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The storage of carbon dioxide (CO) in the form of clathrate hydrates in marine environments represents a
promising strategy for mitigating climate change. Clathrate hydrates are crystalline structures formed when CO2
molecules are trapped within water cages under conditions of low temperature and high pressure, commonly
found in marine environments. This study investigates the storage performance, dissociation kinetics and
microstructural characteristics of CO, hydrates formed in natural sand from the Adriatic Sea using a 1 L isochoric
reactor. Hydrate formation in sand was compared to pure water systems to isolate the role of the natural sand.
Results show that sand significantly enhances storage performance, increasing gas uptake (from 7.7% to 18.2%
up to 9.7-36.7%) and water conversion rate (from 1.3% to 2.8% up to 4.0-8.5%), particularly at lower pressures.
Temperature remains the dominant operating parameter, while heterogeneous nucleation and improved heat
dissipation given by the sand promote hydrate formation. Raman and SEM analyses reveal that natural sand
decreases molecular disorder and lead to denser hydrate morphologies, supporting enhanced conversion effi-
ciency. These findings demonstrate that the studied natural sand acts as kinetic and interfacial promoter of

hydrate-based CO, storage, providing quantitative insights relevant for offshore CCS strategies.

1. Introduction

Carbon capture and storage (CCS) technologies can play a crucial
role in achieving the target of carbon dioxide (CO3) emission reduction.
According to the Clean Technology Scenario (CTS) developed by the
International Energy Agency IEA, CCS development is expected to reach
115 CO; gigatonnes (Gt) involved by 2060, with 93% permanently
stored [1]. To achieve this level of deployment will require a significant
scale-up starting from current levels. CO, storage is a strategic compo-
nent of the CCS actions and can be achieved through different pathways,
which include also oceanic storage [2]. The most studied techniques are
saline aquifers, depleted oil and gas reservoirs, unmineable coal seams,
basalt formations. The majority of the global storage capacity (55000
Gt) is found onshore, primarily within deep saline formations and
depleted oil and gas fields. There is also an offshore storage potential,
estimated between 2000 and 13000 Gt [3]. In addition to the above
mentioned options, there is also a novel pathway for CO; storage, which
is based on gas hydrates. To obtain hydrate-based storage, it is necessary
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to comprehend the properties governing CO5 hydrate formation and
dissociation.

Gas hydrates are nonstoichiometric crystalline compounds, which
form under high pressures and low temperature when gas molecules
encounter water. In such conditions, water naturally form hydrogen-
bonded cages that encapsulate gas molecules via van der Waals forces,
allowing for CO2 entrapment within the crystalline structure [4]. This
ability has gained significant attention, in the last years, for CO, capture
and storage applications, since it is considered more efficient from en-
ergy and environmental points of view compared to traditional ap-
proaches [5,6], considering that 1 m? of hydrate can store 160-180 m?
of CO; in standard conditions [4].

The widespread presence and long-term stability of natural gas hy-
drates, which have shown to be secure methane reservoirs for millennia,
within sediments such as seafloors and permafrost zones, indicate sig-
nificant potential for their use also in direct CO, storage. This applica-
tion is particularly relevant in marine environments, where pressure and
temperature conditions are naturally suitable for hydrate formation.

Received 4 February 2026; Received in revised form 7 April 2026; Accepted 22 April 2026

Available online 24 April 2026

2213-3437/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-1588-6452
https://orcid.org/0000-0002-1588-6452
https://orcid.org/0009-0008-6801-4528
https://orcid.org/0009-0008-6801-4528
https://orcid.org/0000-0001-8099-6028
https://orcid.org/0000-0001-8099-6028
mailto:beatrice.castellani@unipg.it
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2026.122822
https://doi.org/10.1016/j.jece.2026.122822
http://creativecommons.org/licenses/by/4.0/

B. Castellani et al.

Journal of Environmental Chemical Engineering 14 (2026) 122822

Gas outl%’r valve

X)——

Prgssure gauge

Temperature sensors

Data Acquisiton
System

IS

s

Data Acquisition System

T02!
T07

co,
T11

Cylin T16
der

Reactor |

inlet v )Y
> > [C=ssv
AEm™
£ %
N Outlet

Gas inlet valve
v\
o

Recirculating Chiller

Fig. 1. Schematic diagram of the experimental setup.

In addition, the risk of potential leakage is reduced since, even in
case of COy hydrate dissociation, COy can be entrapped again in the
ascent pathway, forming hydrate caps and effectively preventing further
escape [7].

As remarked also by IEA, technical factors related to geology are
crucial for the development of CO, storage technologies. This is
particularly important for CO2 hydrates: it was shown in fact that the
efficiency of CO4 storage processes is highly sensitive to the complex
interactions between water, sediment and the gas involved, affecting
hydrate formation and storage capability [8].

The current understanding of the phenomena involved in gas hydrate
formation and the physical properties of hydrate-bearing sediments in
the natural environment is still limited, as described in the review paper
of [9].

