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Abstract: A quadrupole mass spectrometer was used to 
study the thermal release of mercury from wet flue gas 
desulphurization (WFGD) gypsum using temperature-
programmed desorption/decomposition (TPD). The 
inability in direct detection of low concentrations of 
mercury halogenides 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. 
The mercury concentration in different gypsum fractions 
varies from 0.22 mg kg-1 (3.27-148 µm, coarse particles) 
to 20.6 mg kg-1 (0.41-88.0 µm, fine particles). All samples 
had a similar, symmetrical, single-peak (peak maximum 
253–266°C) in the TPD spectra. In the present study, 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 TPD. The 
study showed that selected metals, such as Fe enriched 
in gypsum samples, significantly influence the shape and 
the maximum temperature of the Hg TPD curves and that 
during the mercury compound preparation and the TPD 
process, Hg species undergo transformations that prevent 
the identification of their original identity.

Keywords: Mass spectrometry; Mercury; Temperature-
programmed desorption; WFGD gypsum; Particle size 
fractions.

1  Introduction
In the last decade, great efforts have been made to 
understand the chemistry of mercury and mercury 
compounds in the wet flue gas desulphurization system 
(WFGD). During coal combustion, limestone and flue 
gas together with fine fly ash that is not retained by 
electrostatic precipitators (ESP) are important sources of 
chemical elements in the WFGD system [1–4]. In WFGD 
slurry, mercury is involved in different oxidation/reduction 
and precipitating reactions [5–9]. Adsorption could also 
be an important process and depends on the ligands and 
minerals (particles) present [10,11]. Different Hg species 
such as HgCl2, Hg2Cl2, HgO, HgS and HgSO4 have been 
identified in WFGD gypsum [1,12–19]. Several studies also 
reported higher concentrations of Hg in samples enriched 
with Fe (Al) [2–4,20–22].

The common approach for determining mercury 
species in solid samples such as gypsum is to use 
temperature-programmed desorption/decomposition 
(TPD) with an atomic absorption spectrometer (AAS) 
as the detector [23–26], whereas a mass spectrometer 
(MS) is rarely applied [27–30]. TPD method is basically a 
transpiration method [31] where the stability of a mercury 
compound refers to the temperature at which the Hg signal 
reaches its maximum peak temperature. This approach is 
based on the mathematical treatment (peak fit) of the TPD 
spectra (thermograms) and a comparison of the spectra 
of different mercury standards to that of actual samples. 
There remain, however, several limitations of the TPD 
method including the following:
a)	 The dry mixing of pure mercury compounds with the 

substrate (e.g. CaSO4·2H2O) is typically used to prepare 
standards, but this means that mercury compounds 
are adsorbed on the surface of the crystals. In WFGD 
gypsum, Hg compounds can be present within the 
crystal bulk, since these compounds are already 
present in solution. Additionally, the gypsum slurry 
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contains other types of particulate matters with 
varying adsorption affinities (particles coming into 
the system via fly ash and through the addition of 
limestone, such as Fe oxides). Therfore, neither the 
same maximum peak temperature nor spectra are 
obtained in both cases.

b)	 When using conventional AAS or AFS as a detector, 
sample matrix and its particle size distribution, the 
heating ramp, type of the carrier gas, carrier gas 
flow rate, sample weight, sampling procedure and 
analysis (sampling) time affect the release of Hg, 
which shift the desorption/decomposition peak 
towards either lower or higher temperatures and 
change the peak intensity [1,13,15,16,25,26,32,33]. All 
these factors are responsible for the discrepancies 
observed in the measurement of Hg species among 
various laboratories, and unfortunately, as yet, 
no standardized method has been established for 
determining Hg speciation/fractionation in solid 
samples. 

In previous studies, we examined the effect of particle 
size on mercury accumulation in WFGD gypsum from 
the lignite burning Šoštanj thermal power plant (Šoštanj 
TPP, Slovenia) and identified possible Hg-species present 
in the fine fraction of the gypsum [13,34]. 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 hypothesise that high 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. Literature data suggest that, in the gypsum, 
HgCl2 and HgS are the main compounds present. Since Fe 
is enriched in the fine gypsum particle fraction compared 
to the coarser fraction (Šoštanj TPP), we also investigate 
the influence of Fe on the desorption/decomposition of 
different Hg-species during desorption process. We also 
make a comparison of wet and dry methods for preparing 
˝mercury standards˝ using different substrates.

