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The equilibria of methane and carbon dioxide clathrate hydrates were measured in presence of a pure-
quartz porous sand, with and without NaCl. Two different salt concentrations were tested: 0.030 and
0.037 wt%. Results were compared with phase equilibrium data already present in literature for these
species. Despite salt, the porous medium was found to promote the process, mainly for the increased sur-
face/volume ratio and for the improved heat transfer. In presence of salt, sand affected the process differ-
ently as a function of temperature: at values higher than 3 – 5 �C, it promoted the process, while for
values lower than this range, but still greater than the ice-point, it acted as an inhibitor. However, these
results can be considered true only for temperatures above the ice point.
Due to similarity of ice water with clathrate hydrates, Raman microscale measurements were per-

formed to gather information about the influence of sediments, salt, and temperature on OH-
stretching vibrations of water. The obtained results allowed to clarify how the addition of NaCl, and or
sediments to liquid water, under different temperature conditions (15 �C and �15 �C), influenced the
water hydrogen bonds. Specifically, the changes of OH-stretching vibrations, when correlated with the
NaCl concentrations, demonstrated that the presence of sediments partially inhibited the salt effects in
the ice water probably due to hydrophilic interactions with the silanol groups of sediments. SEM mea-
surements showed morphological information on sediments and on ice in different experimental
conditions.

� 2022 The Author(s). Published by Elsevier B.V.
1. Introduction

Natural gas hydrates are ice-like caged crystalline compounds
composed of water and natural gas under suitable conditions of
temperature, pressure, and gas saturation salinity, in which water
molecules as the primary body can capture the guest gas molecules
through the cavity built by hydrogen bonding. Natural gas mole-
cules found in hydrates nowadays include hydrocarbon gases [1]
and non-hydrocarbon gases (carbon dioxide, hydrogen sulfide,
nitrogen, and so on). An empty hydrate can be considered as unsta-
ble ice: it becomes a stable gas hydrate when the pores are filled
with single or mixed gas guest molecules. The conditions for
hydrate formation differ depending on the type of guest molecules,
and the three most common structures of hydrate crystal gener-
ated: cubic structure I, cubic structure II, and hexagonal structure
H [2,3]. Hydrate former composition and thermodynamic condi-
tions determine which structure can be formed.

It has been widely reported that natural gas hydrates have a
high capacity to store gas, and one volume of natural gas hydrate
can store 160–180 times the volume of gas. The main component
of natural gas hydrates present in nature is methane (more than
90%) [4,5]. The stability of natural gas hydrates in nature depends
on temperature, pressure, and the interrelationship between gas–
water components. These factors limit the distribution of hydrates
to the shallow part of the lithosphere, up to 2000 m below the sur-
face, such as a permafrost region and an outer continental margin
marine setting [6,7]. 99% of global hydrates are distributed in the
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Gas Hydrate Stability Zone (GHSZ) on the seafloor, which is influ-
enced by geothermal gradients, pressure effects and actual gas
concentrations in the environment, and the areas of stable hydrate
presence in nature are mainly concentrated in the low-
temperature and high-pressure zones [5,8,9]. Since the majority
of naturally produced hydrates are distributed as solids in porous
sediments on the seafloor, porous media are characterized by large
specific surface area and prominent interfacial phenomena (mani-
fested by strong interfacial tension and capillary coalescence).
Gradually, the research on the phase equilibrium of gas hydrate
was carried out by artificial porous media such as porous silica
and porous glass [10–14], and the laboratory measurement and
theoretical prediction models of natural sediments (clay, silt,
gravel, etc.) containing gas hydrate were carried out [15].

Pure water/seawater is an inevitable element in the formation
of hydrates, and its composition and concentration are also impor-
tant factors affetting the hydrate equilibrium. The salt ions widely
present in seawater are Na+, Cl-, and Mg2+, Ca2+, SO4

2-, etc. The effect
of various electrolytes on hydrate formation and dissociation has
been studied extensively in previous literatures [16–18]. All these
publications demonstrate how the presence of salt dissolved in
water, acting as thermodynamic inhibitor, increases the hydrate
equilibrium pressure and/or decreases the equilibrium tempera-
ture. In addition, what is widely known, is that electrolytes in sea-
water do not enter the hydrate structure. Thus, the desalination
technology could be performed based on the hydrate formation
and decomposition [19,20]. For the development of advancement
of these novel technologies, extensive efforts have gone into
understanding thermophysical properties and characteristics of
CH4 and CO2 hydrates, such as CO2 separation [21] and capture
[22,23], the recovery of CH4 from natural gas hydrates [24,25],
and the storage and safe transportation of CH4 using hydrates
[26,27].

Water has many unique properties with important functions in
many chemical reactions in natural systems. The water molecule
has both double-donor and double-acceptor hydrogen-bond func-
tionality that permits to obtain a wide range of flexibility without
substantial loss of hydrogen-bonding energy. Hydrogen bond net-
work is therefore not static due to the formation and breaking of
hydrogen bonds that makes possible many of the processes that
occur in water. A variety of parameters such as temperature, pres-
sure and dissolved ions promote structural changes on water mole-
cules with cooperative effects related to hydrogen bonds. For this,
it is difficult to define the hydrogen-bond structure of an assembly
of water molecules in the absence of precise information about the
location of the hydrogen atoms and the dynamics of their motion
[28,29].

