
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/350353447

Observation of the Main Natural Parameters Influencing the Formation of Gas

Hydrates

Article  in  Energies · March 2021

DOI: 10.3390/en14071803

CITATIONS

28
READS

150

8 authors, including:

Alberto Maria Gambelli

Università degli Studi di Perugia

86 PUBLICATIONS   1,095 CITATIONS   

SEE PROFILE

Umberta Tinivella

National Institute of Oceanography and Applied Geophysics - OGS

155 PUBLICATIONS   2,431 CITATIONS   

SEE PROFILE

Rita Giovannetti

University of Camerino

66 PUBLICATIONS   1,331 CITATIONS   

SEE PROFILE

Beatrice Castellani

Università degli Studi di Perugia

102 PUBLICATIONS   2,086 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Rita Giovannetti on 24 March 2021.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/350353447_Observation_of_the_Main_Natural_Parameters_Influencing_the_Formation_of_Gas_Hydrates?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/350353447_Observation_of_the_Main_Natural_Parameters_Influencing_the_Formation_of_Gas_Hydrates?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alberto-Gambelli?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alberto-Gambelli?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universita-degli-Studi-di-Perugia?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alberto-Gambelli?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Umberta-Tinivella?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Umberta-Tinivella?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/National_Institute_of_Oceanography_and_Applied_Geophysics-OGS?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Umberta-Tinivella?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rita-Giovannetti?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rita-Giovannetti?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Camerino?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rita-Giovannetti?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Beatrice-Castellani?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Beatrice-Castellani?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universita-degli-Studi-di-Perugia?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Beatrice-Castellani?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rita-Giovannetti?enrichId=rgreq-2ef6fcefabddf97c8c3dc796df6c8a21-XXX&enrichSource=Y292ZXJQYWdlOzM1MDM1MzQ0NztBUzoxMDA0ODc2ODgwNDMzMTUzQDE2MTY1OTI3MjY3ODk%3D&el=1_x_10&_esc=publicationCoverPdf


 
 

 

 
Energies 2021, 14, 1803. https://doi.org/10.3390/en14071803 www.mdpi.com/journal/energies 

Article 

Observation of the Main Natural Parameters Influencing the 
Formation of Gas Hydrates 
Alberto Maria Gambelli 1,*, Umberta Tinivella 2,*, Rita Giovannetti 3,*, Beatrice Castellani 1, Michela Giustiniani 2, 
Andrea Rossi 3, Marco Zannotti 3, and Federico Rossi 1 

1 Engineering Department, University of Perugia, Via G. Duranti 93, 06125 Perugia, Italy;  
beatrice.castellani@unipg.it (B.C.); federico.rossi@unipg.it (F.R.) 

2 Istituto Nazionale di Oceanografia e di Geofisica Sperimentale—OGS, Borgo grotta Gigante 42C,  
34010 Trieste, Italy; mgiustiniani@inogs.it 

3 Chemistry Division, School of Science and Technology, University of Camerino, Via S. Agostino 1,  
62032 Camerino, Italy; andrea.rossi@unicam.it (A.R.); marco.zannotti@unicam.it (M.Z.) 
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Abstract: Chemical composition in seawater of marine sediments, as well as the physical properties 
and chemical composition of soils, influence the phase behavior of natural gas hydrate by disturbing 
the hydrogen bond network in the water-rich phase before hydrate formation. In this article, some 
marine sediments samples, collected in National Antarctic Museum in Trieste, were analyzed and 
properties such as pH, conductivity, salinity, and concentration of main elements of water present 
in the sediments are reported. The results, obtained by inductively coupled plasma-mass spectrom-
etry (ICP-MS) and ion chromatography (IC) analysis, show that the more abundant cation is sodium 
and, present in smaller quantities, but not negligible, are calcium, potassium, and magnesium, while 
the more abundant anion is chloride and sulfate is also appreciable. These results were successively 
used to determine the thermodynamic parameters and the effect on salinity of water on hydrates’ 
formation. Then, hydrate formation was experimentally tested using a small-scale apparatus, in the 
presence of two different porous media: a pure silica sand and a silica-based natural sand, coming 
from the Mediterranean seafloor. The results proved how the presence of further compounds, rather 
than silicon, as well as the heterogeneous grainsize and porosity, made this sand a weak thermody-
namic and a strong kinetic inhibitor for the hydrate formation process. 

Keywords: water chemistry; Antarctic sediment samples; salinity; gas hydrate 
 

1. Introduction 
Natural gas hydrates (NGHs) are ice-like crystalline solids that consist of a hydrogen 

bonded, three-dimensional network of water molecules stabilized by included cages that 
host gas molecules [1]. In this case, interactions with the guest molecules occur with van 
der Waals forces by forming the hydrate lattice [2]. NGHs are present in permafrost re-
gions of sedimentary deposits and under the sea in outer continental margins. They are 
generally present in oceanic sediments, in deep-water sediments of inland lakes and seas, 
and in polar sediment of continents and continental shelves [3]. The energy concentrated 
in natural gas hydrates represents a very important energy source [4]. 

The formation of gas hydrates is mainly determined by the availability of gas and 
water molecules at specific temperature and pressure conditions, but the presence of im-
purities can influence the processes. Moreover, several variables and environmental pa-
rameters may intervene in gas hydrate formation; its formation is mainly governed by 
thermodynamic conditions and gases and water availability, while its distribution on the 
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local sediments mainly depends by sand or rock pores and, in general, morphological 
characteristics of the sediment. 

Hydrate formation is a time-dependent crystallization process including three stages: 
dissolution, nucleation, and growing. The dissolution phase consists of the migration of 
the guest molecule from the gas phase into the liquid phase. Nucleation is a microscopic 
and stochastic process, in which liquid water molecules cluster around a gas molecule, 
forming small hydrate nuclei called clusters. Hydrate nuclei remain unstable until they 
reach the critical nucleation size necessary to overcome the free energy barrier and enter 
into the growth process. The nucleation process is free energy driven, and occurs ran-
domly statistically. A variety of substances, called inhibitors, affect their formation by 
thermodynamic inhibition, preventing the formation of gas hydrates; this occurs by alter-
ing the hydrogen bond network in the water-rich phase before the hydrate formation [5]. 
In this case, the result is a shift to higher pressures and lower temperatures in the hydrate 
formation equilibrium conditions. Thus, the inhibition of hydrate formation by the solva-
tion of salt in the liquid water-rich phase is obtained by an increase in competition be-
tween “water−salt Coulombic forces” and “water−water hydrogen bond forces”. The in-
hibition mechanism has a colligative property: the more salt dissolved, the larger the shift 
of the equilibrium curve. In this contest, salts inhibit the hydrate formation because they 
ionize in solution, ions are not found as guests, and thus they interact with the dipoles of 
the water molecules with a stronger Coulombic bond. This behavior causes cluster for-
mation in which water is more attracted to ions with respect to the hydrate structure [6]. 
In addition, during the hydrate formation process, ions can compete with guest molecules 
[7], with a decrease in the number of hydrogen bonds between water molecules due to 
ions’ solvation [8]. 

A secondary effect of this clustering is a decrease in the solubility of potential hydrate 
guest molecules in water by salting-out. Both effects can combine to require substantially 
more subcooling to overcome the structural changes and cause the formation of the hy-
drates [7]. 

