but Nanjing has a 
Hg concentration similar as in block 5 and 6 of Šoštanj TPP (Table 4.6). Relatively low 
Hg concentration in fine Jiaaisi gypsum is consistent with the low concentration of mercury 
in the bulk samples.  

Table 4.6: Concentrations of Hg in gypsum samples, the temperature at which peak attains 
its maximum and corresponding mass weight for finer fractions from Chinese gypsum that 
were additionally separated. 

Gypsum samples 
Concentration 

(mg kg-1) 
Peak maximum (°C) Mass (mg) 

Nanjing finer fraction from the 

main block (slurry sample) 
10.0 ± 0.2 240 8.9 

Nanjing, finer fraction from 

slurry tank (slurry sample) 
11.2 ± 0.3 230 4.6 

Jiaaisi, fine fraction of the slurry 

vice tank (slurry sample) 
1.66 ± 0.02 255 5.2 
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Figure 4.69: TPD spectra of a certain fine fraction from Chinese gypsum samples. 
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Nanjing fine fractions show a very similar TPD spectrum as samples from block 6 of 
Šoštanj TPP. The first peak in Jiaaisi sample is similar to the Nanjing samples. TPD 
spectra of fine gypsum from Jiaaisi also indicate one small peak at temperatures between 
300 and 400 °C.  

Discussion: In general, all TPD spectra of Chinese samples, except Turpan gypsum, show 
a peak between 200 and 300 °C, similar to the in Šoštanj TPP. Although the coal, APCDs 
and conditions during combustion differ among the TPPs, the Hg releasing pattern suggests 
the presence of similar Hg-compounds in most of the TPPs.  

Chinese bulk gypsum samples serve as a good indication of the stability of Hg species 
in WFGD gypsum using different coal with the different APCDs installation than Šoštanj. 
Introduction of additives and the presence of different catalysts/metals in the WFGD 
scrubbers may significantly change the Hg chemistry there. However, their use in these 
TPP is unknown. Since the Hg peaks found in samples from China do not differ a lot from 
the Šoštanj samples, it is proposed that similar processes govern the formation and 
accumulation of Hg in all cases. The intensity of the peak and the peak shape is mainly 
dependent on sample preparation and the amount of Hg. In the samples with the 
concentrations much lower than 1 mg kg-1, the presence of other peaks is mostly due to the 
low concentrations and the influence of background and does not represent the additional 
Hg peak. However, the presence of additional Hg-species in the samples cannot be excluded 
in all cases. Separation into fine and coarse fractions is therefore desirable, since the 
concentration in the fine fraction is much higher compared to bulk samples, and the 
intensity of TPD spectrum enables easier identification of Hg species present.   
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Chapter 5 

5 Summary and Conclusions 

The main conclusions: 

1. Although fine fraction represents a small mass portion of the gypsum, it 
contains a large proportion of TMEs. 

2. The mass spectrometer has a better limit of detection than CV AAS. It also 
enables observation of decomposition fragments of volatile species. 
Identification of mercury compounds based on the decomposition fragment is 
possible only in the samples containing elevated Hg concentrations. 

3. Sampling and sample preparation influences the Hg TPD spectra. In addition, 
the sample may change over time and TPD spectra could differ with the 
thermograms of fresh samples.  

4. The distinction between weakly adsorbed Hg(0) and Hg bound in a matrix is 
possible.  

5. TPD spectra from different blocks of Šoštanj TPP differ, whereas there are no 
significant differences among TPD spectra of different Chinese gypsum samples. 

6. Identification of HgCl2 depends on a) the concentration in the sample, and b) 
various factors affecting the decomposition of HgCl2 in the mass spectrometer 
and thus inability to detect HgCl2+ ion. 

7. Dry prepared mercury standards that are typically used for determination of 
mercury species present in the actual samples are not suitable due to the sample 
matrix and interferences during the heating process. 

8. The presence of selected elements (e.g. Fe, Al) has an influence on TPD spectra 
with changing the shape and the position of the peak. This makes identification 
of mercury compounds more difficult. 

9. Since QMS can measure low mercury concentration present in the samples 
(LOQ > 5 ng g-1), TPD-QMS method is very useful for determination of 
stability of mercury compounds in the solid samples containing small Hg 
concentration. Unfortunately, identification of Hg-species in those samples in 
not possible. 

Ad 1) This doctoral dissertation represents the distribution of TMEs in fine and coarse 
particles of gypsum samples in a lignite-burning power plant Šoštanj, Slovenia. The 
presence of TMEs in gypsum is primarily related to (1) small size fraction of fly ash not 
retained by the particle control devices, (2) volatile elements (e.g. Hg, Se and halogens) 
that are highly accumulated in the WFGD with respect to coal (3) introduction of 
limestone as an additional source of TMEs (e.g. Mg, Ca, Sr) associated mostly with coarse 
fraction, (4) and the conditions present in a WFGD scrubber (e.g. oxidation-reduction, 
temperature, pH, etc).  
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In general, the concentrations of TMEs in the coarse and fine fractions of gypsum 
varied, demonstrating the importance of particle size. Small particles retain much higher 
concentrations of most elements, especially Hg, Se and halogens (dependent on APCDs 
present in TPP), which are highly enriched relative to their occurrence in coal. Finer 
fraction represents a small mass portion of the gypsum as a whole (about 10%) but contains 
a large proportion of TMEs. Removal of fine gypsum fraction in the process of recirculation 
of gypsum slurry, therefore, represents one of the possible cost-effective remediation 
technologies. Thus, the appropriate approach based on the removal of the smallest size 
fraction of gypsum could eliminate most TMEs. The study also shows that the 
methodologies for sampling and separation of gypsum particle sizes need to be standardized 
to assure comparability of the results. Moreover, concentrations of TMEs in coal (lignite), 
limestone, fly ash, and various size fractions of gypsum could provide a good indication of 
the removal efficiency of APCDs.  