The main role of porous media in hydrate formation is giving het-
erogeneous nucleation sites [10]. Variations in the pore diameter and in
the particle size significantly impact hydrate nucleation and growth
mechanisms within porous media. Heeschen et al., [11] suggested that
there is a significant particle size effect on the kinetics of gas hydrate
formation, with fine grains making gas hydrate formation faster if
compared to medium or coarse sands. This can be due to the enlarged
mineral surface but also on the effect of specific minerals, like
iron-oxy-hydroxide, which promote gas hydrate formation. Another ef-
fect of porous media is about heat transfer process, since they enhance
nucleation by facilitating efficient heat dissipation during hydrate for-
mation [12]. While research has demonstrated that natural sediments
influence hydrate kinetics [13], there still remain large knowledge gaps
regarding their behaviour in marine environments, considering that in
nature there is a wide variability in sediment composition and
morphology, as well as the presence of naturally occurring promoters
such as dissolved ions and organic compounds [14].

In this context, isolating the intrinsic physical effect of the sediment
itself represents a necessary step to disentangle the role of porous media
from additional chemical contributions.

This study addresses these gaps by comparing CO: hydrate formation
in pure water and with natural sand from the Adriatic Sea. This sediment
is representative of permeable sandy layers commonly found in conti-
nental shelf and upper slope environments. While it does not encompass
the full variability of marine sediments, it represents a relevant and well-
defined subclass of geological formations. Hydrate formation in natural
sand was investigated under different pressures and temperatures using
a 1 L isochoric reactor designed to reproduce in-situ environments and
assess the influence of natural sediments. A comparative analysis was
performed to evaluate hydrate formation with and without sand, using

Fig. 2. (a) Gas cylinder (b) Reactor setup inside a thermostatic bath (c)
Recirculating chiller.

performance indicators such as formation density and water-to-hydrate
conversion. Complementary, SEM and Raman analyses were conducted
on water, sand and CO; hydrate samples to correlate microscopic fea-
tures with macroscopic behaviour. This integrated approach provides
new insights into how natural sediments govern CO, hydrate formation
and dissociation, advancing the understanding of their potential in
marine CO; storage applications.

2. Materials and Methods
2.1. Equipment and materials

The experimental setup is formed by a high-pressure reactor, con-
nected to a COy gas cylinder and controlled by a chiller (Fig. 1). The
reactor, made of 316 stainless steel (316SS), was designed for pressures
up to 150 bar and has an internal volume of 949 cm?® , with an inner
diameter of 0.073 m and an internal length of 0.023 m. The width of its
walls is 0.0076 m and it is closed by two enclosing plates (width
0.047 m). The reactor is equipped with several ports for gas flow and
instrumentation: a gas inlet valve is located at the bottom flange, while
an outlet/purge valve is mounted on the top flange. Temperature is
measured using four Class 1 precision K-type thermocouples, which are
called T02, TO7, T11, and T16, since they are placed respectively at
2 cm, 7 cm, 11 cm and 16 cm from the upper flange. Pressure is
measured using a digital manometer (Model MAN-SD). All data from
sensors are recorded by a data acquisition system. To maintain stable
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Table 1

Hydrate formation parameters (PW = pure water; PW+S= pure water + sediment).
No. Type Pi Ti Pf Tf Pi Ti Pf Tf Nco, Ncoshya  G.U. Pform (Kg/ Pform (Kg/ W.C.R.

form form form form diss diss diss diss (%) mii0) mE,nq) (%)

1 PW 34.56 3.16 17.97 2.19 0.24 2.19 5.98 9.21 1.63 0.13 7.73 11.71 - 2.87
2 PW 33.47 5.81 22.11 5.71 0.51 5.71 3.25 13.57 1.15 0.06 4.99 5.34 - 1.31
3 PW 25.13 1.79 21.57 2.24 0.7 2.24 5.5 10.11 0.67 0.10 15.57 9.71 - 2.38
4 PW 25.13 1.59 21.57 2.14 0.89 2.24 6.4 10.21 0.67 0.12 18.21 11.36 - 2.79
5 PW+S 35.3 3.89 32.51 1.99 0.3 0.89 6.22 14.31 0.62 0.06 9.70 23.41 5.58 5.51
6 PW+S 33.01 6.46 22.15 5.24 0.3 0.04 6.04 12.22 0.38 0.04 11.46 17.14 4.09 4.03
7 PW+S 25.95 1.57 13.7 0.21 0.1 3.63 9.89 11.37 0.25 0.09 36.68 36.14 8.62 8.50
8 PW-+S 22.0 1.84 16.69 0.1 0.4 1.66 8.75 11.57 0.20 0.06 31.87 25.38 6.05 5.97

thermal conditions, the entire reactor is located inside a thermostatic
bath containing a water-glycol mixture. Temperature inside the bath is
regulated using a circulating chiller (Model GCLT, Eurochiller), which
can reach temperatures as low as —30 °C. Figs. 1 and 2 illustrate the
schematic diagram of the setup and pictures of the gas bottles, reactor
and chiller.

CO4, is supplied by Nippon Gases and has a purity grade of 99.95%.
Pure distilled water was used for hydrate formation, while natural sand
was taken from the Adriatic Sea. For the experimental tests, the reactor
was filled with natural sand for 50% of its volume (474 c¢cm®) and then
mixed with distilled water so that the sand is fully saturated with water.

So, the experimental apparatus realizes the CO injection from the
bottom flange into the fully water-saturated porous medium. Under
these conditions, the injected gas distributes in the sediment and pro-
gressively invades the connected pore network.