For this purpose, in this study, in the frame of the 2017 Italian PRIN Project entitled 
“Methane recovery and carbon dioxide sequestration in methane hydrate reservoirs”, nat-
ural sediments containing NGH were studied in order to obtain an indication of the syn-
thetic reproduction of gas hydrate in a laboratory. Some marine sediment samples that 
contained NGH, sampled in the Antarctic Peninsula during the summer of 2003–2004 by 
Italian National Antarctic Research Program [9] and collected on National Antarctic Mu-
seum in Trieste, were thus chemically analyzed. Properties such as pH, conductivity, sa-
linity, and concentration of the main ions on water present in the sediments are reported. 
The obtained results will be used in order to determine the “thermodynamic parameters 
and the effect of salinity on water and hydrates formation”. The chemical physical water 
properties are thus important for predicting and characterizing the hydrate bearing sedi-
ments by permitting to obtain information to optimize methane extraction from hydrate 
containing sediments or for sequestering carbon dioxide in gas hydrate. 

1.1. Antarctic Natural Gas Hydrate Reservoir 
The presence of gas hydrate in the South Shetland margin (off the Antarctic Penin-

sula) has been well documented in the last decades [10–13]. Three Antarctic expeditions 
have taken place in this area, in order to characterize the gas hydrate reservoir and to 
understand its relationship with the tectonic setting of the margin. The presence of gas 
hydrate was discovered during the Italian Antarctic cruses of 1989–1990 and studied dur-
ing two Antarctic cruises of 1996/1997 and 2004–2005 [9,10,12,14] through the acquisition 
of different types of geophysical data, such as multichannel seismic, ocean bottom seis-
mometer, multibeam, CHIRP, and gravity core data. In addition, the bathymetric data 
allowed identifying four mud volcanoes in proximity of the hydrate presence [9]. 

The seismic data acquired in this area were analyzed in order to obtain seismic ve-
locity distributions that were translated in terms of concentrations of gas hydrate and free 
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gas in the pore space using the Tinivella method [11–13,15]. This approach allowed esti-
mating a total volume of hydrate equal to 16 × 109 m3 with an error of about ±25%, and a 
total amount of free gas trapped in the reservoir varying between 1.68 × 1012 and 2.8 × 1012 
m3, considering that 1 m3 of gas hydrate corresponds to 140 m3 of free gas in standard 
conditions [13]. 

The campaign performed in the summer of 2003–2004 had the main purpose to in-
crease existing information on the gas hydrate reservoir, notably in terms of regional ba-
thymetry as well as gas levels/composition, as well as its relationship with regional tec-
tonic features. 

1.2. Porous Media 
It has been established that the size of particles of porous media strongly intervenes 

on gas hydrate formation [16]. Differences in size mean variations in pore size, with a 
consequent formation of a different hydrate formation environment [17]. Hydrates are 
mainly formed in coarser, sandy, turbidite interlayers, which is proved by the results of 
deep-sea drilling projects in the areas of hydrate distribution. However, hydrates in near-
bottom sediments (in seeps, mud volcanoes, and vents), as a rule, form in fine-grained 
sediments, as deep-water sediments are predominantly of silty-clayey composition. In ad-
dition, several further characteristics of the sediment matrix are able to influence hydrate 
formation, accumulation, and dissociation properties [18]. For instance, stability condi-
tions for methane hydrate in presence of nano fossil-rich sediments moved to tempera-
tures lower by about 0.5 °C than that in pure water [19,20]. In addition, hydrate saturation 
in sediments was found to be particularly affected by particles’ size [21–24]. The reason 
for this mainly lies in the complexity natural sediments usually have; the contemporary 
presence of mineral particles, organic debris, remnants of fossils, and so on make the de-
termination of the specific effects of each component extremely difficult. 

Sediments are commonly classified into different types as a function of sand parti-
cles’ size. Some examples of these latter classifications are silt, gravel, sand, and so on. 
Grains’ dimensions and pores’ size also affect the physical and chemical properties of wa-
ter confined in porous media [25,26]. From pores’ dimensions, the capillary forces, which 
have a fundamental role in gas hydrate stability, deepen. Fine-grained sediments increase 
capillary forces, thus hindering the flow of gas and other fluids. Starting from this latter 
aspect, several researchers proved that gas hydrate formation and growth is faster in the 
presence of pure silica sand [27]. Hachikubo and colleagues explained that particles’ size 
assumes a key role in hydrate dissociation processes [28]. He proved how the hydrate 
dissociation rate is higher in coarse glass sand compared with fine silica sand. This is 
mainly because of the higher tendency of water molecules to create a thin layer on grains 
of fine silica sand. 

Experiments and simulations on the methane hydrate growth process revealed that 
the hydroxylated silica surfaces may act as adsorbing locations for methane and are con-
sequently able to improve methane hydrate formation near the surface [29]. Riestenberg 
and coworkers investigated methane hydrate formation and dissociation in the presence 
of colloidal suspensions containing bentonite [30]. In the presence of colloidal suspensions 
of bentonite (200 mg/L), the authors observed a reduction in pressure necessary for hy-
drate formation compared with hydrate formation in pure water. The further addition of 
silica suspensions, rather than bentonite, with solid concentrations up to 34 g/L, was 
found to not produce significant differences in hydrate formation and dissociation condi-
tions from that of water. 

On the basis of the above considerations, two different types of sand were tested for 
methane hydrate formation and dissociation in shallow water using near-bottom sedi-
ments and were then compared among each other. The first sand used consists of an arti-
ficial pure quartz sand, whose grains have the same dimensions (200 μm) and porosity 
(34% of the total volume). The second type directly originated from the Mediterranean 
seafloor, characterized by shallow water, and presents a heterogeneous composition both 



Energies 2021, 14, 1803 4 of 25 
 

 

in terms of compounds and in terms of particles’ size and porosity. Thermodynamic and 
kinetic parameters were considered to compare the performances and capability of these 
two sands to affect methane hydrate formation and dissociation characteristics. 

2. Materials and Methods 
2.1. Methods Adopted to Study Effects Related to Water Salinity 

Two Gravity Cores (GC) of 1.07 m (GC01) and 2.98 m (GC02) in length were recov-
ered at a water depth of 2332 m and 2360 m, respectively, and in proximity of two mud 
volcanoes, in which gas hydrate was identified through the seismic method (i.e., [12,13]). 
Laboratory measurements were carried out on the collected sediments before and after 
cutting the cores. In particular, data on computer-aided tomography (CAT) and interstitial 
fluid analyses are described here [9]. The CAT allowed imaging the pore space (vugs and 
voids) every 5 mm downcore. This approach facilitated gas extraction before cutting the 
cores. A significant heterogeneity was recognized on the sediments in both cores through 
CAT three-dimensional images (see Figure 1). 

 
Figure 1. Computer-aided tomography images every 5 mm for the core GC02. 

Particularly interesting structures were recognized including inclined and irregular 
boundaries between lithologies, rocks fragments, possible flow structures, and voids with 
an average width exceeding 1 cm, partly gas-saturated, also confirmed by fluid analyses. 
The cores are composed of stiff silty mud [9]. Note that silt–particle agglomerates maintain 
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the relative permeability of the sediments, which promotes the formation of gas hydrate 
in silt-rich sediments [31]. 