Ad 2) The most important part of this dissertation was focused on the identification 
of Hg-species present in gypsum samples. The use of a mass spectrometer, as a detector for 
studying desorption/decomposition processes of Hg compounds from WFGD samples, 
proved to be a good choice. For example, the observation of decomposition fragments of 
volatile species evolved during decomposition, and the high sensitivity of the mass 
spectrometer meant it was possible to measure samples with Hg contents > 5 ng g-1. 
Therefore, TPD method with the mass spectrometric detection is very useful for recording 
TPD spectra of samples with low Hg concentrations. The background level of ions with a 
mass number around m/z 200 governs the limits of detection and not electronic sensitivity. 
The drawback of using a mass spectrometer is the high background levels as a result of 
other substances evaporating from the sample along with mercury. By using pure Hg-
compounds decomposition fragment and thus decomposition reactions, which occur during 
elevated temperatures could be investigated. This is more difficult to implement in actual 
samples due to the presence of interfering substances that are typically present in much 
higher concentrations than Hg.  

Ad 3 and 4) It has to be taken into account that sampling and sample preparation 
affect TPD spectra. It was observed that modifications in the separation of bulk gypsum, 
drying and washing of the gypsum samples might show different Hg TPD spectra. Sample 
perturbation changes the matrix which then influences on mercury transformation. 
Washing procedure does not have a strong influence in the samples where HgS or other 
stable Hg-compounds are present. On the other hand, soluble Hg compounds and weakly 
adsorbed Hg may be removed with this procedure. Moreover, pre-heating has been applied 
to remove the surplus of humidity, which disturbs ionization, but the obtained spectra 
differ compared to TPD spectra without heating. Significantly different TPD spectra were 
observed in the aged samples (after two years of the first measurement) but not with fresh 
gypsum samples. It follows that samples are changing over time where mercury 
transformations depend on the sample composition and mercury species present in the 
sample. We anticipate fewer transformations (e.g. reduction in Hg(0)) in the samples where 
more stable Hg compounds are present, and mercury is present at higher concentrations. 
In the aged samples, constant evaporation of Hg(0) was observed at room temperatures. 
Also, at least two peaks were obtained in unwashed and not heated samples. Therefore, 
with QMS we can differ between Hg(0) that is weakly adsorbed and (strong) matrix-bound 
Hg. This is very useful for studying Hg stability and transformations in the different 
environmental solid sample. 

Ad 5) In this doctoral dissertation, the results (TPD spectra) for gypsum samples from 
block 4, 5 and 6 of Šoštanj TPP are provided. Moreover, TPD analysis in Chinese gypsum 
has also been performed. Chinese samples serve more for comparison with samples from 
Šoštanj in the view of Hg stability at elevated temperatures since samples were not 
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separated into finer and coarse fraction as samples from Šoštanj. In this work, we were 
mainly focused on the identification of Hg species present in the samples from block 6. 
However, TPD spectra of samples from block 4 and 5 were measured to compare the data. 
In gypsum samples from block 6, one sharp symmetrical peak was observed in all samples. 
Peak shape resembles the presence of HgS where the releasing temperature of Hg from 
gypsum samples at around 260 °C is much lower than the decomposition temperature of 
the pure HgS mixed with the pure substrate (either SiO2 or CaSO4·2H2O). Although HgS 
is thought to be a volatile compound in some literature data, this was not observed with 
the QMS. The presence of H2S and SO2 peaks that fit with Hg TPD spectra suggest the 
presence of HgS in the samples of block 6. However, due to the presence of other volatile 
compounds that have not been identified, the presence of some other Hg species cannot be 
excluded. The only method which could identify the nearest neighbour of Hg in the sample 
is XAS which is very promising in characterizing Hg binding to different surfaces. The only 
problem with analysing gypsum samples with XAS method is relatively low Hg 
concentration since at least 100 mg kg-1 is a recommended value to get the reliable data. 
However, after a long analysing time due to low Hg content in the gypsum RECY of block 
6, the results obtained with XANES analysis proposed the majority of Hg in the form of 
Hg-S and only a small part indicates the presence of HgO. Unfortunately, these experiments 
could not provide information about the second neighbour. This information would be very 
useful for understanding the much lower temperature of desorption for HgS compared to 
the mercury standard. It follows that HgS in the form of crystalline decomposes differently 
than if bonded to the surface of the sample matrix and therefore species on this surface are 
important. TPD spectra in block 4 and block 6 are very similar, only the amount of Hg is 
much higher in the samples from block 6. Since we do not have multielemental analysis 
from samples of block 4, it is hard to compare these samples with gypsum from block 6. 
However, due to the TPD spectra, which are very similar to those from block 6, Hg-S is 
proposed as an Hg-species present in the samples from block 4. Similar, Chinese gypsum 
samples show TPD spectra with one major peak at similar temperatures than in block 4 
and 6 of Šoštanj TPP. However, samples from China are mixtures of coarse and fine 
fractions (bulk sample), and the concentration of Hg are lower. Therefore, thermograms 
are sometimes under the influence of the background. 

Ad 6) Since Hg-Cl species were proposed in the samples of block 5, identification of 
Hg-Cl species with QMS was one of the aims in the present doctoral dissertation. However, 
this is not possible with the concentrations that are normally present in the gypsum 
samples. Regarding HgCl2, hydrolysis prevented the direct identification of HgCl2+ ions in 
the mass spectrum that would otherwise have confirmed the presence of HgCl2 in the 
WFGD samples. Furthermore, the possibility of hydrolysis was confirmed theoretically. 
The presence of Hg-Cl species in the samples of block 6 has not been proposed. 
Considerably lower chlorine concentrations were obtained by k0-INAA in all gypsum 
samples from block 6 of Šoštanj TPP (Table A.4) compared with the gypsum from block 
5 (Table A.3). As seen from the TPD spectra (Figure 4.38), releasing spectra for block 6 
differ among thermograms obtained in block 5 (Figures 4.34 and 4.35). Block 5 shows two 
or three peaks whereas in block 6 only one peak was found. Variations in elemental 
concentrations, especially the concentrations of halogens, Hg and Se, are probably 
dependent on the presence of APCDs such as SCR, as well as conditions during the 
combustion process and in WFGD scrubber. It follows that the distribution of elements in 
the by-products is a result of many factors and is not only the consequence of the coal 
composition since Šoštanj TPP use the same coal in all three blocks (4, 5 and 6). The 
experiments in the present work also show the effect of elevated concentration of chlorine 
ions on a change of the thermograms (Figure 4.58). No changes were observed with the 
addition of a small amount of Cl- ions. TPD spectra in Figures 4.34 and 4.35 indicate at 
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least two peaks, similar than with experiments containing higher Cl- concentration. 
Therefore, Hg-Cl species might be present in the gypsum from block 5. Since we were not 
able to detect HgCl2 in industrial WFGD gypsum, we can only predict the presence of Hg-
Cl species in the sample by observing the stability of Hg-Cl compounds in different matrices 
and by simulation of the conditions present, e.g. in WFGD scrubber.  