Salts present in water act as thermodynamic inhibitors of gas
hydrates, by disturbing the hydrogen bond network before the
hydrate formation [30] with the consequent shift of equilibrium
curve to lower temperature and higher pressure [31]. This effect
is related to competition between coulombic and hydrogen bond
forces related to water - salt and water-water respectively [32].
A decrease in the solubility of guest molecules occurs as the sec-
ondary effect of this clustering by ‘‘salting-out.” The result of both
effects is that more subcooling is necessary to overcome the struc-
tural changes necessary to obtain the hydrate formation [32].

Methane is the predominant gas in natural gas hydrates, and
the hydrates that occur naturally or cause blockages in pipelines
are also predominantly methane hydrates. Since Hammerschmidt
discovered natural gas hydrates blockages in the natural gas trans-
mission pipelines in 1934 [33], research on the phase behavior and
on the characteristics of gas hydrates were promoted. Deaton et al.
proposed the inhibition of hydrates [34], and de Roo et al. took
salinity into account and systematically studied the equilibrium
temperature and pressure conditions of methane hydrate phases
2

in the CH4-H2O-NaCl ternary system [35]. Subsequently, involved
various salt ions (Cl-, Na+, Mg2+, SO4

2-, Ca2+) and transition metals
(Fe, Mn, Cu, Co, Ni, etc.) in groundwater, scholars have studied
more extensively the inhibition of methane hydrate by various salt
ions, and basically determined the degree of inhibition of methane
hydrate by various ions [36,37]. Due to the requirement for
hydrate reservoir replacement [24] and the greenhouse environ-
mental influence of CO2, as well as the gradual discovery of high
CO2-containing gas reservoirs, research on CO2 hydrate inhibitors
is gradually being conducted. Vlahakis et al. released the phase
equilibrium data of carbon dioxide hydrate in NaCl solution [38];
Zha et al. investigated the effect of NaCl-MgCl2 mixed solution on
the phase equilibrium of carbon dioxide hydrate [39]; Sun et al.
studied the phase equilibrium of CO2 hydrate under different con-
ditions with NaCl solutions, seafloor pore water, and quartz
sand + NaCl solution to simulate the storage of CO2 hydrate in
the ocean; additionally demonstrated that the decrease in phase
equilibrium temperature of CO2 hydrate in NaCl solution is mainly
caused by Cl- ions [40]. Numerous experimental and simulation
results show that the phase equilibrium conditions of gas hydrate
in the presence of electrolyte solution shift toward higher pressure
and lower temperature [22,37,41–44].

Currently studies on natural gas hydrate in simulated reservoir
conditions aim to approach to the production (decomposition) of
hydrates. The most typical experimental design for examining
hydrate production decomposing is to use an autoclave to generate
huge hydrates, or to place some sands, quartz, core powder, or
other similar materials in a reactor to generate a porous media
environment [43,45,46]. Pore diameters in the porous media influ-
ence the hydrate formation and dissociation process. Anderson
et al. [47,48] investigated extensively this issue and discovered
that the size of the porous medium has a comparable inhibitory
effect on the hydrate production process as the thermodynamic
inhibiting agent (inorganic salt). However, the presence of salts
in porous media impacted the kinetics of CH4 hydrate formation,
resulting in a drop in CH4 hydrate production and in a change in
the gas absorption curve, with the hydrates dissociating at a slower
rate in seawater than in pure water [46]. Kang et al. [49] revealed
that when porous water contents in silica gel are employed to cre-
ate the gas hydrate, a greater conversion yield may be reached in a
short amount of time without mechanical agitation. As a result,
from a kinetic standpoint, the use of porous mediummay offer cer-
tain advantages. However, it was also noted that in some litera-
tures, the sands served as the inhibitor for decreasing water
activity in silica gel pores [49]. Handa and Stupin [50] were the first
to explore the influence of porous media on the equilibrium pres-
sures of CH4 and C3H8 hydrates, demonstrating that the equilib-
rium pressures of the corresponding gas hydrates in silica gel
holes were greater than those of bulk hydrates.

There are several difficulties involved with the hydrate tech-
nique of CO2 storage in porous material under seabed conditions.
Mass transfer is a primary constraint that influences CO2 storage
capacity during hydrate formation, whereas temperature change
within porous sediments impacts the hydrate dissociation process,
affecting the thermal stability of the hydrates [51]. As a result, it is
critical to perform research on the kinetic and stability of CO2

hydrates in porous media [52]. Chong et al. [53] investigated the
influence of NaCl on the kinetics of hydrate formation and dissoci-
ation in porous media and NaCl showed a strong kinetic inhibitory
impact on hydrate formation, resulting in decreasing water conver-
sion to hydrates, a slower formation rate, and a longer time to
achieve a plateau for methane hydrate production [54]. Kinetic
experiments of CO2 hydrate formation in silica sand indicated that
the induction of time for hydrate in seawater was lower than that
of pure water, and silica sand with sea water provided an optimum
environment for efficient hydrate formation [55]. It was also
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shown that the optimal size of silica sand for CO2 hydrate forma-
tion was 0.46 mm (compare to 0.16 mm and 0.92 mm). Yang
et al [54] conducted experiments and revealed the evidence of
thermodynamic inhibition other than kinetics inhibition of CO2
hydrate formation in porous media with salts.