Before cutting the cores, the fluid in the pore space revealed by the CAT analysis was 
extracted after heating the cores at 60 °C for 30 min. Several types of hydrocarbon gases 
were recognized through the fluid analysis, suggesting a thermogenic origin of the gas 
present in this area; in fact, it is important to underline that the cores were analyzed one 
year after their collection. Moreover, the GC02 core was split on board in three parts; dur-
ing this operation, gases were probably dispersed, justifying the absence of methane and 
propane in this core. Thus, only the qualitative results should be considered (see Table 1). 

Table 1. Gas content measurements along the Antarctic cores (modified after [9]). 

Sam-
ple 

Depth from Top 
[m] Methane [μg/kg] Pentane [μg/kg] Ethane [μg/kg] Propane [μg/kg] Hexane [μg/kg] Butane [μg/kg] Total Gases [μg/kg] 

GC01 

0.30–0.31 29.79 45.18 19.83 23.41   118.21 
0.50–0.51 31.11 32.18 28.50 24.73   116.52 
0.63–0.7 42.85 44.30 35.00 34.38  27.92 184.45 
0.90–0.91  43.57 25.66 29.67 23.13 24.86 146.89 

0.105–0.106 45.64 38.12 21.78 25.60 28.81 26.69 186.64 

GC02 

0.0–0.01  32.67 22.00  21.15  75.82 
0.12–0.13  30.04 20.78  19.62  70.44 
0.22–0.23  34.94 15.07  27.26  77.27 
0.32–0.33  31.00   20.81  51.81 
0.42–0.43  44.94   26.51 23.85 95.30 
0.52–0.53  38.10     38.10 
0.61–0.62  25.71     25.71 
0.75–0.76  42.52 17.23   25.25 85.00 
0.90–0.91  38.89 14.59  24.07 22.28 99.83 

0.103–0.104  33.31     33.31 
0.118–0.119  39.05     39.05 
0.133–0.134  42.66     42.66 
0.149–0.150  37.33     37.33 
0.165–0.166  40.06     40.06 
0.194–0.195  34.02     34.02 
0.202–0.203  29.85     29.85 
0.205–0.206  40.79     40.79 
0.219–0.220  29.29 12.87    42.16 
0.251–0.252  26.27     26.27 
0.265–0.266  25.33 11.36    36.69 
0.281–0.282  31.89     31.89 
0.297–0.298  31.27     31.27 

The core GC01 shows a higher content in gas (about three times) with respect to core 
GC02 that cannot be justified only due to the GC02 cutting. Moreover, the core GC01 re-
veals a uniform distribution and concentration of the analyzed gas along the entire core, 
while the gas content is variable along the core GC02. The difference in gas distribution 
and content suggests a difference in permeability in the two cores. It is likely that the core 
CG01 is characterized by lower permeability of the sediments, as supported by a higher 
sediment stiffness in core GC01 than that of core GC02. Moreover, we hypothesize that 
the gas hydrate reservoir could be characterized by the same gas content and distribution 
measured along the two cores because the thermogenic origin of the gas confirmed and 
gas supplied by deep sediments [9]. 

Additional measurements were performed on sampled parts of these two cores, col-
lected in the National Antarctic Museum in Trieste (Italy), as described in the next section. 
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2.1.1. Samples’ Preparation by Leaching Test 
Sediment samples, collected in the National Antarctic Museum in Trieste, were 

treated by ultrapure water (generated by Advantage A10 Millipore instrument) as a leach-
ing agent. The ratio between sediment weight and volume of ultrapure water was 1:5 and 
the test was conducted for a total of 18 h; after sediments’ deposition, the supernatant 
solutions were collected. Samples were successively filtered with 0.22 μM filters before 
the analysis. Conductivity and pH values of eluates were measured by HQ40d HACH 
instrument. 

2.1.2. Multi-Elements’ Determination 
Inductively coupled plasma-mass spectrometry (ICP-MS) (Agilent Technologies 

Santa Chiara, California, 7500 cx series) was used in order to evaluate the concentration 
of the elements contained in the leaching solutions of sediments. The main used parame-
ters were as follows: power 1550 W, carrier gas 1.03 L/min, make-up gas 0.00 L/min, sam-
ple depth 8 mm, nebulizer pump 0.1 r.p.s., and spray chamber temperature 2 °C. In order 
to control the polyatomic interference by the collision cell, the ICP was operated in He 
mode; the typical performance test was as follows: He flux 3.1 mL/min, solution contain-
ing 10 ppb of 9Be (9000 cps), 45Sc (30,000 cps), 56ArO (300 cps), 115In (30,000 cps), 140Ce 
(40,000 cps), and 209Bi (12,000 cps). An internal standard was prepared without 9Be and 
used in the measurements. Aqueous standard solutions (1% nitric acid) were obtained 
with appropriate dilution of stock standards (Sigma Aldrich) in order to obtain the cali-
bration curves; ChemStation System Software for ICP-MS (version B.03.07, Agilent Tech-
nologies, Inc. 2008, Tokyo, Japan) permitted the evaluation of the elements’ concentration. 
Limit of detection (LOD) was calculated as three times the standard deviation (SD) of the 
element concentration in the calibration blanks and the ICP-MS raw counts were moni-
tored to assure a signal/noise ratio >3 (data not shown). Three replicates were performed 
per each sample. 

2.1.3. Total Anionic Composition 
Anionic composition of leaching solutions was evaluated using ion chromatography 

(IC). IC apparatus (Dionex ICS-1000) was equipped with Dionex Reagent-free Controller 
30 (RFC 30) as gradient elution system, AS50 auto sampler, conductimetric detector, Di-
onex AERS 500 4 mm ionic suppressor, and Chromeleon software as data acquisition soft-
ware. IC separations were performed with Dionex IonPac AG11-HC Guard (4 × 50 mm) 
pre-column and Dionex IonPac AS11-HC Analytical (4 × 250 mm) column. KOH was used 
as mobile phase with a flow rate of 1.0 mL/min and the gradient IC method was used for 
the analysis. The initial mobile phase composition was 20 mM and changed linearly to 45 
mM from 2 to 14 min, followed by a return to the initial conditions within 4 min. The 
mobile phase was filtered through a 0.45 m PTFE (LabService Analytical s.r.l) filter. The 
injection volume was 25 L. 

Identification of analytes was carried out by comparing the retention times in the 
sample with those of a standard mixture for IC (1000 mg L−1, Sigma-Aldrich TraceCERT). 
Three replicates were performed for each sample; for the quantification, a calibration 
curve was obtained for each analyte by plotting peak areas versus their concentrations. 

2.2. Methods Adopted to Study Sand Effects on Hydrate Formation 
2.2.1. Experimental Apparatus 

The lab-scale experimental apparatus, used to produce experimental results and 
shown in the following section, has already been involved in previous research, and a 
detailed description of it is available elsewhere in the literature [32–34]. Here, a brief illus-
tration of its main characteristics is provided. The reactor consists of a 316 stainless steel 
tank, having an internal cylindrical volume equal to 949 cm3 (7.3 cm diameter and 22.1 cm 
height). Two flanges were used to close the upper and the lower sections. Figure 2 shows 
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a picture of the reactor (a) and a scheme of the completely assembled experimental appa-
ratus (b). 

