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• Mercury speciation in different soil 
matrices by Lumex-Pyro 915+.

• Desorption temperatures of Hg com
pounds are dependent on the Hg- 
bearing matrix.

• Hg0 suffers oxidation processes to form 
more stable species Hg2+ in t1/2–42 
days.

• Results may have important implica
tions during soil remediation activities.
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A B S T R A C T

Thermal desorption is a well-assessed technique to speciate mercury (Hg) in soils and sediments. However, the 
effects related to the different matrices are still not properly assessed. In this study, thermal desorption was 
applied to Hg-free calcite mixed with Hg standard and soils rich in carbonate and silicate minerals, as well as 
organic matter. Hg0, HgCl2, HgO, α-HgS, β-HgS and organo-mercuric compounds were recognized, pointing out 
that the soil matrix operates notable differences in terms of breakdown temperatures of the Hg-compounds and 
suggesting that the mineralogical composition of soil has to be investigated before applying the thermal 
desorption technique. Furthermore, the presence of Hg0 was carefully evaluated since, as already observed, it 
forms Hg2+, which increases mercury mobility in the pedological cover with important consequences for those 
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soils contaminated and located close to decommissioned or active mining areas and/or industrial sites (e.g. 
chloro-alkali industries). Experimental runs were thus carried out by using carbonate-, silicate- and organic-rich 
soils doped with liquid Hg. It was observed that Hg0 tends to be oxidized to form Hg+ and then Hg2+ as a function 
of soil matrix and reaction time. Surprisingly, the oxidation rate is rather fast, since after 42 days the initial 
content of Hg0 is halved, thus following an exponential decay. This implies that in Hg0-polluted areas, the fate of 
the resulting Hg2+ can be that to: i) be adsorbed by organic matter and/or Fe–Mn–Al oxides and/or ii) feed 
shallow aquifers. This study is a further step ahead to understand the behavior of Hg in contaminated soils from 
industrial and mining areas where liquid Hg is occurring in different soil matrices and may provide useful in
dications for remediation operations.

1. Introduction

Mercury (Hg) is ranked among the ten chemicals of concern by WHO 
(2017). It has been estimated that approximately 86 Gg of 
anthropogenically-derived Hg are distributed in surface soils at global 
scale (UNEP, 2009). There is a tight relationship between the chemical 
form of Hg and its toxicity (in particular methylmercury, e.g. Hong et al., 
2012; Dong et al., 2016; Wu et al., 2024) to humans (Liu et al., 2020). 
Mercury in soils may occur as Hg0, Hg2

2+, Hg+, and Hg2+ and its speci
ation is affected by several factors such as reactivity (pH), redox po
tential (Eh) and soil organic matter (hereafter SOM) contents. Clays, 
iron, sulfur, phosphorus, and carbon are also able to influence the dis
tribution of Hg in solid matrices, whose speciation can thus be relatively 
variable (Widmӧller et al., 2017). The main sources of Hg in soil are due 
to both natural and anthropogenic emissions. Natural sources are related 
to rock weathering (Liu et al., 2020) and volcanic and geothermal 
emissions, whereas Hg emissions from industrial activities (e.g. 
chloro-alkali), coal combustion, as well as precious metal extraction in 
industrial and small-scale gold mining (e.g. AMAP/UNEP, 2013; Mason 
et al., 2012, Driscoll et al., 2013), are the main anthropogenic sources.

The main Hg-bearing ore sources in soil are cinnabar and meta
cinnabar which are practically insoluble in water (Ariya et al., 2015). 
Their solubility product (Kps) is indeed equal to 2*10− 53 and 2*10− 52 

mol/L, respectively (Chen et al., 2018), meaning that they are not prone 
to be chemically altered at exogenous conditions, differently by other Hg 
species, such as HgCl2 (Kps: 0.27 mol/L; Ariya et al., 2015). Conse
quently, the pivotal assessment of potential impact on humans and 
ecosystems has to be focused on defining how Hg is speciated in different 
environmental matrices.

One of the main challenges to face during remediation operations in 
Hg-contaminated soils is to assess whether gaseous elemental Hg and/or 
liquid Hg occur. While atmospheric Hg0 (Gaseous Elemental Mercury, 
hereafter GEM) is considered a global pollutant, due to its scarce solu
bility in water and its relatively long residence time (from 0.8 to 1.7 
years, Ariya et al., 2015), atmospheric Hg2+ (Reactive Gaseous Mercury, 
hereafter RGM) is promptly removed and settled on the surface through 
wet and/or dry deposition (Lin et al., 2010). When GEM is oxidized to 
RGM and deposited on the soil, it becomes part of the soil matrix, and 
inorganic mercuric salts and minerals such as HgCl2, HgO, or HgS 
and/or organo-mercuric compounds can be formed (O’Connor et al., 
2019). On the other hand, GEM turns out to be the main route of Hg 
accumulation in plants (e.g. Molina et al., 2006; Meloni et al., 2023), 
forest soils and aquatic systems, as dissolved gaseous mercury (Wang 
et al., 2015), being volatile and susceptible to oxidation. Therefore, the 
effectiveness and success of remediation procedures are heavily 
depending on the mercury species that are present in the soil and the 
physicochemical features affecting Hg mobility are critical (Rumayor 
et al., 2017). In particular, when Hg occurs in a relatively mobile 
chemical state, soil washing is one of the preferred options to remove the 
contaminant (Wang et al., 2020). Differently, when mercury is firmly 
bonded to the soil matrix and thus, more stable, it is released more 
slowly (Xu et al., 2015).