Ad 7) Due to the inability to detect HgCl2 and other volatile species that are directly 
connected with Hg decomposition/desorption, identification of mercury compounds in the 
gypsum samples still based on a comparison of TPD spectra with released Hg from mercury 
standards. When comparing samples from block 6 of Šoštanj TPP, none of the peaks 
obtained from actual gypsum samples overlaps with the ˝standards˝ prepared by dry 
mixing. Similar is also in the case with other gypsum samples from block 4 and 5. Although 
TPD spectra of mercury standard released at the same or similar temperature this does 
not mean that the same Hg-compound is present in the actual sample. Moreover, peaks 
can overlap and sometimes it is very hard to differentiate between them. To our knowledge, 
releasing of Hg from the gypsum samples is usually observed between 200 and 300 °C. 
Although the sample peak fits with the standards, we simply cannot confirm the presence 
of exact Hg species with certainty. Samples matrix has an important influence on the 
desorption/decomposition of Hg-species present in any solid sample. In the previous study 
of Sedlar et al. we noticed that even with the simple mixing of pure Hg-species with a 
different substrate, the decomposition/desorption of Hg from those ˝standards˝ shows 
different Hg releasing. This means that none of the substrates is inert and interactions 
between Hg-species and powder substrates exist. The situation becomes more complicated 
with higher temperatures and reactions that are present at elevated temperatures (when 
heating) is unknown. 

Ad 8) In addition to dry mercury standards, wet-prepared mercury compounds were 
applied in this study to observe the effect of Fe and Al on TPD spectra. Experimental 
work was mainly devoted to the study of desorption/decomposition of different Hg-species 
mixed in a solution of CaSO4·2H2O, FeOOH and Al(OH)3. The TPD curves of solid 
precipitates prepared with CaSO4·2H2O and FeOOH showed only a single peak similar in 
the position of the peak maximum and different in peak shape and to the Šoštanj TPP 
samples of block 6. This suggests the formation of similar (or the same) Hg species in the 
precipitates after drying of the water solution. Similarities in the peak positions and the 
peak shapes between the TPD curves of block 6 (Figure 4.38) and those obtained by 
different experiments with FeOOH (Figures 4.56 and 4.57b) proposed that FeOOH or other 
Fe species may affect the adsorption/binding of Hg (Hg-species) to these surfaces. It seems 
that metals such as Fe and its compounds have an influence on TPD spectra, which makes 
identification of Hg-species even more difficult.  

Ad 9) TPD-QMS is a very useful method for determination of stability of mercury 
compounds in the solid samples, even in the samples containing a low concentration of Hg. 
However, identification of Hg compounds in actual samples by using mercury standards 
prepared with pure substrates should be used with the greatest care. This doctoral 
dissertation indicates that simply a comparison of the TPD spectra is misleading. More 
comprehensive studies are needed to characterize the Hg compounds formed at the surface 
of different actual gypsum samples as well as in other solid samples. Further experimental 
work is needed to confirm the presence of Hg-S, Hg-Cl and other Hg compounds by using 
mass spectrometry. Using other techniques, such as mass spectrometry with soft ionization, 
laser ablation to determine the preferable location of Hg in the sample and the presence of 
other elements in the near vicinity of Hg, as well as using classical extraction methods to 
study the soluble part of Hg that leached from the sample and represents the most 
important part in the view of Hg exposure to the environment, are needed for interpretation 
and better understanding of TPD spectra obtained from different solid samples. Additional 
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studies with XAS are also recommended to explain the proposed mechanism of Hg-binding 
to the substrate (only for samples containing high Hg concentration).  
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Appendix A 

A.1 Tables 

Table A.1: Elemental content and uncertainty with a coverage factor k=1 (mg kg-1) in coal (LIG08), fly ash, bottom ash, limestone, bulk gypsum 
and process water in block 4 obtained by k0-instrumental neutron activation analyses. The multielemental analysis was done for 45 elements where 
only Hg in coal, fly ash, bottom ash and limestone were measured by CVAAS since the data obtained by k0-INAA were below LOD. Results were 
taken from a study of Stergaršek et al. (Stergaršek et al., 2008). 

The concentration of elements and their uncertainties (mg kg-1) 

 Lignite (LIG08) Fly ash Bottom ash Limestone  Bulk gypsum Process water 

Ag a0.11 - a0.32 - a0.21 - a0.02 - a0.1 - 0.102 0.016 

Al a7290 - 111000 6000 a42100 - a2430 - 7650 280 a0.001 - 

As 7.27 0.26 35.5 1.3 5.41 0.23 1.32 0.05 7.52 0.27 a0.009 - 

Au a0.001  - a0.003 - a0.002 - a0.0003 - a0.001 - a0.00001 - 

Ba 77.5 2.9 415 17 201 7 19.9 0.9 48.8 2.1 a0.009 - 

Br 4.75 0.17 1.14 0.09 0.47 0.04 0.29 0.01 18.8 0.7 0.089 0.003 

Ca 14200 500 88700 3200 82300 2900 365000 13000 200000 7000 35.4 2.0 

Cd a0.87 - a1.69   - a0.91 - a0.33 - a0.85 - a0.005 - 

Ce 14.2 0.5 68.5 2.4 28.0 1.0 2.03 0.08 4.61 0.17 0.0002 - 

Cl 12.0 - a12.2 - a63.1 - a6.20 - 409 16 24.2 0.9 
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Co 3.28 0.12 16.6 0.6 6.40 0.22 0.37 0.01 1.04 0.04 a0.0001 - 