 
 

(a) (b) 

Figure 2. Image of the small-scale reactor used for hydrate formation (a) and scheme of the completely assembled experi-
mental apparatus (b). FM, fluximeter. 

The experimental setup is thought to produce both methane and carbon dioxide hy-
drate and, in particular, to carry out CO2/CH4 exchange tests. However, in this work, only 
methane hydrate formation was tested. Methane is injected inside the reactor from the 
lower section, with the aim of perfect diffusion in pores of sand, present inside the reactor, 
as well as to bring gaseous methane to the same temperature as the internal volume before 
introducing it. A fluximeter (FM) was used to continuously control the gas flow. Four type 
K thermocouples (T), having class accuracy 1, were installed at different depths, in order 
to verify any temperature variation. In particular, thermocouples were positioned at 
depths of 2, 7, 11, and 16 cm, respectively, from the top. Figure 3 shows how thermocou-
ples were positioned. 

 
Figure 3. Thermocouples’ (TCs) positioning inside the reactor. 
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Pressure (P) was monitored with a digital manometer. To regulate temperature, the 
reactor was inserted in a thermostatic bath, equipped with a double copper coil, where a 
refrigerant fluid was continuously circulated by a chiller (Model GC-LT). On the top 
flange, an ejection valve was installed to reduce pressure (if necessary) and for gas ejec-
tion. 

2.2.2. Materials 
The reactor was filled with 0.236 L of water and 0.744 L of sand. About this latter 

compound, two different typologies were used: the first consists of a pure quartz sand, 
named PQ, commonly used to study hydrate formation in laboratories, while the second 
is a natural silica-based sand, coming from the Mediterranean seafloor and named TS. The 
average porosity of sand was measured with a porosimeter, model Thermo Scientific Pas-
cal 140, and is equal to 34% for PQ, while it ranges from 30% to 35% for TS. Grains forming 
sand PQ assume a spherical shape, with 200 μm. Conversely, grains belonging to sand TS 
assume different shapes and dimensions. In addition, this latter sand contains a mixture 
of different compounds, rather than SiO2, present in small quantities. Table 2 describes 
the chemical composition of sand TS, while Figure 4 shows a diagram indicating its 
grainsize distribution. 

Table 2. Chemical composition of sand TS. 

Compound Concentration [%] 
SiO2 99.1 

Al2O3 0.25 
Fe2O3 0.045 
TiO2 0.03 
CaO 0.06 
MgO 0.05 
K2O 0.11 

Na2O 0.05 

 
Figure 4. Grainsize distribution of sand TS. 

Finally, the two different porous media are shown in Figure 5. 

1% 7%

22%

22%22%

22%

4%

Grain size [mm]

> 1

1 – 0.8
0.8 – 0.6
0.6 – 0.4
0.4 – 0.3 
0.3 – 0.2 
0.2 – 0.1
< 0.1
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Figure 5. Image of the pure quartz sand (PQ) and the natural silica-based sand (TS). 

2.2.3. Methods 
Firstly, a weak gas stream was provided inside the reactor to completely remove air 

(if present). The gas stream is performed with the same gas that will form hydrate. Con-
temporarily, temperature was decreased from the current environmental value to 1–3 °C. 
After that initial cleaning step, the ejection valve was closed and methane was injected 
inside the reactor till reaching the desired value; then, the reactor was completely isolated 
from the external and started operating in batch conditions. Once thermodynamic condi-
tions made hydrate formation feasible, the reaction occurred, with a consequent heat pro-
duction due to the exothermicity of the reaction. Hydrate formation obviously generated 
a decrease in pressure, due to the entrapment of methane molecules in solid water cages. 
As soon as pressure stopped decreasing and stabilized, hydrate formation was considered 
finished. Immediately after, the chiller was switched-off and temperature was left to in-
crease freely, in order to cause hydrate generation and thus identify equilibrium values. 
In each test, five specific points were selected to provide a well-deepened description. The 
first point, named PT1, exactly represents the triggering of hydrate formation. The second 
point (named PT2) is located at the end of the temperature increase associated with the 
reaction triggering. Comparing the trend observed in each test with that present in the 
literature, it is possible to conclude that the present point represents the finish of the nu-
cleation phase and the consequent beginning of the hydrate massive growth phase. The 
third point (named PT3) indicates the ending of hydrate formation; it corresponds to the 
lowest pressure value registered during the experiment. Equilibrium values for hydrate 
are commonly defined during hydrate dissociation and not during its formation, because 
of possible deviations from the ideal trend, associated with several possible causes, which 
may occur during this latter phase. Moreover, in those experiments, such an aspect was 
observed and described. To do that, a specific point, indicated as PT3*, was defined. It 
describes the point during hydrate formation at which thermodynamic conditions assume 
the most distant values from the ideal equilibrium conditions. Once hydrate formation 
finished, temperature was left to rise freely, in order to generate a partial dissociation of 
previously formed hydrate. The purpose of this latter aspect was to compare the trend of 
hydrate dissociation with that observed during its formation and with the ideal trend, in 
order to verify whether or not the specific sand used during experiment affected the hy-
drate equilibrium trend. The last point described, named PT4, indicates the ending of this 
last phase. 

All points were evaluated by directly measuring or calculating some parameters of 
interest, which will be shown in the next section. 

PQ TS 
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The letters “P” and “T” clearly represent pressure and temperature, respectively, 
while time was expressed with the letter “t”. Moles of hydrate formed were indicated with 
“nHYD”. This last parameter was calculated according to the following equation: n =  V (P Z − P Z )Z RT − Pρ  (1)

In this equation, VPORE represents the portion of sand pores’ volume feasible for hy-
drate formation. This was evaluated by considering the average porosity of sand grains 
and the total volume they occupied. The gas constant was indicated with the letter “R” 
and the compressibility factor, calculated with the Peng–Robinson equation, with the let-
ter “Z”. Subscript “f” indicates the specific time for which nHYD is being calculated, while 
subscript “i” may represent conditions at PT1 or conditions related to the immediately 
previous point (the two possibilities have been clearly indicated in the text). Finally, pa-
rameter ρHYD is the ideal molar density of hydrate; according to the literature [35,36], it 
was calculated assuming 100% cage occupancy. 

Considering thermodynamic conditions established to produce hydrate and the type 
of guest involved in the process, as well as taking into account previous works carried out 
with similar conditions, the exclusive formation of sI hydrate was assumed, with the hy-
dration number equal to 6. With those assumptions, moles of water and methane involved 
in hydrate formation were evaluated. Parameter H2OinHYD was used to indicate moles of 
water that contributed to form hydrate structures, while H2Oliq represents the quantity of 
water remaining in the liquid phase. It is equal to 7 moles (the total quantity present inside 
the reactor) minus H2OinHYD. Conversely, with CH4g, moles of methane, which did not con-
tribute to hydrate formation, were described. Parameter [CH4g] represents the percentage 
of gaseous methane as a function of liquid water present inside the reactor and is ex-
pressed in molCH4gas/molH2Oliq. The gas uptake was called GU% and was calculated with 
the following equation: GU% =  CH − CHCH × 100 (2)

where CH4inj coincides with CH4g at PT1. 
The rate of hydrate formation was calculated by assuming the first-order reaction 

kinetics of hydrate formation, thus using the following equations: k = − 1t ln ( CHCH ) (3)d dt =  CH ke  (4)

The rate constant was expressed in (mol−1), and the rate of hydrate formation in 
mol/min. In particular, the kinetic rate constant is a crucial parameter for hydrate growth, 
especially for mass transfer properties [37]. 