Therefore, the effect of porous media such as silica sand may
differ with the specific experimental conditions, porosity, and
gravel size. On the one hand, holes increase the capillary forces
that must be resist during the hydrate formation; the presence of
porous media acts as a thermodynamic inhibitor to the formation
of hydrates. In addition, the porous media, provides more nucle-
ation sites for hydrates and enhances mass transfer due to its
increased surface area and lower surface tension. At this point,
the porous medium acts as a kinetic promoter that reduces the
induction time.

Raman spectroscopy is a powerful technique for the investiga-
tion of the molecular structure and appropriate for the analysis
of water, aqueous solutions, and its solid phases. Raman spectrum
of water can be divided into three zones; the first, below 400 cm�1,
is due to translational/vibrational bands, the second at about
1600 cm�1 is related to OH–bending bands, and the third, the most
intense, is in the range 3000–4000 cm�1 and regards the OH–
stretching (OHs) bands. These bands permit the study of parame-
ters affecting the water hydrogen bonds, by the modifications of
the inter-molecular coupling of symmetric and asymmetric OH-
stretching vibrations, giving therefore information about local
structures and dynamic properties of water, aqueous solutions,
and its phase. The Raman OHs band profile related to liquid water
consists of three main components indicating multiple, single, and
non-bond hydrogen bonding [56–58].

Due to the actual conditions of hydrate presence and seawater
composition, chloride solutions can be used to simulate sea water
and study the decomposition conditions of hydrates for a better
understand of the boundary conditions of the hydrate stability.
However, there was the limited description of the three-phase
equilibrium conditions that coexist with seawater [59,60].

The ice water presents similarity with clathrate hydrates [61]
and for this, in this study, for microscale measurements, we have
selected the ice water as a model to gather information about
the influence of sediments, salt and temperature on hydrates for-
mation. First, SEM measurements were performed to obtain mor-
phological information on sediments and ice. Successively we
have investigated, by Raman spectroscopy, the water OH-
stretching vibrations in the liquid and in the ice water and corre-
lated the obtained results, regarding the modification induced by
sodium chloride, sediments, and temperature, in different experi-
mental conditions.

Moreover, the hydrate dissociation/formation conditions of
methane and carbon dioxide, in the presence of pure water,
0.030 and 0.037 wt% (wt%) of NaCl solutions, were experimentally
investigated respectively. We conducted experiments in solutions
with and without sand in a lab-scaled reactor. In order to observe
and assess the inhibitor/promoter differences, the equilibrium
curves of methane and carbon dioxide between literatures and
experiments were compared for each salinity concentration in
the temperature range of 0 – 8 �C. Results were then compared
with data present in literature and related to the same typology
of experiments carried out without sand. The present comparison
proved that the presence of a porous medium generally promotes
the hydrates formation process, as expected. Moreover, sand grains
were also found to counteract the inhibiting effect of salt mole-
cules, thus favoring hydrates formation at milder conditions than
those described in the literature in the presence of similar concen-
trations of sodium chloride but without sand.

All the results showed that, by observing the influence of salt
and sediments from two different perspectives (microscopic mea-
3

surements on ice and macroscopic measurements on gas hydrates),
the hydrates formation process was favored by the porous medium
which reduced the effect of the salt.
2. Methods

The investigation presented in this paper consists of two differ-
ent approaches, microscopic and macroscopic, which are inte-
grated to show how porous media and salt affect the hydrate
formation process. In this paragraph, materials and methods con-
cerning the two sets of measurements are presented.
2.1. Measure of micro-scale properties

2.1.1. Samples preparation
The materials used for the experiments were NaCl (Aldrich),

ultrapure water (conductivity 0,18 lS/cm) obtained by Advantage
A10 Millipore instrument (Milli-Q water). Aqueous solutions of dif-
ferent NaCl concentrations (from 0 to 70 g/l) were prepared. All the
reagents were of analytical grade without further purification. The
porous sediments used for experiments is the same previously
described in Section 3.1.2.
2.1.2. Morphological study by SEM
Field Emission Scanning Electron Microscopy (FE-SEM, Sigma

300, Zeiss) operating at 7.0 kV, equipped with Energy Dispersive
X-ray spectroscopy (EDX, Quantax, EDS, Bruker), was used to
obtain morphological information of pure water and NaCl solution
in the presence of sediments in the ice phase.

We conducted the low-temperature SEM experiments at the
temperature of � 15 �C by using a special device temperature-
controlled (Coolstage by Seben). This device consists of a single
stage Peltier device, onto which a thermally isolated specimen
holder is mounted. The Coolstage assembly is installed onto the
SEM stage using an adaptor plate specific to the microscope and
cooling pipes and electrical wires connect to the SEM feedthrough
flange. External components are a recirculating water chiller and
power supply case. The temperature of the Coolstage head can be
set in the range –30 �C to + 45 �C during operation under high vac-
uum and the device is integrated fully by the SEM control software.
Images at T = -15 �C, have been collected by using the in-lens
detector in order to obtain full information about the surface state
of the sample.
2.1.3. Raman setup
Raman spectra were collected with a Micro-Raman setup

(Fig. 1a) that consists of a Czerny-Turner spectrometer (iHR320
Horiba Scientific) equipped with 600 g/mm grating (resolution
7.0 cm�1) and an open space microscope to accommodate a Linkam
THMS600 cell for low/high temperature conditions (ranging from
�195 �C to 600 �C).