Cr 20.3 0.7 99.5 3.5 41.1 1.5 6.94 0.27 24.3 0.90 a0.001 - 

Cs 2.31 0.08 12.4 0.4 4.28 0.15 0.34 0.01 1.38 0.05 a0.0002 - 

Dy 1.08 0.06 6.20 0.24 2.50 0.19 0.35 0.01 0.56 0.02 a0.0002 - 

Eu 0.29 0.01 1.56 0.06 0.68 0.03 0.06 0.01 0.11 0.01 -  

Fe 14500 500 72700 2600 37300 1300 1060 40 5320 190 a0.09 - 

Ga 5.32 0.24 28.7 1.3 10.6 0.7 0.45 0.03 2.91 0.12 a0.005 - 

Hf 0.55 0.02 2.96 0.11 1.18 0.04 0.14 0.01 0.24 0.01 a0.0001 - 

Hg b0.088 0.009 b0.051 0.004 b0.025 0.002 b0.0054 0.0005 0.95 0.09 a0.0001 - 

I a3.12 - a5.96 - a12.8 - a0.95 - 7.17 0.45 a0.002 - 

In a0.02 - a0.07 - a0.08 - a0.005 - a0.01 - a0.0001 - 

K 3240 120 16500 600 5970 220 383 15 1920 70 2.62 0.16 

La 7.30 0.26 34.4 1.2 14.0 0.5 1.49 0.06 3.18 0.12 a0.0002 - 

Mg a1960 - 17600 1000 a3570 - a1380 - 4450 180 13.4 0.6 

Mn 488 17 1960 70 2080 70 37.6 1.4 46.5 1.6 0.0023 0.0002 

Mo 8.09 0.33 43.5 1.7 14.8 0.7 a0.19 - 2.61 0.23 0.007 0.001 

Na 1320 50 7170 250 3070 110 90.9 3.2 431 15 6.86 0.24 

Nd 6.17 0.36 32.1 1.5 14.0 0.7 2.30 0.17 3.72 0.35 a0.001 - 

Rb 24.1 0.9 123 4 41.9 1.5 2.84 0.18 13.6 0.5 a0.002 - 

S a18900 - a12800 - a38200 - a6030 - 143000 14600 a7.5 - 

Sb 0.77 0.03 4.16 0.17 1.09 0.04 0.21 0.01 0.75 0.03 0.0002 0.00002 

Sc 3.70 0.13 19.7 0.7 8.45 0.30 0.42 0.02 1.57 0.06 a0.00001 - 

Se 0.61 0.03 0.72 0.03 a0.29 - a0.04 - 8.37 0.30 a0.0003 - 

Sm 1.37 0.05 7.23 0.29 3.06 0.12 0.33 0.01 0.60 0.02 a0.0001 - 
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Sr 98.1 4.3 479 19 280 11 366 13 168 7 0.146 0.015 

Ta 0.21 0.01 1.11 0.04 0.43 0.02 0.020 0.002 0.08 0.003 a0.0002 - 

Tb 0.17 0.01 0.94 0.03 0.40 0.01 0.052 0.002 0.087 0.003 a0.0001 - 

Th 2.68 0.10 13.1 0.5 5.50 0.19 0.32 0.01 0.99 0.04 a0.0001 - 

Ti a1090 - 5090 480 a4290 - a250 - 282 31 a0.2 - 

U 5.91 0.21 33.1 1.2 18.4 0.6 4.55 0.16 5.11 0.18 0.0012 0.0001 

V 45.3 5.8 185 11 91.0 16.4 13.5 1.4 29.0 1.2 a0.002 - 

W 0.65 0.05 3.06 0.20 1.20 0.14 0.04 0.01 0.29 0.02 a0.002 - 

Yb 0.53 0.02 2.94 0.11 1.29 0.05 0.18 0.001 0.33 0.01 a0.0001 - 

Zn 32.0 1.2 176 6 34.0 1.3 4.74 0.21 30.9 1.1 a0.018 0.001 

Zr 20.2 2.8 a40.8 - 54.9 5.8 a5.06 - a9.5 - 0.06 - 

a<LOD; results are given as LOD/2; b results obtained by CVAAS (Stergaršek et al., 2008) 
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Table A.2: Elemental concentration and uncertainty with a coverage factor k=1 (mg kg-1) in coal (LIG12) and slurry waters from block 5. The 
multielemental analysis was completed for 45 elements.  

The concentration of elements and their uncertainties 

 Lignite (LIG12) FGD-W1 FGD-W2 

Ag a0.12 - a0.003 - a0.003 - 

Al 22200 800 a3.00 - a2.50 - 

As 8.19 0.30 a0.03 - a0.04 - 

Au a0.0008 - a0.0002 - a0.0001 - 

Ba 122 5 a0.20 - a0.15 - 

Br 6.19 0.23 55.8 2.0 60.3 2.1 

Ca 19400 700 519 25 544 25 

Cd a0.50 - a0.07 - a0.14 - 

Ce 14.5 0.5 a0.01 - a0.01 - 

Cl 69.9 7.4 962 35 958 34 

Co 3.07 0.11 0.082 0.003 0.066 0.003 

Cr 20.8 0.7 a0.01 - a0.005 - 

Cs 3.26 0.11 0.0008 0.0002 0.0011 0.0002 

Dy a0.35 - a0.02 - a0.02 - 

Eu 0.31 0.01 a0.0002 - a0.0002 - 

Fe 15600 500 a0.55 - a0.40 - 

Ga a0.80 - a0.50 - a0.50 - 

Hf 0.66 0.02 a0.0005 - a0.0001 - 

Hg 0.119 0.02 a0.02 - a0.02 - 

I a5.00 - 24.6 0.9 24.3 0.9 
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In / / a0.001 - 0.002 - 

K 2890 110 53.4 8.5 57.1 9.1 

La 7.34 0.27 a0.002 - a0.002 - 

Mg 4160 240 2600 90 2590 90 

Mn 600 20 15.3 0.5 14.8 0.5 

Mo 11.3 0.5 0.40 0.02 0.41 0.02 

Na 1370 50 140 5 149 5 

Nd 6.92 0.32 a0.02 - a0.02 - 

Rb 25.5 0.9 0.12 0.01 0.16 0.01 

S a2450 - 3300 478 2980 479 

Sb 2.07 0.07 0.0060 0.0003 0.0064 0.0003 

Sc 4.74 0.13 a0.00004 - a0.00001 - 

Se 0.79 0.03 0.23 0.01 0.23 0.01 

Sm 1.40 0.05 a0.004 - a0.004 - 

Sr 103 4 2.20 0.13 2.71 0.13 

Ta 0.21 0.01 a0.0005 - a0.0005 - 

Tb 0.19 0.01 a0.0005 - a0.0003 - 

Th 2.88 0.10 a0.0005 - a0.0005 - 

Ti 815 73 a14.0 - a13.0 - 

U 8.94 0.32 0.13 0.01 0.103 0.004 

V 34.2 1.40 0.18 0.02 0.23 0.02 

W 0.80 0.08 a0.05 - a0.07 - 

Yb 0.57 0.02 a0.001 - a0.001 - 

Zn 49.0 1.70 0.22 0.01 0.08 0.01 
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Zr a14.5 - a0.35 - a0.25 - 

a<LOD; results are given as LOD/2. 