In Equation (4), k denotes the rate constant of the reaction. Subscript “0” indicates 
PT1, if the absolute value is calculated, or the previous point, if the relative k value is 
desired. 

Finally, the moisture content of sand pores was evaluated. As previously indicated, 
0.236 L of water was inserted inside the reactor. Sand PQ has porosity equal to 34%, while 
sand TS has about 30–35% porosity and an average value of 32.5% was considered. The 
free volume of sand pores is thus equal to 0.253 and 0.242 L, respectively. The amount of 
water inserted was calculated in order to fill 55% of pores’ volume—the initial moisture 
content of sand pores. This means that, in tests made with sand PQ, 0.139 L of water was 
initially present inside sand pores, while in the presence of sand TS, the same parameter 
was equal to 0.133 L. The remaining quantity, 0.097 and 0.103 L, respectively, remained 
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out of sand pores. However, the lowest section of the reactor is equipped with a steel sieve, 
having a square grid (1 mm × 1 mm), used to avoid sand deposition over the methane 
injection channel [38]. The quantity of water needed to fill the space between that mem-
brane and the gas injection channel is 0.108 L. Consequently, 0.031 and 0.025 L of water 
remained between sand grains. Considering a hydration number equal to 6, the maximum 
quantity of hydrate that can be formed outside sand pores is equal to 0.005 in sand PQ 
and to 0.004 in sand TS. This value was used to calculate the maximum and minimum 
quantity of hydrate that formed inside pores. Considering the little amount of water pre-
sent outside sand grains, the difference between those two values is particularly limited, 
and the average values were used to determine water involved in hydrate formation into 
sand pores. The difference between this latter value and the initial quantity of water pre-
sent into sand pores allowed to determine the water content in sand pores after hydrate 
formation. 

3. Results and Discussion 
3.1. Effects Related to Seawater Composition 

According to the experimental plan, in order to define the chemical physical charac-
teristics of water inside sediments samples, after the leaching treatment with ultrapure 
water, measurements were performed on the obtained water solutions. All the results 
were calculated by considering averages of humidity % values for each carrot (30.89% for 
the GC01 and 31.64% for the GC02 series) [39] obtained by the previous characterization 
of the sentiments. The identification and quantification of all analytes were carried out 
using specific standard mixtures of elements or anions. 

The measured pH and conductivity values (mS/cm) of the obtained eluates samples 
are reported in the Table 3. 

Table 3. Conductivity and pH values of the eluate samples measured at 20 °C. 

Sample pH Conductivity * 
mS/cm 

Conductivity ° 
S/m 

GC01S8 7.49 4.29 6.94 
GC01S9 7.08 5.13 8.30 

GC01S10 5.7 3.66 5.79 
GC02S1 7.07 4.49 6.91 
GC02S2 7.04 5.05 9.26 
GC02S3 7.04 5.05 7.80 
GC02S4 7.13 5.24 8.19 
GC02S5 7.12 5.37 8.44 
GC02S6 5.81 6.09 9.47 
GC02S7 7.51 4.4 6.93 

* Diluted samples; ° calculated values related to samples’ dilution. 

The anionic composition of the sample solutions, related to the water eluate samples 
obtained by the leaching test, were determined by IC analysis, using KOH as eluent, with 
the gradient method and conductimetric detection. A typical obtained chromatogram is 
reported in Figure 6, where it is possible to observe that the major anionic compounds are 
chlorides and sulfates. 
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Figure 6. Representative ion chromatography (IC) chromatogram for anions detection in water eluate samples. 

The results of the IC analysis related to the anions’ concentration of all samples are 
listed in Table 4, in which it is possible to observe that the major anions are Cl− and SO42− 
and a very low concentration of Br− is detected. The more abundant anion is Cl−, but ap-
preciable, and in one sediment comparable, is SO42−. 

Table 4. Anions (g/L) in the eluate samples obtained by ion chromatography (IC) analysis. 

Anions GC01S8 GC01S9 GC01S10 GC02S1 GC02S2 GC02S3 GC02S4 GC02S5 GC02S6 GC02S7 
Cl− 20.2116 22.2304 13.2605 18.5411 19.5675 25.2590 22.1696 29.6955 27.1403 21.1107 
± 0.4518 0.4227 0.3961 0.3629 0.2166 0.4629 0.5051 0.4616 0.4194 0.4770 

SO42− 4.3134 10.1236 10.1887 9.2180 22.8252 10.0938 7.6685 6.9298 11.8189 4.9152 
± 0.2718 0.3900 0.3859 0.3537 0.5220 0.3820 0.3509 0.1735 0.3477 0.3799 

Br− 0.0802 0.0855 0.0571 0.0769 0.0765 0.0975 0.0927 0.1172 0.1070 0.0826 
± 0.0038 0.0046 0.0062 0.0027 0.0025 0.0047 0.0090 0.0055 0.0096 0.0046 

NO3− 0.0028 0.0026 0.0011 0.0010 0.0029 0.0028 0.0011 0.0012 0.0012 0.0011 
± 0.0005 0.0002 0.0003 0.0003 0.0004 0.0002 0.0003 0.0003 0.0004 0.0003 
F− <0.0003 <0.0003 <0.0003 <0.0003 0.0337 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 
±     0.0026      

PO43− <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 
-           

The results of the multi-element ICP-MS analysis are reported in Table 5, showing 
that the more abundant element is Na and those in smaller quantities, but not negligible, 
are Ca, K, and Mg. 

Table 5. Major elements (g/L) in the eluate samples obtained by inductively coupled plasma-mass 
spectrometry (ICP-MS) analysis. 