Over time, various analytical approaches (e.g. sequential or selective 
extractions, thermal desorption: TD) have been devised for the detection 

of different Hg species in solid matrices (e.g. Widmӧller et al., 2017; 
Petranich et al., 2022; Ghezzi et al., 2023). Nevertheless, TD (Biester, 
1994) seems to be the most appropriate, less time-consuming, and less 
costly technique for powdered samples to determine and qualitatively 
detect the speciated Hg phases, particularly when they are at low con
centrations (Sladek and Gustin, 2003; Rumayor et al., 2017; Widmӧller 
et al., 2017). Kinetic processes and vaporization mechanisms are partly 
reflected in the different behavior of the Hg species during TD. However, 
there is no direct relationship between desorption temperatures and 
physicochemical characteristics of pure Hg compounds, such as melting, 
sublimation point, and vapor pressure (Widmӧller et al., 1996). During 
the TD process, heating (from 50 to 800 ◦C) breaks the Hg bonds (in both 
rocks or soil) and then, the metal in its elemental gaseous state is 
released as a function of the bond strength (Biester, 1994).

While the quantification of the various Hg species can be determined 
by TD, the amount of elemental Hg present in the solid matrix can be 
computed by comparing the Hg concentration between heated and not 
heated samples (Sladek and Gustin, 2003; Bouffard and Amyout, 2008; 
Padalkar et al., 2019; Friani et al., 2023). At temperatures between 50 
and 100 ◦C, the Hg species with low oxidation states (Hg0 and Hg+) are 
generally released. Different heating temperatures and times (i.e. 80 ◦C 
for 8 h and 150 ◦C for 2 h) are commonly used to remove Hg0. However, 
when the Hg0 fraction is low, this analytical approach has poor repro
ducibility and precision (Ghezzi et al., 2023). A crucial point in reme
diation actions of Hg-contaminated sites is to identify the presence and 
the amount of Hg0 in soils as precisely as possible. Even though Hg has 
low solubility (e.g. Ariya et al., 2015), when oxidation processes occur, 
soluble species (e.g. Hg2+) may form and the Hg mobility in the envi
ronment is favored (Widmӧller et al., 2015). As a result, interventions on 
soils from contaminated areas (such as Hg-mining areas, chlor-alkali 
plants, and PVC industries) are strictly depending on the available 
different species of Hg (Raposo et al., 2023). Soils are a potential 
reservoir of PTEs (Potentially Toxic Elements; e.g. Ghani et al., 2024), 
including Hg (Obrist, 2012). Chemical processes and those induced by 
bacterial community favor the transformation of the available 
Hg-inorganically bound into organic forms (e.g. Obrist et al., 2018; 
Huang et al., 2023). In Hg-contaminated soils, these processes may 
affect the vegetation (e.g. Azevedo and Rodriguez, 2012).

To the best of our knowledge, TD experimental runs aimed at 
investigating Hg speciation in uncontaminated silicate, carbonate, and 
peat soil samples doped with known contents of both liquid Hg (Hg0

l ) 
and Hg-standards (HgCl2, HgSO4, β-HgS – metacinnabar – and α-HgS – 
cinnabar) at different times and temperatures have not systematically 
been carried out. Liquid Hg in soils, as uncoated or coated Hg0

l beads, 
can be found close to decommissioned cinnabar roasting areas or in
dustrial complexes (e.g. chloro-alkali) or where liquid Hg spills occurred 
(e.g. Miller et al., 2015; Du et al., 2023). Therefore, after defining the 
breaking-temperature for each Hg-standards, the main goals of our 
study can be summarized, as follows: i) assess whether the different 
matrices are able to affect the release of Hg0; ii) verify whether the 
addition of Hg0

l is favoring the formation of new Hg species at envi
ronment temperatures, and iii) study the dynamics of Hg species after 
the incorporation of Hg0

l into the soil. All the experiments were con
ducted by TD.
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2. Materials and methods