Table A.3: Elemental concentration and uncertainty with a coverage factor k=1 (mg kg-1) for six gypsum samples of block 5 (TEŠ5-FF, TEŠ5-CF, 
TEŠ5-FF1, TEŠ5-CF1, TEŠ5-FF2 and TEŠ5-CF2) obtained by k0-instrumental neutron activation analyses. The multielemental analysis was done 
for 45 elements.  

Concentration of elements and their uncertainties 

 TEŠ5-CF TEŠ5-FF TEŠ5-CF1 TEŠ5-FF1 TEŠ5-CF2 TEŠ5-FF2 

Ag a0.07 - a0.21 - a0.04 - a0.27 - a0.04 - a0.33 - 

Al 1000 40 52100 1800 544 20 42200 1500 650 23 67500 2400 

As 0.93 0.04 39.4 1.4 0.74 0.03 42.5 1.5 0.60 0.02 52.6 1.9 

Au a0.0003 - a0.001 -  a0.0005 - 0.0056 0.0006 a0.0003 - 0.0073 0.0007 

Ba 11.0 0.9 262 11 a2.28 - 177 10 a1.86 - 294 16 

Br 8.01 0.28 35.1 1.2 14.6 0.5 249 9 13.2 0.5 408 14 

Ca 223000 8000 144000 5000 232000 8200 118000 4000 232000 8000 43100 1630 

Cd a0.20 - 9.58 0.51 a0.60 - 8.27 1.44 a0.39 - 11.7 1.5 

Ce 0.95 0.05 40.6 1.5 0.77 0.04 27.1 1.0 0.88 0.05 40.1 1.5 

Cl 147 6 568 22 266 10 4150 150 254 10 7760 280 

Co 0.16 0.01 8.39 0.30 0.13 0.01 7.07 0.25 0.13 0.01 10.7 0.4 

Cr 2.58 0.15 178 6 2.14 0.10 149 5 2.24 0.19 227 8 

Cs 0.18 0.01 10.4 0.4 0.108 0.004 8.51 0.30 0.13 0.01 13.5 0.5 

Dy 0.15 0.01 5.82 0.21 0.125 0.006 2.35 0.10 0.13 0.01 3.32 0.17 

Eu a0.005 - 1.20 0.05 a0.03 - 0.63 0.03 a0.03 - 0.91 0.06 

Fe 726 26 33700 1200 482 17 34100 1200 452 16 46800 1700 

Ga a0.33 - 25.1 1.1 a0.17 - a3.26 - a0.15 - 28.6 4.2 
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Hf 0.043 0.003 1.50 0.06 0.036 0.003 1.44 0.05 0.050 0.002 2.33 0.08 

Hg 0.22 0.01 10.6 0.4 0.12 0.02 8.62 0.31 0.15 0.01 11.9 0.4 

I 3.14 0.13 22.5 0.9 1.40 0.09 42.5 2.0 1.22 0.09 112 4 

In a0.002 - 0.09 0.01 a0.005 - a0.03 - a0.005 - 0.13 0.02 

K 300 20 14500 500 179 9 10500 400 176 9 17600 600 

La 0.75 0.03 29.1 1.1 0.61 0.02 15.2 0.6 0.66 0.02 21.8 0.9 

Mg 1920 90 36500 1400 1900 85 36300 1300 1370 70 50900 1900 

Mn 7.68 0.27 207 7 7.12 0.25 237 8 6.21 0.22 322 11 

Mo a0.26 - 3.87 1.17 a0.50 - 26.5 1.6 a0.36 - 43.2 2.4 

Na 58.9 2.1 1570 60 96.5 3.4 3500 100 109 4 4900 200 

Nd a0.27 - 25.2 1.1 1.18 0.15 10.6 0.8 a0.36 - 15.7 1.4 

Rb 1.73 0.12 97.9 3.6 1.46 0.14 77.8 3.7 1.37 0.09 126 5 

S - - - - 188000 11000 110000 13000 178000 11000 86600 11900 

Sb 0.120 0.005 4.68 0.17 0.097 0.004 5.68 0.22 0.108 0.005 8.69 0.31 

Sc 0.25 0.01 11.1 0.4 0.146 0.005 9.33 0.33 0.20 0.01 14.6 0.5 

Se 2.35 0.09 87.0 3.1 1.31 0.05 54.7 1.9 1.08 0.05 72.7 2.6 

Sm 0.15 0.01 5.90 0.22 0.131 0.006 2.76 0.18 0.14 0.01 4.55 0.38 

Sr 180 7 271 16 235 9 224 19 204 7 196 14 

Ta a0.01 - 0.50 0.02 a0.01 - 0.48 0.02 a0.005 - 0.74 0.03 

Tb 0.021 0.002 0.88 0.03 0.022 0.001 0.41 0.01 0.020 0.001 0.57 0.02 

Th 0.16 0.01 6.43 0.23 0.124 0.005 6.49 0.23 0.11 0.01 9.36 0.33 

Ti a53.1 - 1910 130 a50.3 - 1630 110 a48.5 - 2630 150 

U 1.03 0.04 46.9 1.7 0.81 0.03 39.2 1.4 0.58 0.02 65.9 2.4 

V 4.65 0.20 227 8 3.16 0.15 199 7 3.27 0.16 352 13 
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W a0.06 - 1.65 0.22 a0.05 - a0.80 - a0.05 - a1.04 - 

Yb 0.074 0.004 3.19 0.12 0.073 0.004 1.71 0.07 0.073 0.003 2.46 0.10 

Zn 3.69 0.26 227 8 2.88 0.20 183 6 2.65 0.12 241 9 

Zr a5.60 - a34.9 - a5.01 - a31.0 - a4.41 - 120 11 

a<LOD; results are given as LOD/2. 
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Table A.4: Elemental concentration and uncertainty with a coverage factor k=1 (mg kg-1) in gypsum samples (ORIG-FF, ORIG-CF, DISP-FF, 
DISP-CF, RECY) obtained by k0-instrumental neutron activation analyses. The multielemental analysis was done for 43 elements. 