Elements GC01S8 GC01S9 GC01S10 GC02S1 GC02S2 GC02S3 GC02S4 GC02S5 GC02S6 GC02S7 
B 0.0173 0.0109 0.0051 0.0057 0.0197 0.0180 0.0120 0.0161 0.0157 0.0153 
± 0.0094 0.0033 0.0018 0.0029 0.0060 0.0179 0.0079 0.0137 0.0162 0.0235 

Na 13.6150 11.8997 4.0433 7.1000 15.8302 13.2101 13.3838 19.8269 16.2839 12.0388 
± 1.3489 0.5448 0.9475 0.9968 2.0103 0.4823 0.5337 2.8714 1.8846 1.2166 
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Mg 1.4000 0.6298 0.4708 0.5737 1.7659 3.5145 0.9009 1.7468 2.1447 0.5826 
± 0.1252 0.0572 0.0550 0.1535 0.1557 0.2332 0.1186 0.1879 0.3354 0.0508 

Al 0.0013 0.0009 0.0017 0.0002 0.0007 0.1762 0.0015 0.0007 0.0016 0.0025 
± 0.0002 0.0003 0.0008 0.0002 0.0002 0.0312 0.0015 0.0002 0.0020 0.0020 
K 1.5587 0.8351 0.4871 0.6860 1.8227 0.5259 1.1516 1.7846 1.4766 1.1568 
± 0.1052 0.1340 0.0624 0.0793 0.1284 0.0416 0.0768 0.1350 0.0667 0.0911 

Ca 0.5357 0.2269 0.1327 0.2607 0.2408 1.2498 0.3060 0.3286 0.5993 0.1891 
± 0.0497 0.0245 0.0245 0.0476 0.0447 0.1515 0.0957 0.0411 0.0661 0.0126 

Mn 0.0002 0.0001 0.0074 0.0011 0.0164 0.1712 0.0004 0.0010 0.0175 0.0002 
± 0.0005 0.0002 0.0063 0.0030 0.0218 0.1533 0.0007 0.0014 0.0258 0.0002 

Fe 0.0002 0.0004 - - 0.0003 0.0903 0.0002 0.0006 0.0013 0.0006 
± 0.0003 0.0001 - - 0.0004 0.0158 0.0003 0.0002 0.0006 0.0001 

Ni 0.0001 0.0001 0.0006 0.0001 0.0003 0.0093 0.0002 0.0003 0.0033 0.0002 
± 0.0000 0.0001 0.0003 0.0000 0.0003 0.0030 0.0001 0.0002 0.0017 0.0007 

Zn 0.0007 0.0003 0.0008 0.0002 0.0004 0.0097 0.0002 0.0001 0.0010 0.0001 
± 0.0005 0.0001 0.0003 0.0003 0.0005 0.0005 0.0003 0.0001 0.0005 0.0002 
Sr 0.0064 0.0035 0.0017 0.0027 0.0059 0.0082 0.0042 0.0066 0.0078 0.0028 
± 0.0027 0.0011 0.0013 0.0012 0.0002 0.0043 0.0025 0.0020 0.0021 0.0018 

In addition, in Figure 7, the concentration of majority elements and anionic com-
pounds is graphically expressed. 

 
(a) 

 
(b) 

Figure 7. Effective concentration of major elements (a) and anions (b) present in water samples around sediments. ICP-
MS, inductively coupled plasma-mass spectrometry. 
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By its chemical composition, the water contained in the analyzed sediment samples 
represents, therefore, a solution consisting of about 95.2% of water, where dissolved salts 
are about 4.7%. In Figure 8, the results reported in Tables 4 and 5 are summarized in rela-
tion to chemical composition of 1 kg of water contained in the sediment samples. The 
obtained results demonstrate that the salinity obtained by the mean of different sediment 
samples is 47.54‰, and it can be converted as a function of the chlorinity Cl (‰) (mass of 
halides in a given mass of sea water) that, for the results reported here, is defined by the 
relationship S (‰) = 2.18 CI (‰). 

 

Figure 8. Chemical composition of 1 kg of water contained in the sediment samples. 

The obtained results are in agreement with those related to other studies about the 
composition of the major components of sea water. The oscillation referred to single ion 
concentration is not largely relevant, and demonstrated that the contained major cations 
and anions are constant and that they contribute to physical chemical properties, permit-
ting to treat ocean waters as an electrolyte solution. However, the obtained mean of salin-
ity is higher when compared with that of marine water, which is about 35‰; this is be-
cause of the fact that, in sediments, the dissolution/precipitation processes, which can hap-
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pen in different manners at different depths, can change the relative composition of dis-
solved ions. In addition, it was reported that the cations (Na+, Mg2+, K+, Sr2+) concentration 
is independent of the depth, with the exception of Ca2+, which increases with the depth as 
a result of the dissolution of CaCO3, like in deep ocean waters, where the high pressure 
can affect the solubility [40]. 

3.2. Effects Related to Sand Composition and Its Grainsize 
As explained before, two types of experiments were made. In both cases, pure me-

thane hydrate formation was performed, and the difference stayed in the type of sand 
used. All tests were described by showing the pressure and temperature trend over time 
as well as the pressure trend as a function of temperature. Tables 6 and 7 contain the most 
significant parameters related to tests carried out in pure quartz sand, while Tables 8 and 
9 are referred to tests made with sand TS. 

Table 6. Main parameters describing Test 1, carried out in sand PQ. 

Title Test 1 
 PT1 PT2 PT3* PT3 PT4 

Parameters Abs. Abs. Abs. Rel. Abs. Rel. Abs. Rel. 
P [bar] 47.56 47.01 42.34  33.69  45.6  
T [°C] 4.45 6.47 3.59  2.53  6.37  

nHYD [mol] 0 0.012 0.086 0.074 0.21 0.198 0.005  
H2OinHYD [mol] 0 0.074 0.517  1.743  0.032  

H2Oliq [mol] 7 6.926 6.483  5.257  6.968  
CH4g [mol] 0.567 0.553 0.492  0.368  0.56  
[CH4g] [%] 8.08 7.99 7.586  7.0  8.042  
GU% [%] 0 2.17 13.063  34.948  0.955  

t [min] 0 27.08 233.75 206.67 1617.92 1590.83 2566.67 975.83 
k [L/min] - 8.12 × 10−4 5.99 × 10−4 5.71 × 10−4 2.66 × 10−4 2.57 × 10−4  −4.31 × 10−4 

dCH4/dt [mol/min] - −4.91 × 10−4 −2.95 × 10−4 −2.81 × 10−4 −9.78 × 10−4 −9.44 × 10−4  2.41 × 10−4 

Table 7. Main parameters describing Test 2, carried out in sand PQ. 

Title Test 2 
 PT1 PT2 PT3* PT3 PT4 

Parameters Abs. Abs. Abs. Rel. Abs. Rel. Abs. Rel. 
P [bar] 48.18 47.3 37.93  34.11  41.52  
T [°C] 4.69 6.59 3.99  3.61  5.74  

nHYD [mol] 0 0.019 0.162 0.145 0.217 0.058 0.092  
H2OinHYD [mol] 0 0.107 0.972  1.282  0.554  

H2Oliq [mol] 7 6.893 6.028  5.718  6.446  
CH4g [mol] 0.574 0.556 0.412  0.36  0.481  
[CH4g] [%] 8.193 8.062 6.827  6.294  7.465  
GU% [%] 0 3.104 28.258  37.245  7.465  

t [min] 0 64.58 457.08 392.5 1878.33 1421.25 4498.75 2620.42 
k [L/min] - 4.88 × 10−4 7.26 × 10−4 7.65 × 10−4 2.48 × 10−4 9.43 × 10−4  −1.11 × 10−4 

dCH4/dt [mol/min] - −2.71 × 10−4 −2.99 × 10−4 −3.15 × 10−4 −8.93 × 10−4 −3.39 × 10−4  5.33 × 10−5 

Table 8. Main parameters describing Test 3, carried out in sand TS. 