2.1. Equipment

The content of total Hg (THg) and Hg speciation were determined 
with a Lumex RA-915 M (Atomic Absorption Spectrometry with Zeeman 
effect) instrument coupled with a Lumex Pyro-915+ device by using a 
heating step procedure (Sholupov et al., 2004; Mashyanov et al., 2017). 
The Pyro-915+ device consists of a furnace with two connected cham
bers. In the first chamber, the temperature is continuously monitored by 
a thermocouple placed inside a quartz boat. Here, solid, or liquid sam
ples are pyrolyzed or volatilized, respectively. In the second chamber, 
the temperature is kept at about 800 ◦C to reduce all the Hg compounds 
to elemental Hg and eliminate the interferent species, while the resulting 
fumes are abated by an activated charcoal cartridge (Rumayor et al., 
2013). In the present study, in the first chamber, a heating ramp with 
three different steps was selected to warm-up the instrument (temper
ature from 36 ◦C to 635 ◦C). In the first step, the temperature was kept at 
28.8 ◦C min− 1 for 140 s and then, increased from 36 ◦C to 148.8 ◦C). In 
the second step, the temperature was regulated at 40.8 ◦C min− 1 for 340 
s and successively, increased up to 480 ◦C. The temperature was then 
held at 49.8 ◦C min− 1 for 360 s in the third step and eventually, the final 
temperature was set at 635 ◦C.

Hg-free air was used as carrier gas with a flow rate of ca. 3 L min− 1. 
The certified material NIST 2711a (Montana Soil II) (Hg mass fraction =
7.42 ± 0.18 mg/kg) was measured (the recovery was equal to 
98.11–102.3%) to guarantee quality control and calibrate the device. In 
addition, the NIST 2711a was analyzed three times using the TD tech
nique (RSD <5%), to verify the precision of the heating ramp used for 
speciation.

2.2. Standard Hg compounds and Hg-free samples

To determine and confirm the results of previous studies on the 
desorption temperature and profile of the Hg compounds, Hg minerals, 
and synthetic compounds such as HgCl2 and HgSO4 (PanReac Appli
Chem), synthetic β-HgS, and α-HgS from the Almadén mine (Spain) with 
a total Hg (THg) concentration up to 800 mg/kg and some droplets of 
distilled liquid Hg (ca. 100 mg/kg) from the former Abbadia San Sal
vatore (volcanic complex of Mt. Amiata, central Italy; e.g. Vezzoli and 
Principe, 2023) mine were mixed and gently grinded and homogenized 
for 30 min under safe laboratory conditions with an agate planetary ball 
mill with Hg-free powdered pure calcite and a silicate soil (THg =
0.0065 mg/kg) which was collected from the Municipality of Ciudad 
Real (Spain). A few droplets of liquid Hg, were also mixed and ho
mogenized with powdered carbonate (THg = 0.0006 mg/kg) and the 
previously mentioned silicate soils to investigate its behavior with 
different chemical compositions which were determined by XRF (X-Ray 
Fluorescence). In the carbonate soil, the percentage of CaCO3 was 
calculated by using the Dietrich-Früling calcimeter. The results of XRF 
and calcimetry are reported in the Supplementary Material 1.

2.3. Determination of Hg0 in soil samples by gravimetry

The Hg0 concentration in soils and sediments can be determined by 
comparing heated and non-heated samples. Previous studies by Protano 
and Nannoni (2018) and Friani et al. (2023) quantified the concentra
tion of Hg0 by determining the concentration of THg, after heating the 
sample at 30 ◦C by subtracting that measured after heating at 80 ◦C for 
16 h. Therefore, a silicate soil (S150), developed on the volcanic prod
ucts of Mt. Amiata and characterized by a relatively high concentration 
of THg (13 mg/kg), was analyzed according to Protano and Nannoni 
(2018) and Friani et al. (2023). The same soil was also analyzed with TD 
to verify at which temperature the release of gaseous Hg after heating at 
30 ◦C and at 80 ◦C (for 16 h) occurred. This soil was also heated at 80 ◦C 
for 4 days to verify whether Hg0 was still present or new Hg species 

formed.

2.4. Experimental dynamics with liquid mercury

In order to verify the effective presence of Hg0 and the possible re
actions between Hg0

l and soil matrix, the former was also amalgamated 
with the Hg-free silicate soil. Specifically, one drop of Hg0

l was added to 
10 g of silicate, carbonate and Hg-free peat (THg = 0.0003 mg/kg) soils. 
Then, as previously described, each soil type was ground and homoge
nized. Afterward, 30 mg of each soil was analyzed by TD at which 
temperature the gaseous Hg was released. Once this procedure was 
completed, 1 g of silicate soil was placed in an oven at 80 ◦C for 16 h to 
observe any changes in terms of chemical speciation of Hg and verify the 
reliability of the gravimetric method for the determination of Hg0. 
Furthermore, to establish if Hg0

l was associated with soil organic matter 
(SOM), 0.5 mg of each post-heated (at 80 ◦C) soil was left reacting with 
10 mL of suprapur H2O2 (Sigma Aldrich®) to destroy the organic matter. 
Once the effervescence ceased, indicative of SOM consumption, each 
solution was transferred to a 15 mL falcon-like vial and centrifuged at 
5000 rpm to separate the supernatant from the solid phase. Subse
quently, the solid was then recovered and dried at 30 ◦C. The three soil 
samples were again analyzed for the determination of THg and Hg 
speciation.