2.2. Experimental procedure

This study investigated CO, hydrate formation and dissociation in
two different systems: binary system, with just gas and pure water and a
three-phase system, with gas, water and natural sand. The experiments
were carried out considering different values of initial temperature and
pressure, as summarized in Table 1.

The main objective was to compare the two different systems to
highlight the effect of the natural sand on CO, hydrate formation under
varying thermodynamic conditions. The procedure began with cooling
the reactor to a targeted initial temperature. Once the target tempera-
ture was reached, CO5 was introduced into the reactor until the desired
initial pressure was achieved.

Hydrate formation then started and proceeded in isochoric condi-
tions. The starting point of the hydrate formation was identified by a
sudden pressure drop and a slight temperature increase due to the
exothermic nature of the reaction.

Once hydrate formation was complete, the reactor was gradually
depressurized and the cooling system was turned off, allowing the
temperature to rise beyond the equilibrium point. This led to the
dissociation of CO, hydrates, during which the total volume of gas
released was measured to determine the amount of gas previously
trapped in the hydrate structure. During the dissociation phase, addi-
tional analyses were performed on selected tests, chosen based on the
presence or absence of sediment and on different pressure conditions. In
particular, two indicators were evaluated to enable a consistent com-
parison of dissociation behaviour: the average dissociation rate during
the first 60 min and the fraction of CO3 released over time. The average
dissociation rate represents the amount of CO; released per unit time in
the initial stage of dissociation, providing an estimate of how fast the
process occurs. The fraction of CO, released was defined as the per-
centage of the total dissociated CO3 that is released within a given time
interval, with particular focus on the first 60 min. This parameter allows
assessing the extent of dissociation relative to the total amount of hy-
drate formed. The analysis of the dissociation stage under unconfined
conditions was performed to assess the intrinsic stability of the formed
hydrates in response to thermal perturbation. Therefore, this approach is

not intended to reproduce long-term geological stability. CO, hydrates
in water were also formed to take samples for microscopic investigations
described in Section 2.3.

The initial and final values of temperature and pressure during both
hydrate formation and dissociation were used to calculate key thermo-
dynamic and kinetic parameters, as described below.

2.2.1. Total Moles of COz Gas Injected into the Reactor
The total number of CO, moles injected is given by the ideal gas law
with compressibility correction as in Eq. 1:
P, iform ® 1 freegas

Nco.= 5 5w — @
co Ziform *Re Ti.fom

2.2.2. Total Moles of CO2 Gas Encapsulated in Hydrate Form
The amount of CO; captured in the hydrate form is calculated as in
Eq. 2:

14 Py 4i P, 4
nCOZhyd free gas ( f diss _ idiss > (2)

R Zf diss ® Traiss  Zidiss ® Tidiss

2.2.3. Gas Uptake

The percentage ratio of the amount of CO captured in the hydrates
to the total number of moles of CO injected into the reactor is given in
Eq. 3:

G.U. = 1o 4 100 3)

CO:

2.2.4. Formation Density

The CO2 amount stored in the hydrates per unit volume of water is
given by Eq. 4:
Pform = nCOzh)"; ® PMco, @

H20

For sand-containing systems, an alternative definition of formation
density can be introduced by normalizing the amount of CO3 stored in
hydrates to the volume of sand, replacing Vyoo with Vgang. This defini-
tion provides a metric more representative of storage in porous media
and allows a more direct comparison with geological storage capacities.

The comparison between systems with and without sand is consis-
tently performed using formation density normalized to the water vol-
ume, in order to ensure a consistent evaluation of the sediment effect
under comparable conditions.

2.2.5. Water conversion rate
The percentage ratio of water converted to hydrates and the total
amount of water in the reactor is calculated as in Eq. 5:

Nco,hyd ® Nhya

WCR =—""—_———
Vi20 ® Proo/PMizo

©100 5)

Where
Pifym and Pjgm — The initial and final Pressures of formation,
respectively.
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Fig. 3. Effect of sediment on CO, hydrate formation at different pressures. Comparison of gas uptake, formation density, and water conversion rate between pure
water (PW) and sediment-containing (PW+S) systems at formation pressures of 35, 33, and 25 bar.

Tiform and T gom — The initial and final Temperatures of formation,
respectively.

Py gis and Py g — The initial and final Pressures of Dissociation,
respectively.

T giss and Ty gis — The initial and final Temperatures of Dissociation,
respectively.

Z; giss and Zg gis — The compressibility factor was calculated using the
Peng-Robinson equation of state at the initial and final temperature and
Pressure values of Dissociation, respectively.

Viree gas — Volume of free gas inside the reactor.

Voo — Volume of water inside the reactor.

Visand — Volume of sand inside the reactor.

Puoo - Density of water.

R- Universal gas constant.

PMco, - Molecular weight of COa.

PMyy50 — Molecular weight of water.

Npyq — Hydration number (5.75).

The key parameters for each test are reported in Table 1.

2.3. Microscopic characterization: FE-SEM and BET measurements

The natural sand, sampled on Adriatic Sea has been morphologically
characterized by Field Emission Scanning Electron Microscopy (FE-SEM,
Sigma 300, Zeiss) operating at 20 kV, equipped with Energy Dispersive
X-ray spectroscopy (EDX, Quantax, EDS, Bruker).