The experiments were performed with a laser having an excita-
tion wavelength of 532 nm (max power 50mW), the total acquisi-
tion time for each spectrum was 300 s and two were the working-
temperatures: 15 �C and �15 �C. This Raman setup was based on a
back-scattering configuration and allowed to collect the spectrum
through an Olympus LMPLFLN50XBD long-distance objective
(working distance of 10.6 mm). The backscattered radiation is col-
lected by a Syncerity cooled CCD camera with 1024x226 pixels. To
be able to carry out measurements on a larger sample volume and
thus obtain more correct analytical measurements, a special metal
copper sample holder has been designed and realized modifying
the factory setup, with increased dimensions respect to that sup-
plied by the instrument, as shown in Fig. 1b.



Fig. 1. Raman setup (a); sample holder (b).

Table 1
Geometric and volume specifications of the reactor used for experiments.

Specification Value

Internal eight 22.1 cm
Depth from the edge 18.5 cm
Depth edge to the network 18.3 cm
Weld thickness 1.1 cm
Thickness from the edge 1 cm
Internal diameter 7.4 cm
Internal pipe volume 1 cm3

Volume of intake pipes 19 cm3

Gas volume from the high edge 90 cm3

Total volume of free gas 109 cm3

Internal reactor volume 949 cm3
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2.2. Measure of macro-scale properties

2.2.1. Experimental apparatus
Gas hydrates were formed in a small-scale apparatus, designed

to produce marine hydrate reservoirs. The formation environment
consists of a 316SS reactor, having cylindrical volume (7.3 cm
diameter and 22.1 cm height) equal to 949 cm3. Two flanges close
the reactor at the top and the bottom (see Fig. 2a). These flanges
have a double function: ensuring high pressure tightness and pro-
viding high thermal capacity to the system, thus avoiding uncer-
tainties due to external temperature variations.

The internal geometry of the reactor is more complicated than
the external, due to the presence of channels, tiny tubes, and sen-
sors. All these elements have been considered to define with accu-
racy the portion of volume free for the injection of raw materials
and hydrates formation. All specifications are shown in Table 1.

The guest compound was injected from the bottom, to ensure
more effective penetration of gaseous molecules into sand pores
and between grains. The reactor has been inserted in a tank filled
with a mixture of water and glycol. The tank is equipped with a
double copper coil, directly connected to a chiller, model GC-LT.
This vessel absorbs heat from the reactor (during hydrates forma-
tion) and releases it to the refrigerant fluid; conversely, during dis-
sociation, it provides heat. In both cases, it intervenes when
temperature variations occur and re-establishes the thermal bal-
Fig. 2. Image of the lab-scale reactor used for hydrates formation and dissociation (a); sch
the reactor (c).

4

ance in a shortened time period. At steady-state conditions, it
works as a thermostatic bath for the system.

Fig. 2b shows a scheme of the assembled experimental appara-
tus. The choice to insert gas from the bottom also considered the
presence of this bath. The gas cylinder is connected to the reactor
via a little pipe, which passes through the bath before entering the
reactor. Considering the very high surface/volume ratio of the pipe,
such a system guarantees that, when gas enters inside, it has
already assumed the same temperature of the formation environ-
ment. The temperature was measured with four Type K thermo-
couples, having class accuracy 1, and disposed at four different
eme of the experimental apparatus (b); scheme of thermocouples positioning inside
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depths inside the reactor (respectively at 2, 7, 11 and 16 cm depth
from the top). The disposition of thermocouples was established
according to what was present in literature [55,62,63]. The posi-
tioning of thermocouples is described in Fig. 2c. The pressure
was detected with a digital manometer, model MAN-SD, with class
accuracy equal to ± 0.5% of full scale. All devices were finally con-
nected to a data acquisition system, manufactured by National
Instruments, and managed with LabView. A more detailed charac-
terization of the present experimental apparatus is available else-
where in the literature [64,65].

2.2.2. Materials.
Ultra-High-Purity (UHP) methane and carbon dioxide were

used for hydrates production, with a purity degree respectively
equal to 99.97% and 99.99%. The reactor was filled with 0.744 l
of sand sediments. This latter compound consists of pure quartz
spheres, with the diameter ranging from 200 to 500 lm, provided
by the Geology Department of the University of Perugia. Sand
porosity was measured with a porosimeter, model Thermo Scien-
tific Pascal: it is equal to 34%. Spaces between sand grains were
filled with 0.236 l of pure demineralized water. The remaining por-
tion of volume was kept free for gas injection and is equal to
0.222 l. For tests with salt, NaCl was used in concentrations equal
to 0.030 wt% and 0.037 wt%.

2.2.3. Gas hydrates preparation Methods.
The internal temperature of the reactor was firstly brought to 2

– 5 �C. Then the injection valve was slightly opened, and the gas-
eous compound fluxed inside the reactor. It mainly occupied the
highest portion of the internal volume, where neither sand and
water are present, and also diffused into sand pores, due to its
porosity. Once the desired pressure was achieved, the injection
valve was closed, and the reactor was kept free to operate in batch
conditions. The contemporary occurrence of pressure and temper-
ature conditions feasible for the process, led to an immediate for-
mation of hydrates. Due to the entrapment of gaseous molecules
in solid structures, pressure decreased continuously. The process
was considered completed as soon as pressure approached a stable
trend over time and stabilized.