3. Results

3.1. Mercury speciation by thermal desorption: pure and natural 
compounds

The thermal desorption profiles (TDPs), or thermograms, were used 
to identify each Hg species as Hg0 was formed during the heating pro
cess. Each TDP displays the temperature at which the thermal release of 
Hg0 begins, reaches its maximum, and then drops back to the baseline. 
Then, the peak temperature corresponds to the maximum release of Hg0 

and it is specific for each Hg-species occurring in the analyzed sample 
(Rumayor et al., 2013). The thermograms related to synthetic and nat
ural Hg standards mixed with pure calcite and silicate soil are reported 
in Fig. 1A and B, respectively, where the peak signal corresponds to a 
distinctive temperature, characterizing the different Hg-bearing phases. 
The corresponding temperature of each Hg compound is listed in 
Table 1.

As illustrated in Fig. 1A and B, the release temperature of Hg0 from 
the solid mixtures between pure calcite and silicate soil with the Hg 
standards is ranging from 70 to 100 ◦C. HgCl2, as relatively volatile Hg 
compound, tends to sublimate at low temperatures (Wu et al., 2015). 
The release temperature of HgCl2 is indeed <180 ◦C. The thermograms 
obtained for the α-HgS from Almadén, mixed with pure calcite and sil
icate soil, and for synthetic β-HgS in silicate soil, are similar to those 
reported by Petranich et al. (2022). HgSO4 is characterized by two 
peaks: a) the first one is a weak signal at relatively low temperatures (at 
322 and 356 ◦C, for calcite and silicate soils, respectively) and b) the 
second one is at higher temperature with a well-marked signal (high-
temperature peak 531 and 459 ◦C, for calcite and silicate soils, 
respectively).

4. Discussion

The thermograms of Fig. 1A and B evidence that Hg0 is completely 
released between 70 and 90 ◦C, as also demonstrated by Biester and 
Scholz (1996), independently by the soil matrix. Differently, when 
synthetic and natural Hg compounds mixed with pure calcite and sili
cate soils are analyzed, the Hg-desorption temperature is significantly 
influenced by the mineralogical composition of soil in agreement with 
Petranich et al. (2022). Most Hg-species show a temperature breakdown 
which varies from 10 to 20 ◦C up to about 50 ◦C (e.g. HgCl2) when the 
thermograms of Fig. 1A are compared with those of Fig. 1B. 
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Interestingly, while no significant temperature variation is found for 
β-HgS in the two matrices, a difference of about 20 ◦C is highlighted 
when the highest temperature peaks for α-HgS are compared. Similar 
results were reported by Petranich et al. (2022) since a consistent tem
perature range (213–236 ◦C) is recorded for β-HgS, while that of α-HgS is 
significantly affected by the soil matrix. On the contrary, HgSO4 shows a 
higher desorbing temperature when the pure calcite sample is compared 
with those consisting of a silicate matrix (Table 1). In both matrices, two 
temperature peaks are highlighted during TD, as also evidenced by 
Rumayor et al. (2013) and Widmӧller et al. (2017). According to 
Rumayor et al. (2013), the two thermal steps are likely related to the 
dissociation process of HgSO4 due to the formation of more unstable 
intermediate products (i.e. HgSO4 × 2HgO). The difference observed for 
the first peak between the two matrices may suggest that calcite is able 
to partly inhibit the formation of intermediate compounds such as 
HgSO4 × 2HgO.

4.1. Experimental dynamics with liquid mercury

The gravimetric method to determine the presence of Hg0 in soil by 
Protano and Nannoni (2018) and Friani et al. (2023) suggested that the 
soil sample S150 had a Hg0 content of 3.2 mg/kg, which corresponded to 
24.62% of THg. The same sample was analyzed by TD and then, two 
replicates after16 h and 4 days at 80 ◦C were also performed. Basically, 
no Hg0 or changes in terms of speciation can be observed in the S150 

sample (Fig. 2). This indicates that the gravimetric method is likely 
affected by either some analytical errors or Hg0 is tightly bound to the 
soil matrix (Coufalík et al., 2014) whose release temperature could be 
much higher. However, this experiment strengthens the good repro
ducibility of the TD technique.

The soil sample S150 is characterized by two peaks (at 260 ◦C and 
329 ◦C, respectively), with the first one overlapping, though slightly, 
with the second one, corresponding to β-HgS and α-HgS, respectively. 
Consequently, no peak relative to the presence of Hg0 occurs for the 
temperature interval between 80 and 100 ◦C, as instead shown in Fig. 1A 
and B.

The effective presence of Hg0 and the possible reactions between Hg0
l 

and the soil matrix are critical points for those areas where Hg was 
produced after cinnabar roasting. Liquid Hg droplets may indeed be still 
present and dripping from the condensers and collection pools, as in the 
case of the Hg-district of Mt. Amiata (Vaselli et al., 2017, 2021; Meloni 
et al., 2023). Consequently, investigating the interaction between liquid 
Hg and soil is important even for future remediation activities, since the 
methodological approach to remove Hg can substantially be different 
based on the different Hg species (Widmӧller et al., 1996; Reis et al., 
2016; Rumayor et al., 2017).