The concentration of elements and their uncertainties 

 DISP-CF (mg kg-1) DIPS-FF (mg kg-1) RECY (mg kg-1) ORIG-CF (mg kg-1) ORIG-FF (mg kg-1) 

Al 522 19 36100 1300 52900 1900 622 22 21000 700 

As 0.45 0.02 24.4 0.9 44.7 1.6 0.55 0.02 15.0 0.5 

Ba a 3.2 188 9 361 14 a 3.84 118 5 

Br 0.87 0.03 21.5 0.8 2.98 0.11 16.6 0.6 14.7 0.5 

Ca 232000 8000 144000 5000 98000 3500 228000 8000 176000 6000 

Cd a 0.12 5.89 0.25 3.52 0.24 a 0.24 2.17 0.16 

Ce 0.95 0.04 24.2 0.9 43.6 1.6 0.93 0.04 15.6 0.6 

Cl 38.2 1.8 202 12 41.7 4.5 247 10 214 8 

Co 0.133 0.005 8.28 0.29 7.59 0.27 0.13 0.01 3.30 0.12 

Cr 1.82 0.09 98.7 3.5 153 5 2.23 0.10 59.9 2.1 

Cs 0.113 0.004 8.38 0.29 12.6 0.4 0.15 0.01 5.11 0.18 

Dy 0.17 0.01 2.72 0.11 4.15 0.15 0.16 0.01 1.68 0.06 

Eu 0.034 0.002 0.60 0.03 0.97 0.04 0.03 0.00 0.35 0.02 

Fe 393 14 22200 800 35200 1200 474 17 13600 500 

Ga a 0.14 8.37 0.47 16.4 0.7 a 0.31 6.07 0.26 

Hf 0.026 0.002 1.17 0.04 1.97 0.07 0.03 0.00 0.71 0.03 

Hg 0.22 0.01 12.5 0.5 20.6 0.7 0.31 0.02 8.94 0.32 

I 0.44 0.04 15.5 0.8 18.6 0.8 1.17 0.11 10.4 0.4 

In a 0.001 a 0.02 0.06 0.01 a 0.01 0.023 0.002 

K 155 6 10100 400 15800 600 246 10 6200 200 
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La 0.65 0.02 15.0 0.7 25.1 1.1 0.69 0.03 9.33 0.38 

Mg 1040 50 39400 1400 53300 1900 1520 60 23700 900 

Mn 3.61 0.13 203 7 129 5 7.09 0.25 73.7 2.6 

Mo 1.38 0.10 44.0 2.0 78.2 3.3 1.57 0.08 29.3 1.2 

Na 24.6 0.9 978 34 1180 40 129 5 594 21 

Nd a 0.61 12.1 0.7 21.9 1.0 0.68 0.09 8.08 0.36 

Rb 1.56 0.12 74.3 2.7 111 4 1.91 0.12 44.6 1.6 

S 180000 11000 64700 10600 a 5077 183000 9000 131000 12000 

Sb 0.091 0.004 4.71 0.17 8.28 0.29 0.14 0.01 2.84 0.10 

Sc 0.16 0.01 8.20 0.29 12.5 0.4 0.19 0.01 5.01 0.18 

Se 1.21 0.05 52.0 1.9 83.8 2.9 1.57 0.06 34.4 1.2 

Sm 0.13 0.01 3.15 0.12 5.06 0.19 0.14 0.01 1.68 0.11 

Sr 211 8 195 10 191 8 208 8 177 8 

Ta a 0.006 0.49 0.02 0.64 0.02 a 0.013 0.22 0.01 

Tb 0.021 0.001 0.38 0.01 0.62 0.02 0.02 0.00 0.24 0.01 

Th 0.10 0.01 4.86 0.17 8.04 0.28 0.11 0.00 2.96 0.10 

Ti a 92 1800 80 2700 100 a 78 1040 50 

U 0.97 0.04 57.2 2.0 82.1 2.9 0.99 0.04 24.8 0.9 

V 3.42 0.15 212 8 317 11 4.05 0.17 126 5 

W a 0.03 0.98 0.07 1.59 0.10 a 0.03 0.71 0.04 

Yb 0.08 0.00 1.71 0.06 2.79 0.10 0.086 0.003 1.06 0.04 

Zn 2.02 0.11 209 7 148 5 2.11 0.11 62.4 2.2 

Zr a 8.5 89.0 7.0 168 9 a 10.1 43.9 3.4 

a<LOD; results are given as LOD/2. 
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Table A.5: The data for positive and negative correlations between Hg and 34 other 
elements are provided. Only the elements of which the concentrations are measured in all 
five gypsum fractions and the data are above the limit of detection are used for calculation. 

Element 

Pearson correlation 

(r value) 

Statistical significance (p 

value) 

Al 0.996 **0.0004 

As 0.994 **0.0005 

Br -0.050 0.9365 

Ca -0.998 0.0001 

Ce 0.996 **0.0003 

Cl -0.272 0.6584 

Co 0.915 *0.0294 

Cr 0.998 **0.0001 

Cs 0.997 **0.0002 

Dy 0.997 **0.0001 

Eu 0.996 **0.0003 

Fe 0.998 **0.0001 

Hf 0.997 **0.0002 

I 0.978 **0.004 

K 0.998 **0.0001 

La 0.997 **0.0002 

Mg 0.992 **0.0009 

Mn 0.791 0.1114 

Mo 0.997 **0.0002 

Na 0.978 **0.0038 

Nd 0.995 **0.0047 

Rb 0.997 **0.0002 

S -0.962 0.0378 

Sb 0.995 **0.0004 

Sc 0.998 **0.0001 

Se 0.999 **0 

Sm 0.993 **0.0008 

Sr -0.622 0.2623 

Tb 0.998 **0.0001 

Th 0.998 **0.0001 

U 0.984 **0.0025 

V 0.997 **0.0002 

Yb 0.998 **0.0001 

Zn 0.826 0.085 
** Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level.  
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Table A.6 Releasing temperatures of various mercury compounds mixed with dry CaSO4·2H2O, in a saturated solution of CaSO4·2H2O and a 
saturated solution of CaSO4·2H2O with added FeOOH. 