The following dissociation phase was simply performed by
switching off the chiller in order to generate a slow and gradual
temperature increase inside the reactor. The associated increase
in pressure, due to the release of gaseous molecules from water
cages, allowed to define the equilibrium pressure–temperature
curve for the system. Finally, the temperature used to describe
experiments in the following section was calculated as average of
temperatures measured by all thermocouples.
3. Results and discussions

3.1. Combined effect of sodium chloride and sand at temperatures
below the ice-point.

3.1.1. Morphological study by SEM.
The morphology of sediment particles can play an important

role in the interfacial interactions with water molecules and gas.
In Fig. 3, the SEM images of sediments at different magnifications
are reported. Fig. 3a evidences the size of sediments that is about
500 lm, Fig. 3b,c represent afar observations of the surface which
highlights some irregularities, while Fig. 3d evidences a regular
porosity of the sediment surface. When the sediments were added
to pure water and the SEM measurements were conducted at
�15 �C, the formed ice between the sediment particles showed
an interesting structure. In fact, as visible in Fig. 4, the SEM images
at different magnifications evidence that the ice shape is ramified
5

around to punctiform water nanocrystals to form irregular struc-
tures. In Fig. 4b, to the right, is also evident the adhesion of the
ice on the sediment surface that is magnified in Fig. 4c.

The addition of the NaCl solution to the sediments promotes the
change of the ice structure between the sediment particles as evi-
denced in the SEM images of Fig. 5, where the different magnifica-
tions show that the ice is formed with regular structures. In
particular, in Fig. 5a, the ice covers the particles surface of the sed-
iments, in the Fig. 5b a magnification of about 5 times of this is evi-
denced, while, with higher magnification, crystals with very
regular shape are highlights (Fig. 5 c,d,e).

3.1.2. Raman characterization
The O � H stretching bands (OHs) were selected in Raman char-

acterization because these are the most intense bands that are clo-
sely related to the structure of water. A water molecule can form
hydrogen bonds as a proton donor (D), proton acceptor (A) or com-
binations thereof, which can be of different types such as DDAA,
DDA, DAA, DA, DD, AA, D and A in which the DD and AA structures
are unfavorable while D and A can be present as dimers in super-
critical water and in any case should not be considered at room
temperature. Therefore, at room temperature, the Raman OH
stretching vibration can be deconvolved into five sub-bands,
DDAA-OH, DDA-OH, DAA-OH, DA-OH and free OH [66,67] (Fig. 6).

Fig. 6a shows the Raman spectrum of Milli-Q water at 15 �C
with the results of deconvolution that describe the presence of five
bands, the two main ones detected at 3400.3 cm�1 and
3215.5 cm�1. When the Raman spectrum was measured at
�15 �C and deconvolution is applied to Raman spectrum
(Fig. 6b), a more intense peak related to the band detected at
3131.6 cm�1 appears while, on the contrary, the region below
3300 cm�1 clearly shows an increase of the intensity and therefore
this band can be considered as an indicator of the ice. In this case,
the water expansion and stability, which occurs in the ice phase,
reduces the vibrational modes [68]. On the contrary, in the liquid
phase, the asymmetric stretching is more intense due to flexible
structure. In Table 2 all the bands are resumed.

NaCl solutions in which the salt dissociates into sodium and
chloride ions are not Raman active. However, their effects in the
solution can be evidenced indirectly by the observation of their
influence on water vibrations and therefore in the modification
of the water Raman spectrum. In this case, sodium and chloride
ions orient towards the oxygen and hydrogen respectively. Only
the interaction with chloride anions perturbs water molecules by
breaking the hydrogen bonds, while sodium ion presents only a
negligible effect [68]. The measurable effect on the water molecule,
which can be attributed to modification of hydration shell of chlo-
ride, produces an increase of the amount of free O-H [69] with the
related change of OHs bands.

In the liquid state of water, the effects of different dissolved
NaCl concentrations in comparison with Milli- water on the rela-
tive OHs vibration bands of water at 15 �C and at atmospheric pres-
sure, are described in Fig. 6c; as observed from the Figure, with
increasing concentration of NaCl in the water, the band at around
3200 cm�1 (symmetric OHs) decreases in intensity while that at
around 3400 cm�1 (asymmetric OHs) increases. The enhancement
in NaCl concentration produced therefore a decrease in the number
of hydrogen bonds, with a frequency shift, and an increase of the
intensity of the asymmetric section of the OHs bands. No change
in the trend is observed in the presence of sediments (Fig. 6d).

The Raman spectra of ice in the presence of NaCl shifted at
higher frequencies according to the increase of NaCl concentration
showing that the contribution of the region below 3300 cm�1

decreases (Fig. 6e) with the suppression of the related bands. These
results indicate therefore that, in the ice state, the increase in NaCl
concentration produced a decrease of symmetric OHs bands, with a



Fig. 3. SEM images showing the morphology of sediments surface at different magnifications.
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frequency shift and an increase of the intensity of the asymmetric
OHs bands; this effect is also detected in the presence of sediments
(Fig. 6f).

The large polarizable chloride anions affect its propensity to the
air/water interface thus influencing the free O-H groups differently
[70,71]; this can be confirmed by the different frequency shifts of
asymmetric OHs bands, from liquid and ice water at the same
salinity conditions. In fact, as described of Fig. 6 (c-f) in the free
O-H region of ice the observed shift is more affected by the
increase of chloride anions.

To obtain information from all these results, the ratios between
the areas of the symmetric and asymmetric bands were calculated
in the range 3000–3600 cm�1 [69]. For this calculation, the isos-
bestic points were determined on the obtained spectra assuming
that these points of frequency divide the spectra into two A and
B regions that are associated with the symmetric and asymmetric
OHs bands of water respectively; this concept is graphically
described in Fig. 7 where isosbestic point at 3325 cm�1 is evi-
denced for the liquid phase of pure water.