The results of the experimental runs are summarized in the ther
mogram of Fig. 3, where Hg0, detectable in the soil after 16 h at 80 ◦C, is 
oxidized to Hg2+, to form a more stable Hg phase, with two breakdown 
temperatures at 240 ◦C and 430 ◦C, respectively. By comparing this 
thermogram with those of Fig. 1B, the first peak is likely associated with 

Fig. 1. A) Thermograms of synthetic and natural Hg compounds mixed with pure calcite; B) thermograms of pure Hg compounds (distilled liquid Hg, HgCl2, HgSO4, 
β-HgS and α-HgS) mixed with silicate soil.

Table 1 
Thermal desorption temperatures: Hg-compounds and respective thermal 
dissociation temperatures mixed with pure calcite or silicate soils. The last 
column reports the temperature interval for each peak (start and end).

Hg-compound High T ◦C peak Thermal decomposition peak 
(◦C)

Hg0 mixed with pure calcite 88 ± 10 36–100
Hg0 mixed with silicate soil 70 ± 10 36–125

HgCl2 mixed with pure calcite 100 ± 5 50–275
HgCl2 silicate soil 156 ± 10 80–350

Synthetic β-HgS mixed with pure 
calcite

233 ± 10 125–300

Synthetic β-HgS mixed with 
silicate soil

240 ± 8 175–350

α-HgS Almadén mixed with pure 
calcite

323 ± 10 250–375

α-HgS Almadén mixed with 
silicate soil

340 ± 11 250–400

HgSO4 pure calcite 322 ± 10; 531 
± 8

250-345; 383-600

HgSO4 silicate soil 356 ± 3; 459 
± 10

227-395; 400-550

Fig. 2. Thermogram of the soil sample S150.
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β-HgS, while the second one pertains to either HgSO4 or HgO (Rumayor 
et al., 2013). According to Biester et al. (1999), HgSO4 is unstable under 
environmental conditions and the main characteristic peak at 459 ±
10 ◦C is not present (see Fig. 1B). Therefore, it is reasonable to assume 
that the second peak can be related to the thermal decomposition of 
newly formed HgO. The oxidative process affecting Hg0 to form Hg2+

was already highlighted by many authors (e.g. Widmӧller et al., 1996; 
Do Valle et al., 2006; Widmӧller et al., 2015; Gonzalez-Raymat et al., 
2017) and it depends on i) temperature conditions during sampling 
storage, ii) redox reactions of Hg in soils induced by light and/or UV 
light, iii) presence of SOM, and iv) microbial activity.

To evaluate the time necessary for Hg0 to react with a silicate matrix 
and approach the TDP of Fig. 3 (orange line), the silicate soil + Hg0

l 
mixture was placed in the laboratory at about 30 ◦C (T = 25 ± 10 ◦C), 
representative of the Mediterranean spring to summer time, for about 6 
months. The experiments started on April 25, 2023 and ended on 
October 10, 2023, during which 6 distinct TPDs were carried out after 1, 
13, 18, 35, 65 and 167 days (Fig. 4). Hg0 turned to be almost completely 

oxidized to Hg2+ (Fig. 4A). According to Widmӧller et al. (2015), Hg0 is 
firstly oxidized to Hg+ and subsequently to Hg2+. An inset of the thermal 
profiles at different times is reported in Fig. 4B. Basically, in less than 
two weeks, the oxidation of Hg0 begins and Hg+ is formed. According to 
several studies (e.g. Rumayor et al., 2013; Petranich et al., 2022), the 
temperature of 114 ± 5 ◦C corresponds to the TD of Hg2Cl2, where 
mercury is in the form of Hg+. After two months, some Hg+ is still 
present. By calculating the first-order half-life (t1/2) of the percentage of 
oxidized Hg0 (Widmӧller et al., 2015), 42 days are required, which is the 
time within half of the initial amount of Hg0 has been oxidized. The 
complete oxidation process of Hg + to Hg2+ (99.2% of Hg0 oxidized) 
(Fig. 4B) is accomplished in almost three months. In Fig. 4A, it can be 
seen that HgO, as evidenced in Fig. 3, tends to progressively disappear, 
possibly due to either the effect of UV light, according to reaction (1): 

HgO̅→
UV Hg0 + O2 (1) 

and/or the action of sulfur-reducing bacteria and porewater (Miller 
et al., 2015). Mixing between Hg0

l and soil at ambient temperature re
sults in the formation of HgO crystallites on the surface of the liquid 
mercury. However, it is important to note that the presence of HgO 
crystallites under these conditions does not necessarily imply that HgO 
will be the dominating form of mercury in areas contaminated by liquid 
mercury. HgO is indeed a relatively soluble salt (Ksp, 10− 3.6 mol/L, 
Hocsman et al., 2006).