The sample was deposited on aluminium stabs using self-adhesive
carbon, dried in vacuum oven (Vismara, 65) at 80 °C. To prevent
charging during the analysis, the sand sample was sputter with chro-
mium (5 nm) by Quorum Q150T-ES (Quorum Technologies, Lewes, UK).

The porosity and the total volume of the pore of the natural sand was
measured by BET measurements through volumetric N, adsorption at —
195.8 °C using an ASAP 2020 (Micrometrics) instrument. The BJH
method (Halsey thickness equation) was used to evaluate the porosity of
the natural sand material.

The collected CO; hydrates, produced in the equipment described in
Section 2.2, were analysed using a scanning electron microscope (Field
Emission SEM, Sigma 300, Zeiss) coupled with a temperature-controlled
equipment (Coolstage by Seben) that permits to acquire images up to
-30 °C. The CO5 hydrates, once formed, were immediately placed in a
sample holder immersed in liquid nitrogen. The holder containing the
frozen hydrates was then transferred to the pre-cooled SEM stage using
cryogenic handling procedures to avoid any temperature rise during
transfer. Imaging was performed under very low temperature (—30 °C)
and low-pressure conditions.

2.4. Raman analysis on pure water samples with and without sand and
COg gas hydrates

Raman analysis on pure water with and without sand has been
operated using a Horiba iHR-320 Raman spectrometer coupled with an
Olympus microscope using a green laser (532 nm line, 30 mW). For the
measurements a 50 x microscopic objective (NA = 0.50) was used, in
order to focus the laser beam (5 ym in diameter) onto the sample and to
collect the Raman photons produced by the sample in backscattering
configuration.

The Raman spectrometer works also with a Linkam THMS600
commercial microscope stage which allowed to operate at different
temperatures (ranging from — 195 °C to 600 °C). The total acquisition
time for each spectrum was 150 s using 600 g/mm grating. Different
temperatures have been evaluated: 1, 2, 3 and 6°C, and below zero from
—10 to — 60°C. At each temperature the Raman spectrum was acquired
from multiple points (n = 4) on the sample surface, and each spectrum
was pre-processed (baseline correction, normalization) using the same
protocol.

In addition, the CO, gas hydrates prepared, as explained in Section
2.2, using pure water with and without sand, have been also charac-
terized by Raman analysis, at — 60°C, to confirm the uptake of COy
analysing the presence of the CO»-diad Fermi peaks. Also in this case, the
Raman spectrum of CO5 hydrates was acquired in multiple points on the
sample surface (n = 4).

3. Results and discussion

In this section, the results of the CO5 hydrate formation process and
the microscopic investigation are presented.

3.1. Hydrate formation and dissociation tests

Table 1 summarizes the experimental parameters and results related
to the formation and dissociation tests. The experimental campaign is
formed by 8 experimental tests: Tests 1-4 are carried out in binary
system (just water and gas), while Tests 5-8 are carried out in presence
of natural sand with water and gas. The analysed pressure range is
25-35 bar, with three approximate pressure levels investigated (25 bar,
33 bar and 35 bar), both in binary and three-phase systems.

The use of natural quartz-rich sand, full water saturation and oper-
ating pressures in the range of 22-35 bar are conditions representative
of shallow marine sandy sediments, such as those typically found in
continental shelf and upper slope environments. The results based on a
comparative approach, aimed at isolating the effect of sandy sediments
under controlled conditions, rather than reproducing the full complexity
of natural geological systems.

In addition, the selected pressure range corresponds to marine
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conditions, where pressure-temperature couples are close to the hydrate
equilibrium boundary. This region is particularly relevant from an
application perspective, as it represents a critical zone where hydrate
stability is more sensitive to environmental perturbations.

Comparing binary systems (Tests 1-4, PW) to the three-phase sys-
tems (Tests 5-8, PW+S), one of the critical observations in this study is
the general increase of the performance parameters, which means an
improvement of hydrate formation in porous media. As presented in
Table 1, gas uptake values in sediment systems (Tests 5-8) range from
9.70% to 36.68%, significantly higher than the range 4.99-18.21%
observed in pure water (Tests 1-4). Also formation density and water
conversion rate are notably higher in three-phase systems. The highest
formation density recorded is 36.14 kg/m3 with sediment (Test 7),
compared to 11.71 kg/m3 in pure water (Test 4), while water conversion
rates reaches 8.50% (Test 7) in sediments and 2.87% in pure water (Test
1). These results suggest that the presence of natural sand enhances
hydrate formation and storage capacity, if compared to the binary
system.

Fig. 3 shows the results to better highlight the effect of the sediment
on CO5 hydrate formation at different pressures. The presence of the
natural sand (PW+S in Fig. 3) always enhances gas uptake, formation
density and water conversion across all pressure levels tested.

At an initial pressure of 35 bar, gas uptake passes from 7.73% in
binary system to 9.70% obtained with sand, while formation density
nearly doubled (from 11.71 to 23.41 kgcoa/m®). At 33 bar, the
improvement is even more pronounced, with gas uptake increasing from
4.99% to 17.14%, together with a substantial increase also in formation
density and water conversion rate. The most significant improvement
occurs with 25 bar, where tests in presence of sand achieve a gas uptake
of 36.14% and a water conversion rate of 8.50%, compared to only
11.36% and 2.79% in pure water respectively. These results clearly
demonstrate that sediment acts as a strong promoter of hydrate forma-
tion. The enhancement effect becomes more prominent at lower pres-
sures, compensating for the reduced thermodynamic driving force and
therefore indicating its conversion-driven promoting role.