The areas of the two regions were therefore measured in each
experimental condition and the ratios of the corresponding inte-
grated intensities of the two regions (B/A), that represent SD con-
centration index [68,69,72], were correlated with the increase of
NaCl concentration. Fig. 8a evidences the high correlation between
SD and NaCl concentration in the absence and in the presence of
sediments at 15 �C also showing no particular differences in the
two experimental conditions; these results demonstrate that, in
the liquid state, the presence of sediments does not affect the sym-
metric and asymmetric OHs bands.
6

However, when the same calculation is applied in the ice state
at �15 �C, differences in SD concentration index were notified. In
fact, two quasi-parallel straight lines are obtained (Fig. 8b), in
which that in the presence of sediments is lowered the respect to
the same in its absence.

In these experiments, the presence of sediments produced con-
ditions comparable to those obtained by reducing the salt concen-
tration; at example, the effect decreases by about 19% in the
presence of 37 g/l of NaCl. In the case of sand, these results can
be explained by considering that the water molecules, located on
the silicate surface of sediments, can interact with these by inter-
molecular hydrogen bonds between water molecules and silanol
groups as schematized in Fig. 8c; this interaction can be therefore
in competition with that caused by the salt, limiting partially its
effect [73].

The application of this method of data correlation, in the pres-
ence of different salt concentrations, can reflect therefore the
changes in the physical and chemical properties of water mole-
cules in the ice phase when in the presence of foreign substrate
(sand in this case).
3.2. Gas hydrate formation in presence of sodium chloride and sand.

Gas hydrates were formed in the presence of sand and with dif-
ferent salt concentrations. For each guest compound considered
(methane and carbon dioxide), three experiments were shown
and described. The first of them was carried out in pure deminer-
alized water, without any addition of salt, while the remaining two
were carried out with a concentration of NaCl respectively equal to



Fig. 4. SEM images showing the surface morphology of pure-ice water in presence of sediments at different magnifications.
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0.030 wt% and 0.037 wt%. The different concentrations were
selected in order to consider salinity degrees equal to those com-
monly measured in correspondence of marine hydrate reservoirs.
Table 3 resumes the experiments carried out in this section. Exper-
iments were performed according to what was asserted in
Section 2.1.
3.2.1. Experiments carried out with methane as guest compound.
In Fig. 9, graphs a),b),c) show a comparison between methane

hydrate dissociation p-T values, produced in lab experiments, with
values found in literature, regarding the same sodium chloride
concentrations but in the absence of sand. Fig. 9a, related to
methane hydrates equilibrium in the absence of sodium chloride,
clearly shows the promoting effect of sand. The experimental
curves, carried out in the presence of the porous medium, are rep-
resented as a continuous line, that is visibly below the dotted line,
produced with equilibrium values for methane hydrates in the
absence of sand and directly taken from literature.

The promoting effect of sand in the hydrates formation is
mainly due to the presence of grains, which ensure a more elevated
surface/volume ratio, thus provide providing more potential nucle-
ation sites per unit of volume for methane hydrates. Moreover, the
presence of pores and cavities between grains promotes the forma-
tion of numerous secondary gas–liquid interfaces; this latter con-
figuration was proved to be the most probable sites in which the
reaction may start. In particular, three different hydrate crystals
growth upon sand grains are possible: pore filling, cementation
and supporting matrix; this explains why thermodynamic condi-
tions, describing methane hydrates equilibrium, were milder in
7

the presence of sand. However, controversial assumption can be
found in literature, about the contribution on the process associ-
ated to the porous medium. For that reason, experimental studies
focused on the process characterization (both formation and disso-
ciation) in the presence of the porous media, mainly found in mar-
ine hydrate reservoirs, are needed [74]. Selim and colleagues
performed a model to define the mass and heat transfer during
CH4 hydrates dissociation and in presence of porous media [75]
concluding that the heat transfer mechanism is mainly affected
by the surrounding sediments. The phase equilibrium conditions
for gas hydrates are defined during their dissociation. In presence
of porous sand, the free water molecules will immediately produce
an adherent layer on the surface of grains and will cause a reduc-
tion of the hydrate dissociation rate [76]. In addition, the sand also
increased the heat transfer rate inside the reactor, due to its higher
thermal conductivity, with a consequent increase of the hydrate
dissociation rate. The heat transfer has crucial importance during
hydrate formation because, as explained in literature, the produc-
tion of heat during the initial nucleation phase can be abundant
enough to inhibit the process and lowering the whole formation
[46]. The entity of such aspect is clearly more pronounced if the
process is carried out in a small volume. Thus, the presence of a
pure quartz porous medium plays a key role in smoothing the
peaks in temperature which naturally occur during hydrates for-
mation. As a consequence, the time required to reach the thermal
balance inside the reactor after temperature peaks is lowered.

Thus, the two profiles of Fig. 9a are parallel and the one referred
to tests made with sand is shifted to milder thermodynamic condi-
tions (lower pressures and higher temperatures). In particular, at



Fig. 5. SEM images showing the surface morphology of ice of NaCl solution (30 g/l) in presence of sediments.