2  Experimental section
Three different samples of gypsum slurry were collected 
from a WFGD scrubber (block 6) at the Šoštanj thermal 
power plant TPP, Slovenia. The plant is equipped with 
a selective catalytic reduction (SCR) DeNOx system 
for controlling nitrogen oxide emissions (NOx), ESP to 
eliminate particles and WFGD units for removing SO2. 

2.1  Sampling and sample preparation

Three different gypsum slurry samples were collected 
simultaneously at different sampling points: one from 
the main scrubber (the absorber), and two from the 
hydrocyclone. The original gypsum slurry (ORIG) was a 
sample of the WFGD slurry taken from the absorber. Within 
the hydrocyclone, the gypsum slurry was separated into 
disposal gypsum (DISP), which removed the hydrocyclone, 
further processed for disposal and re-circulated slurry 
water (RECY), which contained the finest particles and 
was pumped back into the main scrubber.

In the laboratory, each sample was homogenised (by 
shaking), transferred to a centrifuge tube (50 ml) and left 
to settle under gravity for 48 hours until two distinct layers 
were formed. Although the bottom layer represented 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. The water 
was then decanted and the remaining brownish slurry 
(FF) was transferred into a clean centrifuge tube and 
centrifuged at 2500 rpm for 30 minutes. After removing 
the water, the residual paste was transferred into 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 (bulk) gypsum 
sample (ORIG) was also prepared. 

2.2   Sample characterization

Particle size distributions were determined in each of 
the five fractions, using a 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). After drying, each sample was 
homogenised by grinding in an agate pestle and mortar. 

Multi-elemental analyses were performed on all five 
fractions (ORIG-FF, ORIG-CF, DISP-FF, DISP-CF and RECY). 
The concentrations of major, minor and trace elements were 
obtained using the k0-standardisation neutron activation 
analysis method (k0-INAA). Detail description of the method 
is provided in the supplementary material (Text S1).

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 
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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.

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. 

Temperature programmed desorption process 
using mass spectrometry: In the present work, two 
different MS instruments were used. In the initial stage, a 
single focusing magnet mass spectrometer equipped with 
a Nier-type ion source (NT-MS) was used. The spectrometer 
had previously been employed for making Knudsen 
effusion experiments (KEMS method) [35,36], but in the 
present study, a quartz tube (10 cm × 3 mm I.D.) closed 
at one end was used instead of Knudsen cell. The solid 
sample (1-10 mg) was placed at one end of the tube and 
the open end securely fitted into the ionization volume of 
the Nier ion source. The sample end of the introduction 
tube was heated using a nozzle-type resistivity heater 
equipped with a B-type thermocouple. The sample was 
then heated to 750°C at 10 °C min-1 and regulated using an 
EUROTHERM regulator. The desorbed atomic or molecular 
species were ionized 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. 

For the majority of TPD measurements, a quadrupole 
mass spectrometer (QMS, Pfeiffer QMS 700) was 
employed as shown in scheme S1). 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. Sample introduction into 
the ionization chamber was performed via a thick-walled 

quartz tube. The quartz tube was heated the same as in 
the NT-MS. The tube also serves to transfer the sample 
from the vacuum compartment 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 10 ng g-1. An additional benefit 
of using an MS as a detector is its ability to identify the 
various molecular species that evolve from the sample 
when heated. 

Data analysis: 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. Data obtained by QMS are interpreted 
by the Quadera software. The data is shown as a signal 
for the continuous measurement of Hg concentration 
in counts per second (CPS) on the ordinate axis versus 
temperature, °C on the absciss axis. In this way it is possible 
to observe the release of Hg with incremental increases in 
temperature. IVTANTHERMO Thermodynamic database 
and thermodynamic modelling software 3.0 was used 
to predict the thermodynamic data relating to the mass 
spectra. 

2.3   Description of experiments

Experiments with HgCl2: 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). 

Dry preparation of Hg compounds with CaSO4·2H2O: 
Seven mercury compounds (HgCl2, Hg2Cl2, HgO(yellow, 
Y), HgO(red, R), HgS, HgSO4 and Hg2SO4) were mixed with 
CaSO4·2H2O. The preparation of the dry Hg-standards 
is described in Sedlar et al. [30]. In short, 10 mg of each 
pure Hg compound was added to 5 g of substrate powder 
CaSO4·2H2O (1-2 mg kg-1) in a zirconium container and mixed 
using a planetary mill (Fritsch planetary mill Pulverisette 
7). 0.5-1 mg was taken for measurement.

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. 
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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. 

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 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. 

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

Ethical approval: The conducted research is not 
related to either human or animals use.