Mercury 
compounds 

Dry 
CaSO4·2H2O (°C) 

Saturated solution of 
CaSO4·2H2O (°C) 

Saturated solution of CaSO4·2H2O + 
FeOOH (°C) 

HgCl2 154 236 228 

Hg2Cl2 150 230 257 

HgO(red, R) 270-345; 580 - - 

HgO(yellow, Y) 307; 485 240 242 

HgSO4 676 250 216 

Hg2SO4 315; 564 256 258 

HgS 368 - - 
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Table A.7: Table represents the concentrations of coal, limestone, fly ash, slag, sludge and mixture of sludge + slag for various Chinese samples 
and the main working properties of each TPP. All samples were measured with DMA-80. 

 Concentration (mg kg-1) 

TPP Capacity 

(MW) 

APCD Type of 

FGD  

Absorber Coal Limestone Fly ash Slag Sludge Sludge 

+ coal 

Hubei 300 SCR+ESP+WFGD Forced 

oxidation 

Limestone / 0.628 0.323 / / / 

Guizhou 600 SCR+ESP+WFGD Forced 

oxidation 

Limestone 0.231 0.196 / / / / 

Jiaaisi 300 SCR+ESP+WFGD+WESP Forced 

oxidation 

Limestone 0.481 0.048 0.916 0.003 0.290 0.216 

Hongyanchi 200 SCR+ESP+WFGD Forced 

oxidation 

Limestone / 0.018 / / 

 

/ / 

Shijiazhuang 300 SCR+ESP+WFGD Forced 

oxidation 

Limestone / / 0.107 / / / 

Turpan 135 SCR+ESP+WFGD Forced 

oxidation 

Limestone / / 0.053 / / / 

Nanjing 660 SCR+ESP+WFGD+WESP Forced 

oxidation 

Limestone 0.170 / 0.207 / / / 

Quijing 300 SCR+ESP+WFGD Forced 

oxidation 

Limestone / 0.216 / / / / 

Tianjin 300 SCR+ESP+WFGD Forced 

oxidation 

Limestone / 0.015 0.395 / / / 

Xisaishan 330 SCR+ESP+WFGD Forced 

oxidation 

Limestone / / / / / / 

Šoštanj TPP 

(bulk, block 4) 

275 ESP+WFGD Forced 

oxidation 

Limestone 0.09 0.005 0.05 0.03 / / 
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Table A.8: Elemental concentration and uncertainty with a coverage factor k=1 (mg kg-1) ten gypsum samples from Chinese obtained by k0-
instrumental neutron activation analyses. The multielemental analysis was done for 45 elements.  

The concentration of elements and their uncertainties 

 Tianjin (mg kg-1) Jiasisi (mg kg-1) Quijing (mg kg-1) Turpan (mg kg-1) Hongyanchi (mg kg-1) 

Ag a0.07 - a0.07 - a0.06 - a0.09 - a0.11 - 

Al 2670 90 2730 100 1820 60 3410 120 6160 220 

As 0.74 0.03 3.37 0.12 0.74 0.03 4.03 0.14 4.01 0.14 

Au a0.0005 - a0.0005 - a0.0003 - a0.0004 - a0.001 - 

Ba 22.7 1.0 13.4 0.8 22.7 1.0 45.0 1.7 52.3 2.0 

Br 2.92 0.11 17.6 0.6 8.71 0.31 2.57 0.09 7.22 0.25 

Ca 225000 7900 229000 8100 256000 9000 219000 8000 225000 8000 

Cd a0.55 - a0.13 - a0.24 - a0.49 - a0.27 - 

Ce 3.41 0.12 3.35 0.12 1.43 0.06 2.34 0.09 4.66 0.17 

Cl 331 12 2120 80 7900 280 1690 60 2520 90 

Co 0.49 0.02 0.56 0.02 0.40 0.02 1.38 0.05 1.47 0.06 

Cr 2.47 0.11 19.8 0.7 24.5 0.9 13.8 0.5 6.11 0.23 

Cs 0.227 0.008 0.156 0.007 0.17 0.01 0.12 0.01 0.43 0.02 

Dy 0.25 0.01 0.33 0.02 a0.12 - 0.46 0.04- 0.54 0.03- 

Eu 0.052 0.006 0.09 0.01 0.05 0.01 0.10 0.01 0.14 0.01 

Fe 1250 50 1650 60 1140 40 2830 100 2970 100 

Ga 0.95 0.07 0.63 0.06 a0.32 - 1.09 0.09 2.85 0.13 

Hf 0.216 0.009 0.24 0.01 0.102 0.004 0.158 0.007 0.38 0.01 

Hg a0.027 - 0.14 0.02 0.12 0.02 0.16 0.03 0.20 0.03 

I 1.78 0.12 2.36 0.19 a1.03 - 4.27 0.60 a0.7 - 
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In a0.001 - a0.07 - a0.02 - a0.02 - a0.07 - 