In water, Hg2+ ions are released from HgO and form strong com
plexes with various substances such as organic matter, sulfur, and oxy
hydroxides of iron (Fe) and manganese (Mn), as demonstrated by 
Widmӧller et al. (2017), Skyllberg (2008), Miller et al. (2013), and 
Widmӧller et al. (2015). The formation of such complexes is likely 
playing a significant role in the mobility and bioavailability of mercury 
in contaminated environments. Further studies to better characterized 
the Hg+-bearing phase and the presence of microbial community are 
required. In the latter case, Hg2+-resistant bacteria are found in envi
ronments where Hg occurs. They may indeed operate to produce Hg0 by 
Hg2+ and Hg-methylated forms (Baldi et al., 1987). Several studies (e.g. 
Barnett et al., 2001; Fritsche et al., 2008; Frohne et al., 2012; Cabassi 
et al., 2020, 2021) have indeed invoked such microorganisms to explain 
anomalies of Hg0 in different environments.

This is also supported by the total Hg concentration. In June 2023, 

Fig. 3. Thermogram of Hg0, and silicate soil mixed with Hg0 after heating at 
80 ◦C for 16 h.

Fig. 4. A) Thermograms of silicate soil and Hg0
l mixture carried out at room temperature from April to October 2023; B) inset of the previous thermogram up 

to 180 ◦C.
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the THg concentration was indeed 100 mg/kg and after about three 
months the soil had lost almost 40 % of the THg, decreasing to 60.5 mg/ 
kg. Gonzalez-Raymat et al. (2017), O’Connor et al., 2019, and Debure 
et al. (2020) stated that Hg2+ stabilizes in soils, being adsorbed by SOM 
and/or minerals (Fe, Mn, and Al oxides). In particular, the presence of 
SOM and Fe3+ promotes the oxidation of Hg0. Groups including car
boxylic acid (-COOH), phenols (-C6H5OH), hydroxides (-OH), sulfhydryl 
(-SH), and amines (-NH2) are commonly present in soil-bearing SOM. 
The strong Hg2+-sulfur (Hg-SR) bonds, found in naturally occurring 
organic matter, as well as the Hg2+ reaction with inorganic sulfides, was 
reported by Nagy et al. (2011) and Skyllberg and Drott (2010). 
Comparing the desorption temperatures of the first (240 ◦C) peak with 
those of β-HgS (Table 1), they appear to be similar. Therefore, we can 
assume that during the oxidation process, Hg0

l forms Hg2+ ions that bind 
with sulfur in soil to form β-HgS. It is also worth noting that the reaction 
between Hg0

l and elemental sulfur in a planetary mill after 15 min at 
29 ◦C produces β-HgS (López et al., 2010). This further supports the 
hypothesis that this first peak (240 ◦C) is likely associated with Hg2+

species.
The temperature profiles after the addition of i) Hg-free CaCO3 soil 

and ii) peat soil after the addition of Hg0
l are reported in Fig. 5A and B, 

respectively.
According to Fig. 5 A and 5B, the release temperature of Hg0 for the 

Hg0
l + carbonate soil and Hg0

l + peat mixtures is between 35 and 110 ◦C 
(Fig. 5), as also evidenced for the Hg0

l and silicate soil mixture (Fig. 3). 
After 16 h at 80 ◦C, the main peak of Hg0 for both mixtures disappears 
and a newly formed peak at 240 ◦C is produced (Fig. 5), probably due to 
the formation of β-HgS. It is to be mentioned that no peak is found at 
430 ◦C, which was previously associated with HgO (Fig. 3). We can 
hypothesize that the different soil composition was able to significantly 
inhibit the formation of HgO. In the peat soil, a peak at 125 ± 10 ◦C is 
also present. This peak can be interpreted as related to a not-fully- 
oxidized Hg species, such as the unstable Hg+. In fact, Hg+ tends to 
form metal-metal bond to produce Hg2

2+. According to Schuster (1991)
and Gonzalez-Raymat et al. (2017), Hg2

2+ is quickly disproportioned into 
Hg2+ and Hg0, and subsequently they bind to other soil components (e.g. 
SOM and clay minerals).

4.2. Mercury bound to soil organic matter (SOM)

To understand whether the peak at 240 ◦C was due to Hg-bound 

SOM, H2O2 was added to the soil (silicate, carbonate and peat) sam
ples. Once the reaction between the soil samples and H2O2 was over, the 
samples were dried at a controlled temperature of 30 ± 1 ◦C. It is worth 
noting that in the oven, a tiny superficial reddish (Fe-rich) layer of 
oxidation in the silicate soil sample formed whilst the subsurface had a 
yellowish color. No layering was observed in the carbonate and peat 
soils, likely due to a minor amount of iron (2.36 wt%) with respect to 
that characterizing the silicate (Fe = 9.7 wt%) and peat soils. Therefore, 
the Hg speciation was carried out on both layers. The respective ther
mograms are reported in Fig. 6A, B, C.