In fact, as underlined by [15], gas hydrates start to form at the
gas-water interface: higher is this interface extension, higher will be the
hydrate content at the same stability conditions. Moreover, high water
saturation of the sample promotes the hydrate formation. These con-
siderations suggested that in our samples before the hydrate formation:
i) the pores are connected and fully water saturated; ii) the pore shape
favors the high interface gas-water; iii) the free gas is uniformly
distributed in the pore sediments.

So, the sediment improves the effectiveness of gas-water interaction
and reduces transport limitations, allowing a larger fraction of water to
be converted into hydrate under the same operating conditions. This
behaviour can be interpreted as an enhancement of the conversion ef-
ficiency, reflecting a more efficient utilization of the sediment volume.

While the system represents a simplified analogue of natural marine
sediments, it captures the key pore-scale mechanisms governing hydrate
formation, including distributed gas-water interfaces, heterogeneous
nucleation and confined growth within the porous medium.

The formation densities of COy hydrates obtained in the experi-
mental campaign can be interpreted using two different reference vol-
umes. When normalized to the water volume, the maximum value
reaches 36.14 kg/m>, reflecting the efficiency of hydrate formation.
However, for comparison with geological storage systems, formation
density should be referred to the sediment volume. In this case, the
maximum value obtained is 8.62 kg/m> The density of CO, storage
within a reservoir, measured in kilograms of CO, per cubic meter of
reservoir volume, varies significantly based on the storage mechanism.
When CO; is dissolved in water, storage densities range from about
4-13 kg/m® . Mineralized CO», which forms solid carbonates over time
(typically within 10-100 years), can achieve densities between 30 and
200 kg/m? . The highest densities, ranging from 50 to 240 kg/m?, are
seen with supercritical or liquid CO; injected in depleted oil reservoirs,
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which allows the most compact storage but also carries a higher risk of
leakage compared to other phases [16]. In comparison, CO5 hydrates
formed in situ within porous marine sediments represent a diffuse
storage mode, with moderate storage densities but potentially high
geomechanical stability [17], and faster formation timescales than
mineralization under favorable thermodynamic conditions, as hydrate
crystallization occurs within minutes to hours once pressure and tem-
perature enter the stability zone, whereas mineral carbonation reactions
typically require weeks to years to achieve comparable CO5 fixation
[18].

Another consideration, which can be done, is on the effect of tem-
perature both with and without sediment. To isolate the influence of
temperature on CO3 hydrate formation, comparisons were made among
experiments conducted at similar pressure levels. At the 25 bar (Tests 3
and 4), the test performed at the lower temperature (Tiform = 1.59°C)
achieved a higher gas uptake (18.21%) and formation density
(11.36 kg/m®) than the test at a slightly higher temperature (Tiform =
1.79°C, G.U. = 15.57%, pform = 9.71 kg/m?). A similar trend is observed
in presence of the natural sand. Even though at slightly lower pressure
(Tests 7 and 8), the initial temperature decrease from 1.84°C to 1.57°C
leads to a substantial increase in gas uptake (from 31.87% to 36.68%)
and water conversion (from 5.97% to 8.50%). This confirms that, even
in the presence of sediment, the formation process is strongly temper-
ature-dependent.

A replicability analysis of the tests reported in Table 1 was performed
on Test 2 (PW, 33 bar), Test 3 (PW, 25 bar), Test 6 (PW+S, 33 bar) and
Test 7 (PW-+S, 25 bar). For each test, the coefficient of variation (CV)
was calculated for gas uptake, formation density and water conversion.
For PW at 25 bar, CV values are approximately 11-12%, while at 33 bar
they range between 4% and 8%. For sediment-containing systems
(PW+S), CV values are approximately 3-8% at low pressure and
11-15% at higher pressure. Overall, CV values are generally below 15%,
indicating acceptable reproducibility of the experimental data. Impor-
tantly, the identified enhancement of gas uptake, formation density and
water conversion in the presence of sand is consistently confirmed across
comparable conditions.

Gas hydrate formation is an exothermic process, releasing heat
during nucleation and growth [4]. This heat release is evident in tem-
perature measurements during hydrate formation, with significant
spikes observed in pure water systems, as illustrated in Fig. 4. The figure
compares the formation curves in pure water (Test 2 in Table 1) and
sediment-containing systems (Test 6 in Table 1), highlighting a notice-
able temperature increase in the pure water system due to the absence of
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Fig. 5. Temporal evolution of the dissociated moles comparing PW and PW+S
systems at two different values of pressure.

heat dissipation mechanisms. In contrast, in presence of sediment, the
temperature increase is negligible due to the thermal absorption and
distribution of nucleation sites within the sediment matrix [13]. By
preventing the development of local thermal hotspots, the sediment
effectively reduces the likelihood of partial hydrate dissociation caused
by localized overheating. This, together with the presence of heteroge-
neous nucleation sites, which reduce the energy barrier for nucleation
[19], explains the global promotion of the sediment.