3  Results and discussion
The results are divided into four parts: 1) new findings 
regarding HgCl2 transformations during thermal heating, 
2) physicochemical characterisation of the gypsum 
samples from Šoštanj TPP, 3) TPD spectra of Hg from the 
various gypsum size fractions of gypsum samples from 
Šoštanj TPP, and 4) a comparison of wet and dry methods 
for the preparation of mercury compounds for calibration 
purposes.

3.1  Mass spectrometric characterization of 
HgCl2 

The presence of HgCl2 in the samples has been identified 
previously using either atmospheric pressure chemical 
ionization mass spectrometry, APCI-MS [37] or gas 
chromatography-mass spectrometer, GC-MS [38,39], 
but not as desorbed species in untreated solid samples 

using TPD method. Therefore, the possibility of direct 
identification of HgCl2 by MS was investigated.

In the ion source of the MS, HgCl2 is ionized into HgCl2
+, 

HgCl+ and Hg+. According to NIST data [40], their relative 
abundances are 100:5:60, whereas from our previous 
work it is apparent that the mass spectrum (Figure S1) 
obtained from the desorption of HgCl2 from silica does 
not correspond to the NIST entry [30,40]. Wu et al. (2011), 
when studying the desorption of various Hg compounds 
from different matrices, found that HgCl2 predominately 
desorbs as atomic Hg(0), for which the authors could 
give no reasonable explanation given that HgCl2 is 
thermodynamically stable [41]. In the mass spectrometer, 
certain reactions govern the formation of Hg(0) during 
thermal desorption of HgCl2 at low pressures (vacuum 
>10-5 Pa) and in the presence of water hydrolysis of HgCl2 
cannot be ruled out. To understand this better, additional 
experiments were performed using high purity HgCl2. 

Figure 1 shows the mass spectrum obtained. At 20 °C, the 
equilibrium pressure of the HgCl2 vapour over bulk HgCl2 
was 5·10-3 Pa (IVTANTHERMO database). 

From Figure 1, it is apparent that the spectrum does 
not correspond to the NIST entry [40]. The excess of Hg+ 
ions most likely derives from elemental mercury, Hg(0), 
which is present as a contaminant in the HgCl2 reagent. 
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 this, the same 
measurement was repeated with a long-standing (old) 
HgCl2 reagent, revealing an even more profound deviation 
from the NIST data [40]. The deviation of the HgCl2 
spectrum (Figure 1) from the NIST data was less intense 
than that seen in Figure S1. This was probably because of 
the use of a fresh ultra-purity HgCl2 reagent and a pressure 
of 5·10-3 Pa [42].

The possible hydrolysis of HgCl2 within the MS has 
been investigated using thermochemical calculations in 
the IVTANTHERMO program incorporated into the Glusko 
database [42]. For this purpose, the HgCl2:Hg equilibrium 
ratio is computed as a function of total pressure, 
temperature and the H2O:HgCl2 mole ratio (Figure 2). 
Analyses confirm that the hydrolysis of HgCl2 is promoted 
at low pressure, elevated temperatures and presence of 
water relative to HgCl2. Evidently, the HgCl2:Hg ratio in 
the vapour phase is temperature-pressure-concentration 
dependent. 

Taking this into account, it becomes easy to explain 
the observations of Sedlar et al. [30], Uddin et al. [28] and 
Wu et al. [27], 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, 
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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). The 
concentration of mercury in the WFGD samples, similar to 
the bulk gypsum, was low (<1 mg kg-1) 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 [27,28,30]. 

3.2  Physico-chemical properties of the 
gypsum samples

The results of the multi-elemental analysis (43 elements) 
of the fine and coarse fractions are given in Table S1. In the 
fine fraction, higher concentrations of most elements were 
favoured because of the smaller particle sizes, whereas Ca, 
S and Sr were the major elements in the coarse fractions, 
and their concentrations are typically lower in the fine 
fractions. In a previous study by Sedlar et al. (2015), 
halogens were at much higher concentrations in the fine 
gypsum fractions compared to the coarse fractions [13]. 
In this work, the enrichment of Cl and Br in fine fractions 
was not observed. Also in the finest fraction of RECY, the 
halogens are present at concentrations similar to those in 
the coarse fraction DISP-CF. 

Figure S2 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. Moreover, Ca can precipitate with molecules 
and cluster ions other than SO4

2- [43].
Figure 3 shows the particle size distributions for all of 

the separated fractions. The coarse fractions have identical 
distributions (DISP-CF, ORIG-CF), while the three finer 
fractions (ORIG-FF, DISP-FF and RECY) differ from each 
other. In the case of RECY - the finest fraction, it contained 
the highest concentration of Hg. The Hg concentrations 
in the coarse fractions were similar (0.22-0.31  mg  kg-1), 
whereas the concentration of Hg in the finer fractions 
(Table S2) decreased as follows: RECY (20.6  mg  kg-1) > 

Figure 1: Mass spectra of HgCl2 vapours in equilibrium with 
condensed HgCl2 at 20 °C. 