By comparing the thermograms of Figs. 4A and 6A, the layer less 
affected by alteration always shows the main peak at about 240 ◦C. This 
suggests that the previously formed Hg2+ species was not related to 
SOM, whose concentrations was 8 wt%. The same consideration applies 
to the carbonate soil (Fig. 5A and 6B), which had 4 wt% of organic 
matter. If we compare the TD of the reddish layer (Fig. 6A) with those 
reported in Fig. 4A, part of the peak attributed to β-HgS is still occurring, 
though in a smaller quantity. Nevertheless, a new peak, shifted by about 
50 ◦C with respect to the green line (Fig. 6A), is formed, reaching a 
maximum release temperature of 305 ± 5 ◦C. During the reaction of the 
silicate soil with H2O2, part of β-HgS is oxidized to form SO4

2− , while 
Hg2+ ions are released according to the reaction (2) and probably bound 
to the presence of Fe–Al or Mn oxides in the soil, whilst part of the β-HgS 
is not affected by oxidization. 

HgSs +4H2O2 → Hg2+ + SO2−
4 + 4H2O (2) 

As reported by Han et al. (2017), the presence of thiophilic metals (e. 
g. Cu+, Fe2+) involves the displacement of Hg2+ from HgS to Hg 
(S2O3)n

2− 2n. Given the generally high metal (e.g. Cu+, Fe2+) availability 
in mining environments, this displacement of Hg2+-induced HgS disso
lution is potentially significant (Chen et al., 2018). Additionally, 
monodentate-bound thiosulfate ions (S2O3

2− ) were discovered to be an 
oxidation intermediate on the HgS surface, which would help adsorbed 
Hg2+ to be released more easily (Holley et al., 2007), although dissolved 
Hg2+ can be re-adsorbed on the HgS surface afterward (Barnett et al., 
2001; Jiang et al., 2016). It should also be pointed out that the more 
oxidized layer has a significantly higher THg concentration (53.4 
mg/kg) with respect to that of the underlying and less altered sample 
(5.06 mg/kg).

The peat soil, characterized by a concentration of SOM of about 75 
wt% (Fig. 6C), does not show the peak at 240 ◦C (Fig. 6B), but only that 

Fig. 5. A) Thermogram of carbonate soil after the addition of Hg0
l at time 0 and after heating at 80 ◦C for 16 h; B) thermogram of peat soil after the addition of Hg0

l at 
time 0 and after heating at 80 ◦C for 16 h.
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at 150 ◦C. According to Gonzalez-Raymat et al. (2017), SOM may form 
Hg2+-complexes. Consequently, electrons are transferred from the 
organic matter to Hg2+ to form Hg0. In this case, Hg2+ was not reduced 
to Hg0, but to Hg+. On the other hand, Hg+ is not a stable form since, 
under atmospheric conditions (Galbreath and Zygarlicke, 1996), can 
easily be oxidized or reduced to Hg2+ or Hg0, respectively. Ravichan
dran (2004) and Skyllberg et al. (2000) noted that soils rich in organic 
matter can increase the mobility of Hg through the formation of Hg 
organo-complexes, favoring the mobility of Hg in interstitial soil waters 
that ultimately may be transferred to the shallow aquifers. Differently, 
the carbonate soil does not present any changes after the reaction with 
H2O2, confirming that this peak is not related to organic matter.

5. Conclusions

Different experimental TD runs were carried out by coupling Lumex 
RA-915 M and Pyro 915+ instrumentations for defining the breakdown 
temperatures of different Hg-standards, which were then mixed with 
pure CaCO3 and a Hg-free silicate soil and further analyzed along with 
carbonate-, silicate- and organic matter-rich soils mixed with liquid Hg. 
Previous studies on similar matrices are in agreement with our results, 
whereas, to the best of our knowledge, no attempts have previously been 
performed with liquid Hg mixture at room temperature to define the 
products derived by thermo-desorption profiles. It has been evidenced 
that Hg0 suffers oxidation processes to form more stable species (e.g. 
Hg2+) in a relatively short time (~42 days) and the desorption tem
peratures of the different Hg-bearing compounds result to be modified 
with respect to those determined by using pure Hg-compounds. Tran
sient Hg + forms were also recognized before the complete oxidation of 
Hg0. Further studies are claimed to focus on the processes occurring 
between liquid Hg and different soil matrices. Nevertheless, these results 

are expected to have important implications during soil remediation 
activities in areas where mercury has been used for industrial purposes 
or exploited from presently decommissioned mining activities. Accord
ing to the different Hg-species occurring in soil, cautions are to be used 
during inertization processes or in-situ or ex-situ treatments. The pres
ence of Hg0 and/or unstable products may produce unwanted reactions 
that may jeopardize the quality of the resulting material. Future studies 
may be focused on the characterization of the soil organic matter and the 
effects that SOM and the microbial activity are expected to suffer by the 
presence of liquid mercury.