K 765 30 213 10 436 19 682 28 951 36 

La 1.79 0.06 1.89 0.07 0.95 0.04 1.73 0.06 2.29 0.08 

Mg 3760 150 1590 70 2120 90 3206 128 2380 110 

Mn 18.7 0.7 61.4 2.2 23.9 0.8 307 11 82.3 2.9 

Mo a0.24 - a0.3 - a0.38 - 1.09 0.09 1.02 0.08 

Na 327 12 136 5 630 22 868 30 880 31 

Nd a0.44 - a0.4 - a0.36 - 1.59 0.15 a0.43 - 

Rb 2.63 0.14 1.43 0.19 2.39 0.16 2.37 0.18 4.75 0.22 

S 178000 10000 173000 10500 130000 8000 138000 10000 166000 12000 

Sb 0.054 0.003 2.64 0.09 0.13 0.01 0.23 0.01 0.26 0.01 

Sc 0.53 0.02 0.54 0.02 0.34 0.01 0.98 0.03 1.58 0.06 

Se a0.13 - 0.47 0.04 0.72 0.04 3.57 0.13 2.22 0.09 

Sm 0.28 0.01 0.31 0.01 0.19 0.01 0.41 0.01 0.53 0.02 

Sr 153 6 112 4 1500 50 156 6 153 6 

Ta 0.041 0.003 0.03 0.003 a0.007 - 0.033 0.003 0.041 0.002 

Tb 0.034 0.001 0.046 0.002 0.032 0.002 0.097 0.004 0.078 0.003 

Th 0.64 0.02 0.66 0.02 0.22 0.01 0.38 0.01 0.73 0.03 

Ti 161 14 a55 - a29 - 223 20 263 19 

U 0.32 0.02 0.66 0.02 1.17 0.04 0.65 0.02 0.52 0.02 

V 3.83 0.17 6.57 0.27 3.74 0.19 11.4 0.5 13.9 0.5 

W a0.05 - a0.06 - a0.05 - a0.1 - a0.09 - 

Yb 0.128 0.005 0.18 0.01 0.14 0.01   0.35 0.01 

Zn 7.31 0.32 19.6 0.7 6.30 0.32   16.7 0.7 
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Zr a6.35 - a6.9 - a6 -   a11.7 - 

 Guizhou (mg kg-1) Hubei (mg kg-1) Xisaishan (mg kg-1) Shijiazhuang (mg kg-1) Nanjing (mg kg-1) 

Ag a0.04 - a0.06 - a0.07 - a0.08 - a0.08 - 

Al 1110 40 1360 50 2750 100 3200 110 4050 140 

As 0.79 0.03 1.58 0.06 3.58 0.13 0.62 0.04 3.75 0.13 

Au a0.0001 - a0.0002 - a0.0004 - a0.0006 - 0.0021 0.0001 

Ba 5.67 0.50 28.2 1.3 43.2 1.6 16.2 1.1 22.6 1.1 

Br 7.79 0.27 61.7 2.2 17.1 0.6 137 5 38.1 1.3 

Ca 232000 8000 232000 8000 226000 8000 231000 8000 223000 8000 

Cd a0.28 - a0.27 - 3.12 0.11 a0.66 - a0.42 - 

Ce 1.92 0.07 2.22 0.09 1360 50 3.72 0.14 4.74 0.17 

Cl 233 9 2940 110 0.62 0.02 3240 110 4040 140 

Co 0.55 0.02 0.34 0.02 11.5 0.4 0.65 0.02 0.72 0.03 

Cr 43.1 1.5 39.9 1.5 0.24 0.01 3.68 0.15 8.23 0.30 

Cs 0.126 0.008 0.14 0.01 0.24 0.01- 0.33 0.01 0.52 0.02 

Dy 0.16 0.01- 0.23 0.01- 0.28 0.01 a0.07 - 0.39 0.03 

Eu 0.04 0.01 0.053 0.003 0.05 0.01 0.06 0.01 0.07 0.01 

Fe 1290 50 1330 50 1320 50 1650 60 1400 50 

Ga 0.50 0.04 0.84 0.09 1.40 0.08 a0.71 - 2.16 0.11 

Hf 0.115 0.005 0.091 0.004 0.21 0.01 0.22 0.01 0.35 0.01 

Hg 0.50 0.03 0.74 0.04 0.88 0.04 1.60 0.06 1.70 0.07 

I 4.56 0.22 7.08 0.29 4.21 0.02 8.84 0.42 2.97 0.38 

In a0.004 - a0.003 - a0.002 - a0.015 - a0.016 - 

K 433 18 301 13 458 19 1470 60 672 26 
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La 1.00 0.04 1.27 0.05 1.67 0.06 1.95 0.07 2.64 0.09 

Mg 3050 120 1710 70 487 37 13300 500 1080 70 

Mn 29.4 1.0 19.0 0.7 34.1 1.2 33.7 1.2 176 6 

Mo a0.2 - 0.89 0.07 1.49 0.10 a0.36 - a0.40 - 

Na 133 5 90.7 3.2 87.7 3.1 1070 40 182 6 

Nd a0.36 - a0.46 - 1.34 0.17 a0.43 - 2.41 0.23 

Rb 1.56 0.12 1.70 0.14 2.31 0.12 4.44 0.31 4.11 0.18 

S 153000 9000 193000 11000 176000 11000 141000 9000 177000 12000 

Sb 0.032 0.001 0.62 0.03 0.31 0.01 0.051 0.004 0.42 0.02 

Sc 0.32 0.01 0.32 0.01 0.55 0.02 0.59 0.02 0.73 0.03 

Se 5.40 0.19 9.64 0.34 8.72 0.31 8.65 0.32 6.86 0.24 

Sm 0.19 0.01 0.22 0.01 0.28 0.01 0.32 0.01 0.39 0.01 

Sr 389 14 196 7 217 8 105 4 149 6 

Ta 0.035 0.002 a0.08 - 0.044 0.002 0.049 0.003 0.059 0.003 

Tb 0.024 0.001 0.032 0.002 0.037 0.001 0.034 0.002 0.055 0.002 

Th 0.21 0.01 0.39 0.01 0.64 0.02 0.77 0.03 1.01 0.04 

Ti 205 17 a29 - a54 - 171 22 223 20 

U 0.25 0.1 0.51 0.02 0.96 0.04 0.45 0.02 0.81 0.03 

V 3.81 0.16 6.93 0.27 6.70 0.27 4.26 0.19 7.12 0.30 

W a0.04 - 0.18 0.02 0.20 0.01 a0.21 - 0.27 0.04 

Yb 0.075 0.003 0.12 0.01 0.13 0.01 0.14 0.01 0.21 0.01 

Zn 4.80 0.20 7.69 0.32 22.5 0.9 4.33 0.25 15.1 0.7 

Zr a2.7 - a2.7 - a5.9 - a8.2 - a8.2 - 
a<LOD; results are given as LOD/2. 
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