Title Test 3 
 PT1 PT2 PT3* PT3 PT4 

Parameters Abs. Abs. Abs. Rel. Abs. Rel. Abs. Rel. 
P [bar] 58.27 56.66 50.94  34.2  52.2  
T [°C] 4.49 5.49 1.42  3.59  8.07  

nHYD [mol] 0 0.033 0.129 0.097 0.366 0.237 0.036  
H2OinHYD [mol] 0 0.199 0.773  2.194  0.213  

H2Oliq [mol] 7 6.801 6.227  4.809  6.787  
CH4g [mol] 0.72 0.68 0.585  0.348  0.678  
[CH4g] [%] 10.19 10.005 9.39  7.239  9.991  
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GU% [%] 0 4.653 18.063  51.247  4.975  
t [min] 0 17.5 536.25 518.75 2157.92 1621.67 4326.66 2168.75 

k [L/min] - 2.72 × 10−3 3.72 × 10−4 2.92 × 10−4 3.3 × 10−4 3.2 × 10−4  −3.08 × 10−4 
dCH4/dt [mol/min] - −1.85 × 10−3 −2.17 × 10−4 −1.71 × 10−4 −1.16 × 10−4 −1.11 × 10−4  2.09 × 10−4 

Table 9. Main parameters describing Test 4, carried out in sand TS. 

Title Test 4 
 PT1 PT2 PT3* PT3 PT4 

Parameters Abs. Abs. Abs. Rel. Abs. Rel. Abs. Rel. 
P [bar] 60.05 59.84 55.02  42.83  54.75  
T [°C] 1.69 3.4 1.7  5.7  8.5  

nHYD [mol] 0 0.009 0.098 0.09 0.297 0.198 0.075  
H2OinHYD [mol] 0 0.053 0.589  1.779  0.452  

H2Oliq [mol] 7 6.947 6.41  5.221  6.547  
CH4g [mol] 0.757 0.748 0.659  0.46  0.682  
[CH4g] [%] 10.813 10.768 10.274  8.818  10.408  
GU% [%] 0 1.176 12.987  39.173  0.1  

t [min] 0 34.17 606.67 572.5 4642.08 4035.42 5584.58 942.5 
k [L/min] - 3.46 × 10−4 2.29 × 10−4 2.22 × 10−4 1.07 × 10−4 8.87 × 10−5  −4.16 × 10−4 

dCH4/dt [mol/min] - −2.59 × 10−4 −1.51 × 10−4 −1.46 × 10−4 −4.95 × 10−5 −4.05 × 10−5  2.84 × 10−4 

The parameters described in those tables reveal substantial differences between these 
two types of test. First of all, pressure required to trigger hydrate formation was consid-
erably higher in tests made in sand TS. In this latter case, a pressure about 58.27–60.05 bar 
was needed, while in the presence of sand PQ, pressure ranged from 47.56 to 48.18 bar. 
Considering that the same quantity of liquid water was inserted inside the reactor in both 
cases, such a difference in pressure led to higher values of parameter CH4g and [CH4g] in 
Tests 3 and 4. This difference is visible in all points. Concerning time, hydrate formation 
was completed in 1617–1878 min in pure quartz sand (see PT3, absolute values); con-
versely, 2157–4642 min was necessary for sand TS. This means that the natural silica-based 
sand tested in this work acted as a kinetic inhibitor for hydrate formation, thus requiring 
more time to reach results similar to those produced in sand PQ. This difference in time 
required was observed mainly in PT3* and PT3, while PT2 did not provide meaningful 
information in this sense, because even the corresponding time lapse measured is ex-
tremely limited. Concerning kinetic, a small difference was also noticed when analyzing 
parameter dCH4/dt. Considering its absolute value, in Tests 1 and 2, this parameter in-
creased with time. In particular, the pressure reduction due to hydrate formation did not 
cause a process deceleration; on the contrary, the reaction seemed to proceed faster in the 
last phase of hydrate formation, during which pressure obviously assumed the lowest 
values. In Test 1, dCH4/dt started from −4.91 × 10−4 mol/min and reached −9.78 × 10−4 
mol/min in PT3, even if in PT3*, it slightly decreased compared with its previous value 
registered in PT2. In the same way, in Test 2, it was equal to −2.71 × 10−4 mol/min in PT 2, 
−3.15 × 10−4 mol/min in PT3*, and −3.39 × 10−4 mol/min in PT3. Conversely, in Tests 3 and 
4, it constantly decreased with the ongoing process; in Test 3, it moved from −1.85 × 10−3 
to −1.11 × 10−4 mol/min, and in Test 4, it moved from −2.59 × 10−4 to −4.05 × 10−5 mol/min. 
Finally, a slightly higher number of formed hydrae was measured in the presence of TS. 
Here, 0.297–0.366 moles of hydrate were observed, rather than 0.21–0.217 moles measured 
in Tests 1 and 2. This means that, even if this second type of sand clearly acted as a kinetic 
inhibitor for hydrate formation, it did not prevent reaching similar or even better results 
than those in sand PQ in terms of hydrate formation. This last aspect was also highlighted 
with parameter GU%, which proved how the gas uptake was higher in Tests 3 and 4. 

Starting from an initial sand pores’ saturation with water equal to 55%, Table 10 
shows how that parameter varied due to hydrate formation. 
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Table 10. Variation of water content into sand pores due to hydrate formation. 

Parameters Test 1 Test 2 Test 3 Test 4 
Min Hyd in pores [mol] 0.205 0.212 0.362 0.293 
Max Hyd in pores [mol] 0.21 0.217 0.366 0.297 

H2O involved in Hyd [mol] 1.248 1.29 2.184 1.77 
H2O liq in pores [mol] 2.875 2.833 1.761 2.175 

Pores occupied with H2O liq. [%] 38.35 37.79 24.55 30.32 

Figures 9–16 show both the pressure and temperature trend over time and the pres-
sure trend as a function of temperature for all experiments; Figures 9–12 describe tests 
made with sand PQ, while the remaining describe tests made with sand TS. 

 
Figure 9. Pressure and temperature trend over time measured in Test 1. 

 
Figure 10. Pressure–temperature trend measured in Test 1. 
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Figure 11. Pressure and temperature trend over time measured in Test 2. 

 
Figure 12. Pressure–temperature trend measured in Test 2. 
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Figure 13. Pressure and temperature trend over time in Test 3. 

 
Figure 14. Pressure–temperature trend measured in Test 3. 
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Figure 15. Pressure and temperature trend over time in Test 4. 