R. Giovannetti, A. Maria Gambelli, B. Castellani et al. Journal of Molecular Liquids 359 (2022) 119300
the same pressure values, the formation temperature, in the pres-
ence of sand, is higher about 0.8 – 0.9 �C, while, at the same tem-
perature, pressure is approximately 0.3 – 0.4 MPa lower.

In the presence of salt, the situation is completely different
(Fig. 9 b, c). The two profiles are not parallel anymore and a point
of intersection was observed at 3 �C (Fig. 9b) and at 5 �C (Fig. 9c).
The profile in Fig. 9b describing the test made with 0.030 w NaCl,
was compared with values of literature carried out with the same
salt concentration and no sand. As far as Fig. 9c is concerned, p-T
values with 0.037 w NaCl in absence of sand were not found in lit-
erature (values with similar concentrations were found only in the
presence of sand). So, the comparison was made with p-T values
8

produced in the presence of 0.050 w of NaCl. This could result in
lower temperature value at the intersection point.

Moving on the right from the intersection point, the sand acted
as promoter for the process; conversely, on the opposite side it
acted as an inhibitor. In both cases, the entity of its promoting/in-
hibiting effect was found to be stronger with increasing/decreasing
temperatures. This aspect confirms what emerged from the micro-
scale analyses: the sand clearly varied the effect of sodium chloride
on hydrate formation, by varying its interaction with water mole-
cules and so affecting its inhibiting action. In accordance with
micro-scale analyses, these experiments highlighted the presence
of a strong relationship between the effect exercised by sand and
temperature.



Fig. 6. Raman spectra of water molecules vibration: deconvolution of OHs bands of Milli-Q water at 15 �C (a) and �15 �C (b). Raman spectra collected with different NaCl
concentration (0.0, 10, 30, 50.0, 70.0 g/l): at 15 �C without sediments (c) and with sediments (d); at �15 �C without sediments (e) and with sediments (f).

Table 2
Raman shifts of pure water at 15 and �15 �C.

Band 15 �C
Raman shift
cm�1

�15 �C
Raman shift
cm�1

DDA-OH 3199.9 3132.6
DAA-OH 3392.3 3218.8
DA-OH 3530.1 3331.6
free OH 3614.7 3576.0

Fig. 7. Determination of the isosbestic point at 3325 cm�1 that divide the Raman
spectrum of pure water at 15 �C in A and B regions.
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Results showed in this section proved that the effect of sodium
chloride and also the influence of sand particles on gas hydrate for-
mation are function of temperature.

In the previous section, experiments were carried out below the
ice-point and a different kind of relation was defined. At tempera-
tures below the ice-point, the presence of sand was found to coun-
teract the inhibiting effect of salt. Conversely, in these latter
experiments, the influence of sand was proved, but its effect was
found to be the opposite: above the ice-point, but below 3 –
5 �C, the presence of sand was found to contribute, together with
salt, to inhibit hydrates formation. As expected, relevant differ-
9

ences were noticed between experiments carried out respectively
below and above the freezing point of water. Below 0 �C, the for-
mation of ice must be considered. This phenomenon is commonly
considered disadvantageous for the production of hydrates,



Fig. 8. Correlation of SD concentration index at RT (15 �C) (a) and low-T (-15� C), with (red) and without sediment (blue) as a function of salinity (NaCl) (b). Schematic
representation of interaction between silicate surface and water molecules (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Table 3
List of experiments described in section 3.2.2 and in section 3.3.3.

Salinity [g/l] Methane Carbon dioxide

0 A D
30 B E
37 C F
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because water molecules have the possibility to form a solid lattice
and so reach a more ordered configuration, also in absence of guest
compounds; thus, the formation of hydrates becomes slower and
less massive, due to the competition with ice. However, when
hydrates originate directly from ice crystal, they are obviously
not affected by the inhibiting effect of sodium chloride. Thanks
to the extremely favourable thermodynamic conditions, when
hydrate clusters form from subcooled water (instead from ice),
the presence of puckered and irregular surfaces, provided by sand
grains, prevailed on the inhibiting effect of salt, and favoured any-
way the formation of hydrates.

The variation with temperature proved that differences
observed in the inhibiting action of sodium chloride are in a certain
way correlated to the heat transfer rate of sand. This possibility
was not unexpected: lots of chemical inhibitors were characterized
in the past decades and lots of them were found to increase or
reduce their inhibiting action as a function of temperature. For
10
instance, Lee and colleagues [55] tested cyclic ethers, cyclic esters
and cyclic ketone compounds. These substances are known for
their high solubility in water. They asserted that 2-M�THF has a
double effect on methane hydrates formation. While its action is
negligible at temperatures close to 278 K, this compound is a pro-
moter for the process at lower temperatures, while it acts as inhi-
bitor at higher values. Ohmura et al. [62] studied methane hydrates
formation in presence of 3-methyl-1-butanol. They observed that
this additive favoured the process at temperatures below 279 K,
while the opposite occurred for higher values. Jager and co-
workers [63] proved that, at a specific temperature value the vari-
ation of 1,4-dioxane concentration in water could lead to inhibition
or promotion of the process.
3.2.2. Experiments carried out with carbon dioxide as guest compound
In Fig. 9 d,e,f, a similar comparison was produced by using car-

bon dioxide as the guest compound. Experiments made with car-
bon dioxide led to the same conclusions asserted for methane
hydrates. In the absence of sodium chloride, equilibrium condi-
tions for CO2 hydrates were extremely similar, but in the presence
of sand, hydrates formed at milder conditions. The difference in
temperature, when pressure is the same, is about 0.8 – 1.0 �C; con-
versely, pressure varied about 0.3 – 0.4 MPa at the same
temperature.