So, sediments modify the local environment, providing heteroge-
neous nucleation points and heat dissipation. The increased occurrence
of nucleation points promotes a more spatially distributed hydrate for-
mation. At the same time, improved heat dissipation mitigates local
temperature increases associated with the exothermic formation pro-
cess, maintaining favourable conditions for hydrate growth. Collec-
tively, these effects enable enhanced hydrate formation (higher
formation density and water conversion rates) even under reduced
thermodynamic driving forces, as evidenced by the experimental results.
This is consistent with other literature results, as reported in (Wang L.
et al., 2022)[5].

While CO; hydrate formation is enhanced by the presence of the
sediment, its effect on dissociation consists in a global delay of the
process, especially in the initial stage. Fig. 5 shows the cumulative moles
of CO; released during dissociation for PW and PW+S systems under
two different values of pressure: 35 bar (Tests 1 and 5) and 25 bar (Tests
4 and 7). A rapid initial increase is observed in all cases during the first
hours, then the dissociation process slows down. A significant difference
between PW systems and PW+S systems emerges in the early stage of
dissociation. In the first hour, PW systems release a significantly larger
fraction of CO,, reaching 75% in Test 1 and 70.9% in Test 4 of the total
CO4 amount in the hydrate phase, whereas PW+S systems release 23.2%
in Test 5 and 12.4% in Test 7 over the same time interval. This difference
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indicates that the presence of sand delays the hydrate dissociation.

After 24 h, the CO, dissociation is almost complete in PW systems
(98.1% in Test 1and 99.7% in Test 4), while in PW+S systems, the
percentage amount of dissociated COy moles reaches 64.3% in Test 5
and 49.1 in Test 7, indicating that dissociation remains slower in the
presence of sand. This interpretation is further supported by the evalu-
ation of the average dissociation rate in the first 60 min (dn/dt)o_eomin-
For PW systems, values of 1.6-10~> mol/min and 1.4-10~> mol/min are
observed respectively in Test 1 and Test 4, whereas in PW+S systems,
the rate is one order of magnitude lower (2.3-10~* mol/min in Test 5
and 1.9-10~* mol/min in Test 7). This behaviour is consistent with
previous literature findings, such as thos reported in [20]. In their study,
quartz sand with particle size lower than 600 pm, comparable to the
sand used in the present work, showed the lowest rate of CO; release
compared to other coarser systems. The observed slower dissociation in
the presence of sand can be attributed to the combined influence of
capillary effects and heat transfer limitations connected to the grain size,
as discussed in [20]. Free dissociation, although different from natural
conditions, provides a useful framework to identify the intrinsic effects
of the porous medium.

However, under pressurized geological conditions, the sediment
matrix would be expected to slow hydrate decomposition due to limited
heat and mass transport. In such environments, the released gas cannot
readily escape, and the retained pore pressure acts as a thermodynamic
buffer that keeps the system near the hydrate stability boundary,
thereby enhancing the long-term stability of CO: storage.

3.2. Sand characterization

Scanning Electron Microscopy was employed to study the surface
morphology of marine sand used in the hydrate formation and dissoci-
ation tests in Table 1.

Fig. 6a shows the surface structure exhibiting a dense and clear
microstructure, while the zoom of one particular of this sand (Fig. 6b)
describes that the surface is not regular but shows a grade of porosity.

In addition, EDX analysis in different regions of the sample, as re-
ported in Fig. 7, demonstrate large presence of Si that could be attrib-
uted primarily to the pure silica (quartz) composition of this sand, while
the presence of Ca could be attributed to the presence of CaCOs salt; in
addition, minor elements have been detected, as Mn, Fe, K and Cr, the
latter due to the metallization of the samples.

The nitrogen adsorption-desorption isotherm showed a shape typical
of the IV isotherms with a distinct hysteresis loop at a relative pressure
p/p between 0.4 and 1, indicating a material dominated by mesopores
and slit-like intergranular voids [21]. The Brunauer-Emmett-Teller
(BET) surface area and the total volumes of the pores for the natural
sand sample, are 1.5099 m? /g and 0.003803 cm®/g, respectively. The
average pore diameter is about 16 nm (BJH adsorption). A minor
contribution from micropores (< 2 nm) was detected, with a micropore
volume of 1.46 x 10 cm® /g and a micropore area of 0.34 m?/g, indi-
cating that the material is primarily mesoporous with limited

Fig. 6. SEM images of natural sand at different magnification a) 290 x and b) 5 Kx .
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Fig. 7. EDX analysis of natural sand sample.

microporosity.

This porous structure promotes heterogeneous nucleation and
gas-liquid interfacial contact, enhancing CO, hydrate formation ki-
netics. The mesopores facilitate molecular diffusion and localized gas
enrichment, while the limited microporosity and surface asperities
observed in SEM images in Fig. 6 likely provide nucleation sites. This
structural arrangement explains the higher gas uptake, formation den-
sity, and water conversion rate measured in sediment-containing

systems (Tests 5-8, Table 1), compared to the pure water system.

The natural sand used in this study is representative of sandy marine
sediments typically found in continental shelf and upper slope envi-
ronments, where permeable sand-dominated layers are present. How-
ever, marine sediments can exhibit significant variability, including
clayey-silt deposits characterized by finer grain size, higher clay min-
eral content and reduced permeability, such as those described for the
Shenhu area, China [30]. In this investigation, hydrate formation is
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Fig. 8. Raman spectra of a) liquid water (3°C) and ice water (- 60°C).