CRediT authorship contribution statement

Federica Meloni: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Methodology, Investigation, Formal 
analysis, Data curation, Conceptualization. Pablo L. Higueras: Writing 
– review & editing, Writing – original draft, Supervision, Resources, 
Methodology, Investigation, Conceptualization. Jacopo Cabassi: 
Writing – review & editing, Writing – original draft, Visualization, 
Validation, Methodology, Conceptualization. Barbara Nisi: Writing – 
review & editing, Writing – original draft, Visualization, Validation, 
Resources, Methodology, Investigation, Data curation, Conceptualiza
tion. Daniele Rappuoli: Writing – review & editing, Writing – original 
draft, Resources, Funding acquisition. Orlando Vaselli: Writing – re
view & editing, Writing – original draft, Validation, Supervision, Project 
administration, Methodology, Investigation, Funding acquisition, 
Formal analysis, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 

Fig. 6. A) Thermogram of silicate soil after the addition of Hg0
l and the removal of organic matter by H2O2. The two peaks refer to the alteration stratification 

observed in the 15 mL falcon-like vial after drying at 30 ◦C. The term “reddish” refers to the superficial (more altered) layer whereas the term “yellowish” indicates 
the lower and less altered part of the silicate soil (see text). B) Thermogram of carbonate soil after the addition of Hg0

l and the removal of organic matter by H2O2. C) 
Thermogram of peat soil after the addition of Hg0

l and the removal of organic matter by H2O2.

F. Meloni et al.                                                                                                                                                                                                                                  Chemosphere 365 (2024) 143349 

7 



interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This work was partly supported by an agreement between the Unione 
dei Comuni Amiata-Val D’Orcia (Resp. DR), the Department of Earth 
Science of Florence (Resp. OV) and CNR-IGG (BN). F. Piccinelli and A. 
Esposito are warmly thanked for their help and assistance during the 
field work.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.chemosphere.2024.143349.

References

AMAP/UNEP, 2013. Technical Background Report for the Global Mercury Assessment 
2013. Arctic Monitoringand Assessment Programme, Oslo, Norway/UNEP Chemicals 
Branch, Geneva, Switzerland vi + 263. 

Ariya, P.A., Amyot, M., Dastoor, A., Deeds, D., Feinberg, A., Kos, G., Poulain, A., 
Ryjkov, A., Semeniuk, K., Subir, M., Toyota, K., 2015. Mercury physicochemical and 
biogeochemical transformation in the atmosphere and at atmospheric interfaces: a 
review and future directions. Chem. Rev. 115, 3760–3802. https://doi.org/10.1021/ 
cr500667e.

Azevedo, R., Rodriguez, E., 2012. Phytotoxicity of mercury in plants: a review. J. Bot., Le 
848614. https://doi.org/10.1155/2012/848614.

Baldi, F., Olson, G.J., Brinckman, F.E., 1987. Mercury transformations by heterotrophic 
bacteria isolated from cinnabar and other metal sulfide deposits in Italy. 
Geomicrobiol. J. 5, 1–16.

Barnett, M.O., Turner, R.R., Singer, P.C., 2001. Oxidative dissolution of metacinnabar 
(beta-HgS) by dissolved oxygen. Appl. Geochem. 16, 1499–1512. https://doi.org/ 
10.1016/S0883-2927(01)00026-9.

Biester, H., 1994. Moglichkeiten der Anwendung eines temperaturgesteuerten 
Pyrolyseverfahrenszur Bestimmung der Bindungsform des Quecksilbers in Boden 
und Sedimenten, vol. 75. Ph.D. Dissertation, Heidelberg; Germany, p. 156. S. 

Biester, H., Gosar, M., Müller, G., 1999. Mercury speciation in tailings of the Idrija 
mercury mine. J. Geochem. Explor. 65195–65204. https://doi.org/10.1016/S0375- 
6742(99)00027-8.

Biester, H., Scholz, C., 1996. Determination of mercury binding forms in contaminated 
soils: mercury pyrolysis versus sequential extractions. Environ. Sci. Technol. 31, 
233–239. https://doi.org/10.1021/es960369h.

Bouffard, A., Amyout, M.A., 2008. Importance of elemental mercury in lake sediments. 
Chemosphere 74, 1098–1103. https://doi.org/10.1016/j. 
chemosphere.2008.10.045.

Cabassi, J., Rimondi, V., Yeqing, Z., Vacca, A., Vaselli, O., Buccianti, A., Costagliola, P., 
2020. 100 years of high GEM concentration in the central Italian herbarium and 
tropical herbarium studies centre (florence, Italy). J. Environ. Sci. 87, 377–388. 
https://doi.org/10.1016/j.jes.2019.07.007.

Cabassi, J., Venturi, S., Di Bennardo, F., Nisi, B., Tassi, F., Magi, F., Ricci, A., Picchi, G., 
Vaselli, O., 2021. Flux measurements of gaseous elemental mercury (GEM) from the 
geothermal area of “Le Biancane” natural park (Monterotondo Marittimo, Grosseto, 
Italy): biogeochemical processes controlling GEM emission. J. Geochem. Expl. 228 
https://doi.org/10.1016/j.gexplo.2021.106824.

Chen, Y., Yin, Y., Shi, J., Liu, G., Hu, L., Liu, J., Cai, Y., Jiamg, G., 2018. Analytical 
method, formation, and dissolution of cinnabar and its impact on environmental 
cycle of mercury. Crit. Rev. Environ. Sci. Technol. 1–33. https://doi.org/10.1080/ 
10643389.2018.1429764.
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