Fig. 9. Comparison between CH4 and CO2 hydrates equilibria; in pure demineralized water (a,d, respectively); in presence of NaCl (0.030 w) (b, e, respectively); in presence of
NaCl (0.037 w) (c, f respectively); with sand (continuous line) and with no sand (dotted line).
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The addition of salt also produced a similar trend: the two dia-
grams were not parallel anymore and an intersection point was
found in the temperature range 3 – 5 �C. The only observed differ-
ence consists of the angle formed by the two curves, but further
analyses would be needed to define its meaning with accuracy.
However, this difference suggests that the effect of the contempo-
rary presence of quartz sand and sodium chloride on the hydrate
formation process may vary as a function of the type of guest com-
pound involved in the process. In fact, this latter aspect would not
represent a novelty: several examples are present in literature
about chemical additives whose inhibiting action depends on
properties of the guest compound.

For instance, the amino acid may provoke opposite kinetic
effect, depending on the specific guest. Histidine was found to be
11
a kinetic inhibitor for carbon dioxide hydrates [64] and, at the
same time, it is a good kinetic promoter for methane hydrates
[65,77]. Similarly, leucine is a well-known kinetic promoter for
methane, while it inhibits THF-C2H6 hydrates [66]. Similar conclu-
sions were also made for sodium chloride in previous works, where
it was proved that the inhibition is stronger for methane than for
carbon dioxide hydrates and such difference was also a function
of the overall salinity degree [24,43,44].
4. Conclusions

The objective of this paper was to investigate, with both a
micro-scale and macro-scale approach, the hydrate formation pro-
cess and the interaction between sediment and salinity on it.
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Since natural gas hydrates present similarity with the ice water
and are generally formed in the condition where salinity, sedi-
ments, and temperature play an important role, in the first section
of this study, we have monitored with Raman measurements the
effect of these parameters on water hydrogen bond in liquid and
ice phase conditions. Morphological information related to the sed-
iment surface, by SEM measurements to the ice of pure water and
to the ice in the presence of NaCl, were obtained to characterize the
processes.

To clarify the effects of modification induced by the salt, sedi-
ments and temperature on water OH-stretching vibrations, differ-
ent samples of ultrapure water and NaCl water solutions at
different temperatures, were investigated by studying Raman
spectra. Specific information on how the development of hydrogen
bonds is influenced by the different conditions of the liquid and ice
water phase were obtained and analyzed. Important differences in
the OHs bands were observed with the variation of saline water
concentration and temperature, and five components were deter-
mined by spectra deconvolution permitting a good description of
these bands. Successively, two regions were identified in the range
3000–3600 cm�1, each area measured and all SD indexes calcu-
lated. Specific equations were obtained when SD values were cor-
related with NaCl concentration in the liquid and ice water phase.
An important observation was obtained in the presence of sedi-
ments, that is, in the ice phase, hydrophilic interaction with the
silanol group of sediments produces a limitation of the salt effect.

From a macro-scale point of view, the hydrate dissociation/for-
mation conditions of methane and carbon dioxide, in the presence
of pure water, 0.030 and 0.037 wt% of NaCl solutions, were exper-
imentally investigated. The second section of this work consisted
of experiments about methane and carbon dioxide hydrates
equilibrium.

We conducted experiments in solutions with and without sand
in a lab-scaled reactor, filled with pure quartz porous sand. In order
to observe and assess the inhibitor/promoter differences, the equi-
librium curves of methane and carbon dioxide between literatures
and experiments were compared for each salinity concentration in
the temperature range of 0 – 8 �C. Results were then compared
with data present in literature and related to the same typology
of experiments carried out without sand. The present comparison
proved that the presence of a porous medium generally promotes
the hydrates formation process, as expected. Moreover, sand grains
were also found to counteract the inhibiting effect of salt mole-
cules, thus favoring hydrates formation at milder conditions than
those described in the literature in the presence of similar concen-
trations of sodium chloride but without sand.

Results revealed that sand acted as the promoter for the pro-
cess, independently by the presence of sodium chloride. It was also
proved by comparing results described in this work with previous
scientific research, where hydrates were formed in pure fresh
water and without using a porous medium. In this latter case, pres-
sure and temperature conditions were found to be extremely sim-
ilar to equilibrium data present elsewhere in literature. Conversely,
in this work, the presence of such porous medium favored hydrate
formation at milder thermodynamic conditions than those usually
required for the process completion. Such effect was mainly due to
the higher values of surface/volume ratio and gas–liquid interface,
reached in presence of sand; moreover, it also favored the heat
transfer along the whole reactor.

Tests performed with salt (two different concentrations were
tested: 0.03 w and 0.037 w) revealed that sand acted as a promoter
at temperatures above 3 – 5 �C, while it inhibited the process for
lower temperatures. The comparison between equilibrium dia-
grams produced with and without sand, clearly defines an inter-
section point in the temperature range.
12
Both types of experiments (microscopic measurements on ice
and macroscopic measurements on gas hydrates) confirmed the
influence exercised by sand on inhibiting effect of the sodium chlo-
ride during hydrates formation. Experiments on phase equilibrium
boundaries suggested a relation between such variation and the
heat transfer rate of the sediment; however, there are currently
not enough information to assert it and further experiments are
needed.
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