Table 2
Raman shifts of pure water at 3°C and — 60°C.

Liquid water (°3 C) Ice water (- 60°C)
DAA-OH 3303.24 3025.01
DDAA-OH 3198.41 3120.05
DA-OH 3386.88 3217.12
DDA-OH 3517.51 3325.59
Free-OH 3610.3 3568.1

governed by a dynamic coupling between hydrate growth and sediment
migration: hydrates initially form at the gas-liquid interface, followed
by particle migration and aggregation at the interface, which can
temporarily hinder gas-water contact and lead to a plateau in hydrate
formation. Subsequent formation of capillary channels enables renewed
gas-water interaction and further hydrate growth through a feedback
mechanism. In contrast, the natural sand investigated in this study forms
a static, permeable porous framework, where hydrate formation is
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controlled by distributed gas-water interfaces within the pore network.
This difference reflects two distinct hydrate formation regimes, arising
from the general physical characteristics of the sediment.

3.3. Raman analysis on pure water samples with and without sand and
CO3 gas hydrates

Gas hydrates are composed by water molecules that arrange them-
selves to form polyhedron cage with specific structure interacting by
hydrogen bonds. Raman spectroscopy, in this context, is an important
technique to characterize gas hydrates and also to investigate the
interaction of water molecules by hydrogen bonds, studying the char-
acteristic stretching vibrations of water molecules in the range between
2700 and 3800 cm L. The analysis of these bands permits to evaluate
and study the parameters that affect the hydrogen bonds, modifying the
inter-molecular coupling of symmetric and asymmetric -OHs stretching
vibrations, giving important information about structure, dynamic
properties of water and its phase. Water molecules can interact together
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Fig. 9. Raman spectra of water molecules vibrations (a,b) without and (c,d) with sand sediments at different temperatures: above zero (left) and below zero (right).
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by hydrogen bonds as proton donor (D), proton acceptor (A) and their
combination; for these considerations, the Raman -OHs stretching vi-
brations of water can be divided in five different contributions: DDAA-
OH, DDA-OH, DAA-OH, DA-OH and free OH, respectively [22-24], as
reported in Fig. 8.

The liquid water shows two main bands at 3188.41 and
3386.88 cm ™}, the Raman spectrum of ice water shows an intense peak
at 3120.05 cm !, showing that the region below 3200 cm™?, relative to
the symmetric stretching vibrations, increase, while the region above
3200 cm™!, responsible for the asymmetrical stretching vibration,
strongly reduced in intensity (Fig. 8). This behaviour can be explained
because in the ice form, due to the water expansion and stability, the
vibrational modes are reduced; on the contrary in the liquid phase, the
asymmetrical contributions are more intense due to the flexible struc-
ture of water. The Raman shifts and the main bands of liquid water and
ice are summarized in Table 2.

The Raman spectra of pure water and pure water with sand were
explored at positive temperatures in the range 1-6 °C to obtain infor-
mation related to water band at the starting points related to gas hydrate
formation. In this case, the observation of -OHs bands permits to define
the organization of the water molecules investigating the asymmetric
and symmetric stretching of the different types of bands and the relative
influence of sand. The Raman spectra of liquid water with and without

natural sand are reported in Fig. 9(a,c).

The Raman spectra of the liquid water with and without natural sand
shows the same spectral features as function of temperature; in that case,
a small increase of the asymmetric stretching bands (below 3300 cm™!)
occurred when the temperature decreased and approached near to 0°C.

In addition, since ice water presents similarity with gas hydrates
[31], Raman measurements of ice water and ice water with natural sand,
from -10 to — 60°C, were performed to obtain information about the
influence of sand sediments and temperature on the hydrates structure
and their formation.

The Raman spectra of ice with and without natural sand are reported
in Fig. 9(b,d); from the spectra is possible to observe that, at higher
temperature, the region of the symmetric stretching vibrations (below
3300 cm 1) decreased and shifted at higher frequencies, indicating that,
the increased temperature produced a decrease of the symmetric -OHs
bands. A slight shift to higher frequency was observed for the asym-
metric bands. The spectral variations are similar with and without nat-
ural sand.

To obtain information from all the samples analysed by Raman
spectroscopy, the ratio between the areas of the symmetric and asym-
metric stretching of -OHs, in the range between 2800 and 3800 cm ™,
were calculated [25]. The areas of the two regions were obtained by the
determination of the isosbestic point at 3325 cm™}, that divided the
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Fig. 11. Raman spectra of CO, hydrates, recorded at — 60°C, in (a) pure water and (b) pure water with natural sand, showing the CO, Fermi- peaks (insert of figures)

and -OHs bands of water molecules.

-OHs stretching band in two regions, the A region, associated to the
symmetric -OHs bands of water, and B region for the asymmetric bands
of -OHs water molecules. The two areas, for each Raman spectra, for
pure water and pure water with natural sand, at different temperatures,
were then determined and the ratio between the two regions (B/A), that
represents the Sp index, was calculated [25-27]. The Raman spectra
were acquired in multiples point on the sample surface; the Sp index
with standard deviations at different temperatures for liquid water and
ice with and without natural sand are reported in Fig. 10(a,b).