 
Figure 16. Pressure–temperature trend measured in Test 4. 
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maximum value, it showed a slight delay. This mainly depended on the stochastic nature 
of hydrate, which may not occur immediately when thermodynamic conditions are feasi-
ble for its formation. Such a delay was useful to well highlight the triggering of hydrate 
formation. Once temperature quickly increased, pressure started decreasing significantly. 
This aspect occurred in all experiments; however, the slight delay present in Test 1 and 
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Test 2 allowed to clearly identify the difference between the pressure trend when only a 
sporadic hydrate formation occurred and when the reaction concerned the whole reactor. 
The temperature trend over time also proved how methane hydrate formation mainly 
concerned the lower region of the internal volume. In contrast to the others, thermocouple 
T02 did not measure any relevant temperature variation. It is the only device positioned 
above the water–sand mixture, where only gaseous methane is present immediately be-
fore beginning the experiment. Its trend proved that, in this region, hydrate formation did 
not occur or, more in general, it was negligible, as already proved in previous works [41]. 
For instance, in Test 2, thermocouple T02 registered a small temperature peak; however, 
it was an order of magnitude lower than those measured by other thermocouples. Ther-
mocouple T07 is positioned immediately below the free surface of the water–sand mix-
ture, and registered a consistent temperature variation, proving that massive hydrate for-
mation occurred in the corresponding region. In particular, it was noticed during Test 1 
that the most abundant hydrate formation was observed in correspondence of T11 and 
T16, or in the lower portion of the internal volume. Both thermocouples registered the 
maximum temperature values during all tests. Even if they are positioned at different 
depths inside the reactor, at 11 and 16 cm, respectively, from the upper surface, both of 
them are situated in a similar environment; they are immersed in the water–sand mixture 
and are far from the water free surface. This is the reason their trend was found to be 
extremely similar in all experiments. A moderate difference was observed in Test 3 (see 
Figure 13), where T16 measured a secondary temperature peak, while, in correspondence 
with T11, any variation occurred. Such a temperature increase denoted the formation of 
further hydrate nuclei in the lower region; at the same time, the pressure trend also varied 
and, in particular, it started decreasing more intensively for the whole duration of the 
temperature peak. 

The right side of those diagrams describe the partial hydrate dissociation phase. In 
Test 1 and Test 2, where pure quartz sand was present inside the reactor, the dissociation 
was massive and occurred as soon as temperature started increasing, proving that, when 
hydrate formation finished, the internal thermodynamic conditions precisely corre-
sponded to the equilibrium values. This latter aspect is well visible in Figure 10, or the 
pressure–temperature diagram related to the same test. Here, it is possible to see that the 
start point of hydrate dissociation is completely superimposed on the equilibrium curve. 
On the contrary, when sand TS was used, the pressure increased due to hydrate dissocia-
tion had a remarkable delay compared with the temperature increase, proving in this lat-
ter case that, when the hydrate formation finished, the internal thermodynamic conditions 
were considerably above the equilibrium curve for methane hydrate, thus favoring hy-
drate stability for a prolonged period of time. About dissociation temperature, the two 
different types of experiments showed significantly different behaviors. In the first group 
of experiments, temperature increased constantly and slowed down only at the end of the 
dissociation phase, when the internal temperature was close to the external temperature, 
fixed with the chiller. Conversely, in tests performed with the natural sand TS, tempera-
tures assumed two different velocities during dissociation. In the first part, it was ex-
tremely elevated and, in the corresponding diagrams, it seems to assume an almost verti-
cal diagram. Then, it continued increasing, but following a lower gradient, close to that 
observed in Test 1 and Test 2. This aspect is mainly associated to hydrate dissociation, 
which is an endothermic process, and thus lowers the temperature in the surrounding 
environment. In Test 1 and Test 2, hydrate dissociation occurred immediately and tem-
perature rose slowly compared with the second group of experiments. In this latter case, 
because of the initial pressure and temperature values present inside the reactor, hydrate 
formation did not occur immediately and temperature increased drastically, till hydrate 
dissociation started and the temperature trend become completely similar to that ob-
served in Test 1 and Test 2. 

Rather than experimental values, in all diagrams describing the pressure–tempera-
ture trend during the experiments, a black dotted line was inserted to represent methane 
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hydrate equilibrium. This line was drawn with data present elsewhere in the literature 
[42–50]. While the tables well indicated the effect of TS sand on the process kinetic, in 
those diagrams, the thermodynamics of concern are clearly shown. In the presence of sand 
PQ, methane hydrate formation occurred at conditions close to equilibrium values. In Test 
1, during the last part of the hydrate formation phase, the two curves were completely 
overlapped. Conversely, with sand TS, the P–T formation values were extremely far from 
the black dotted line. In this latter situation, hydrate required higher pressures (the reac-
tion started at 58–60 bar, instead of 47–48 bar) and/or lower temperature values. However, 
the pressure drop present in Figure 7 and in Figure 8 proves that massive hydrate for-
mation occurred. While the hydrate formation phase was completely different as a func-
tion of the type of porous medium involved in the process, the hydrate dissociation phase 
was extremely similar. In both cases, the experimental hydrate dissociation denoted be-
havior equal to the ideal trend extrapolated from the literature, with the only difference 
that experimental values are slightly shifted at the right of the equilibrium curve. This 
slight deviation is associated with the presence of sand, whose grains are able to hinder 
and decelerate the dissociation process [51]. 

During hydrate formation, in tests made with sand PQ, a “hump” is clearly visible. 
In Tests 3 and 4, it is also present; however, the greater distance from the equilibrium of 
the whole curve made it less observable. Such a temporary deviation from the current 
trend was usually observed and reported in the literature; moreover, it might be useful to 
develop a more in-depth understanding of the process. In the present work, that specific 
point was called PT3* and, as for other points, all kinetic and thermodynamic parameters 
were evaluated and reported in the respective tables. 

4. Conclusions 
Because the salts inhibit the formation of natural gas hydrate and it is well known 

that hydrate nucleation occurs preferentially in a region with low ion concentration, the 
investigation about the chemical composition of seawater containing NGHs is very im-
portant to obtain useful information for the comprehension of their formation mecha-
nisms in the natural environment. 

In order to obtain this information, we studied the chemical physical characteristics 
of sea water present in some marine sediment samples that contained NGH. 

The obtained results show that 1 kg of water contained about 4.7% of salts; these 
results show an enrichment of ions with respect to the seawater because of the fact that 
the sediments, sampled at different depths, can accumulate different quantities of salts 
during the formation. The composition of seawater deduced from the obtained results is 
most important for understanding the environmental conditions under which NGHs are 
formed and could be used to reproduce the marine environment for the production of 
laboratory GHs and for the study of their formation under specific experimental condi-
tions. 

Finally, experiments carried out in this work have been helpful to reach two im-
portant conclusions. Firstly, they proved that the classical pure quartz sand, commonly 
used in laboratories to study gas hydrate, has a very limited impact on the process and its 
influence may be entirely associated with its physical properties as porous medium. Then, 
the analyses of the natural sand TS denoted it as both a kinetic inhibitor, because of the 
higher time required to carry out the process and the significant reduction of hydrate for-
mation rate with the decrease of pressure, and a thermodynamic inhibitor, considering 
the higher pressure and lower temperature values required. Analyses and hydrate for-
mation experiments described in this work confirmed and illustrated how characteristics 
and properties of offshore hydrate sediments are strongly affected by the water and sand 
respective composition. Obviously, each specific site has its own characteristics and that 
motivated the need for more information and scientific investigations on the effects asso-
ciated with the presence of certain elements or physical properties. Till now, a very limited 
amount of scientific works describing both the water and sediment influence on hydrate 
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formation have been produced; the present work aims to contribute increasing the degree 
of knowledge in this sense. An accurate knowledge of those parameters and their specific 
effect on hydrate formation might be extremely useful to define in advance the best mo-
dalities to intervene on a specific hydrate reservoir. Further works will be focused on de-
fining performances of the CO2/CH4 exchange process into hydrate in this latter type of 
porous medium, with the aim to define the process efficiency and then compare it again 
with results previously obtained in the presence of pure quartz sand. 
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