Figure 2: The calculated equilibrium ratio of HgCl2:Hg dependency 
on pressure, temperature and molar H2O:HgCl2 vapour ratio.
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DISP-FF (12.5 mg kg-1) > ORIG-FF (8.94 mg kg-1), which is 
consistent with the particle size distribution. 

Figure S3 shows SEM images of various gypsum 
samples. In the bulk gypsum, coarse fractions prevail, and 
fine fractions are barely visible (Figure S3a). The coarse 
fractions (CF) are mostly composed of different CaSO4·2H2O 
crystals, typically bigger than >40 µm size (Figure 3 and 
S3b). In the fine fractions (Figure S3c), in addition to 
smaller CaSO4·2H2O crystals, other solid by-products 
were formed under recirculation by precipitation and 
adsorption processes [43]. Inclusions of Fe and Al oxy-
hydroxides were present in the finer particles of the 
gypsum (Figures S3d and S4).

Figure S5 shows the TG-DTA thermograms of two 
gypsum samples, DISP-CF and RECY, recorded between 
25°C and 550°C. The mass loss of water in the case of 
DISP-CF (Figure S5a) matches closely the theoretical mass 
loss, which is additional proof that the CF fractions were 
98% pure gypsum, apart from RECY, which contained only 
40% gypsum (Figure S5b).

3.3  Temperature programmed desorption 
(TPD) spectra of actual gypsum samples

Figure 4 shows the TPD spectra of all six gypsum (ORIG-
FF, ORIG-CF, DISP-FF, DISP-CF, RECY, ORIG-bulk) samples 
obtained by QMS. A single peak appears in each sample 
with a peak maximum of 253 – 266°C. The mixed fraction 
of ORIG gypsum (bulk) showed a medium-intensity peak 
because of the dilution of the fine fractions by the coarser 
ones; the latter represents the majority (by weight) of the 
WFGD material. The peak shapes and the positions on the 
temperature scale were similar in all fractions, suggesting 
a single decomposition process of a single Hg species. In 
addition, significantly lower Hg peaks were observed for 
both coarse fractions, DISP-CF and ORIG-CF consistent 
with the low Hg concentrations in those samples (Table 
S2).

3.4  Temperature programmed desorption 
(TPD) spectra of dry and wet prepared 
mercury compounds

To identify which of the mercury species decompose 
at 260°C, spectra (Figure 4) were compared with seven 
dry mercury standards mixed with pure CaSO4·2H2O  
(Figure 5; releasing temperatures are written in the 
Supplement Table S3). 

None of the mixed samples (Figure 5) matched 
the actual gypsum samples (Figure 4). 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 temperature of desorption of 
the 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. 
Therefore, a simple experiment was performed using 
mercury compounds 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 (Figure 6). 

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 
there is less interaction with the matrix. This produces 
narrower peaks at different positions on the temperature 
scale (Figure 5). In slurries, however, Hg exists in its ionic 
state and can form complexes or become attached to 
different particles. Therefore, it is unreasonable to expect 
identical decomposition spectra in both cases. 

From the resulting TPD curves using CaSO4·2H2O 
(Figure 6; Table S3), 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 5). The family of curves represents, therefore, the 
desorption/decomposition processes of Hg compounds 

Figure 3: Distribution of particles in the finer and coarse fractions of 
gypsum.
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Figure 4: TPD spectra of five separated WFGD samples (fine and coarse fractions) and one mixed fraction containing both fractions (bulk gypsum).

Figure 5: TPD spectra of mercury compounds prepared by dry mixing 
various Hg-species with pure CaSO4·2H2O.

Figure 6: 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.
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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 indicates various 
interactions between the CaSO4·2H2O matrix and the Hg 
compounds.

The literature suggests that oxides and hydroxides 
(e.g., Fe, Al and Mn) may govern the adsorption processes 
of Hg compounds [5,6,10,11,20,44–48]. To verify the 
presence (effect) of Fe-species on Hg TDP spectra in solid 
samples, FeOOH was added. As seen in Figure 7, the 
obtained TPD spectra have narrower peak half-widths, 
with their maxima at 237±21°C, similar to that in WFGD 
samples from Šoštanj TPP (Figure 4). The difference 
between the two sets of curves (Figures 6 and 7) is most 
visible regarding peak width and, to a lesser extent, peak 
positions. This indicates the influence of FeOOH on the Hg 
TPD spectra.

Figure 8a show TPD spectra of selected Hg-compounds 
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 8a), similar to dry CaSO4·2H2O (Figure 5). Step 
decomposition of Hg2Cl2 into HgCl2 is seen in Figure 8a, 
whereas this is not observed in the case of CaSO4·2H2O. 
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 [30]. 

In another experiment, HgCl2 and HgO(Y) were mixed 
in a solution of FeOOH without the addition of CaSO4·2H2O 
(Figure 8b). 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 are 
formed. Literature data propose the presence of Hg in the 
fine fractions with elevated concentrations of different 
elements such as iron [2,3,20]. Due to the similarities 
between the TPD spectra of actual WFGD samples from 
Šoštanj and the TPD spectra from the different experiments 
(Figures 4, 7 and 8b), the presence of Fe-species could 
influence the shape of the TPD spectra and the temperature 
at which Hg-species desorbed/decompose. 

Overall, 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- [6,8,9,49]. At 
a pH of 6 (pH of WFGD 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 
[10,45,47]. 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 [44].

To evaluate the influence of chlorine on the TPD 
spectra of a solid precipitate prepared by dissolving 

Figure 7: 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.

Figure 8: a) 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.
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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 9), 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, means that 
mass spectrometry cannot confirm the presence of HgCl2 
molecules from observing HgCl2

+ ions.
Mercury sulphide is commonly considered the most 

likely Hg species present in WFGD samples [1,15]. Its 
formation is thought to occur at higher loads of sulphur 
due to the disproportionation of SO3

2- into S2- and SO4
2- [17]. 

The solubility product of HgS is extremely low (Ksp = 2·10-53) 
[50,51], meaning that it should precipitate in the slurry. In 
the Šoštanj TPP samples, this is not the case because its 
decomposition temperature (Figure 5: HgS TPD spectrum 
obtained by dry preparation) is about 100°C higher than 
the measured WFGD gypsum samples (Figure 4). To prove 
this, Šoštanj TPP sample (ORIG-FF) were blended with 
pure solid HgS prepared by dry mixing (Figure 10a). In 
the spectra an additional peak appears as a consequence 
of HgS decomposition meaning that the original WFGD 
sample does not contain HgS.

Similar experiments were repeated using Hg 
compounds prepared in a saturated solution of CaSO4·2H2O 
with added FeOOH. Additional peaks appear (Figure 10b) 
at similar temperatures than in the actual gypsum slurry 
(ORIG-FF). Although many authors identify HgS in their 
samples [12,15–18], 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 
reasons why it could not be detected: i) HgS is not present 
in the gypsum samples, ii) the presence of HgS is too low 
to be detected by the TPD, and 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 such as Fe or other 
adsorptive compounds, where the strength of the bonds 
are weaker than in the crystalline phase. It follows that 
decomposition at lower temperatures than with crystalline 
HgS is possible. Further studies are needed to confirm the 
presence of HgS in actual gypsum samples.

4  Conclusions 
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 
by means of a mass spectrometer with a high sensitivity, 
it was possible to measure samples with Hg contents 
> 10  ng  g-1. 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 

Figure 9: TPD spectra of precipitate of HgCl2 in a saturated solution 
of CaSO4·2H2O and FeOOH without the addition NaCl and with two 
different concentrations of NaCl (0.006 and 0.17 M).

Figure 10: TPD spectra of a) ORIG-FF with and without HgS addition 
and b) various wet-prepared Hg standards mixed with the dry-
prepared HgS standard.
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an MS is the high background levels as a result of other 
substances evaporating from the sample along with 
mercury. 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. Because of the low 
Cl- concentrations in all gypsum fractions, the presence of 
Hg-Cl species is rather unlikely but is not excluded. 

The TPD spectra of the Šoštanj TPP samples indicate a 
single, well-defined peak, which could not be reproduced 
using mercury standards prepared by the dry mixing of 
the substrate with Hg compounds. For comparison, “wet-
prepared” mercury compounds were used for the first time. 
Experimental work was mainly devoted to the study of 
desorption/decomposition of different Hg-species mixed 
in a solution of FeOOH and CaSO4·2H2O. The TPD curves 
of solid precipitates showed only a single peak similar in 
shape and position to the Šoštanj TPP gypsum samples. 
More comprehensive studies are needed to characterize 
the Hg compounds formed at the surface of different dried 
solid residues as well as in the actual gypsum samples. 
Finally, further experimental work is needed to confirm 
the presence of Hg-S, Hg-Cl and other Hg compounds. 
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