In the case of liquid water, the Sp index, as reported in the plot of
Fig. 10a, for pure water is higher than those with sand showing an in-
crease with temperatures values; high linear correlation for pure water
with natural sand was obtained. This result shows that the sand orga-
nized the structure of water, with an increase of symmetric vibrations
contribution at lower temperatures. This trend correlates with the hy-
drates formation; in fact, at the temperature values where the structure
is more organized (lower Sp index), reflecting lower disorder, the hy-
drates formation is higher as demonstrated by the higher water con-
version rates at lower initial temperatures (Ti) of formation (Table 1).

Plotting the Sp index of ice water (Fig. 10b), it is possible to observe a
direct correlation with the increase of temperature for both the ice water
with and without natural sand.

Analysing this trend, it can be observed that the symmetric stretching
contribution of the -OHs bands is higher in presence of natural sand
(lower Sp), as compared to that without sand (higher Sp); the presence of
sand, probably due to the interaction of the silanol groups (Si-OH), by
hydrogen bond, with water molecules, provided a more ordered struc-
ture. This result, also in this case, is in accordance with the higher water
conversion efficiency and density formation in presence of sand,
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reported in Table 1.

In addition, the parallel line of the Sp index vs Temperature of
Fig. 10b, confirms that the stability of ice water was affected in the same
way with and without natural sand.

Finally, the CO, hydrates in pure water with and without natural
sand have been analysed by Raman spectroscopy (Fig. 11 a,b); in both
cases, it is possible to detect the characteristic Fermi-diad peaks of CO5
in the hydrate structure: the stretching vibration C-O (v1) and the
overtone of the folding modes O-C-O (212), at 1270 and 1376 em ™},
respectively [24]. Analysing the Raman Spectra of the CO; hydrates, a
confirm about the similarity between gas-hydrates and ice water was
given by the Sp index calculated from the spectra at — 60 °C of CO;
hydrates; in fact, the results are comparable with the Sp index values of
pure water (ice) in the same experimental condition (Fig. 10b). This
confirms that, by studying the ice structure and the -OHs vibrations
bands behaviour, it is possible to obtain useful information to predict the
hydrates structures and the interaction between water molecules during
the gas-hydrates formation.

3.4. CO2z-gas hydrates characterization by low temperature FE-SEM
analysis

Fig. 12 shows low temperature- SEM images of CO5 hydrates of pure
water, formed with the equipment used for tests in Table 1, with and
without sand showing different morphologies at different
magnifications.

Specifically, at lower magnification, the surface morphologies of CO4
hydrates (Fig. 12a) show cavity with dimensions of about tens micro-
metres typical of gas hydrates [28] while higher magnifications of the
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Fig. 12. SEM images of CO, gas hydrates in pure water (a,b) without and (c,d) with natural sand at different magnifications.

same sample (Fig. 12b) highlight the particular shapes of the cavities.
When the CO, hydrates are formed in presence of natural sand, as re-
ported in Fig. 12(c,d), a change in the morphology can be detected; in
this case the structure is more dense and the morphology is more
compact presenting similarity to that of natural gas hydrates where the
sediments are present [8,29].

4. Conclusion

This study aims to identify knowledge gaps in CO; hydrate-based
storage in marine environments. By analysing thermodynamic and ki-
netic parameters, this research provides insights into the effect of nat-
ural sand on the hydrate formation and dissociation. The novelty of this
work lies in its integrated approach, combining macroscopic experi-
mental results with microscopic analyses to establish a direct link be-
tween large-scale formation behaviour and microstructural
characteristics.

Results of the hydrate formation and dissociation studies indicate a
significant variation in hydrate formation dynamics in natural sediments
when compared to pure water system, specifically:

e Gas uptake and formation density was considerably greater in nat-

ural sand as compared to the pure water system.

The most influential operating parameter is temperature, in partic-

ular when temperature decrease gas uptake and formation density

increase.

e CO, hydrate storage in natural sand represents a diffuse storage
mechanism characterized by moderate storage densities when
referred to the bulk porous medium. Compared to other geological
storage approaches, this pathway benefits from solid-phase trapping
and rapid formation timescales under favorable thermodynamic
conditions, supporting its potential as a complementary storage op-
tion. The presence of sand was found to slow down hydrate disso-
ciation under free-dissociation conditions.

RAMAN and SEM analyses explained the above mentioned trend as
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follows:

e COy hydrates in natural sand present a denser and more compact
morphology, similar to that of natural gas hydrates in sediment-rich
environments.

e Sand organized the structure of water, with an increase of symmetric
vibrations contribution at lower temperatures. This trend confirms
that hydrate formation is higher at lower initial temperatures, when
the structure is more organized.

o With ice water, the Sp index has the same behaviour (increasing with
temperature and decreasing in presence of sediment); this result
confirms the higher water conversion efficiency and density forma-
tion in presence of sand sediment.

e CO3 hydrates share structural similarities with ice, particularly in the
behavior of -OH vibrational bands. This insight helps predict hydrate
structure and understand water-sediment interactions during
formation.

Even though these findings can support the development of opti-
mized hydrate-based CO; storage strategies in marine environments,
further research is needed to better understand sediment-water in-
teractions and the influence of factors like salinity on storage capacity
and stability, so that a more complete comparison with other storage
technologies can be carried out.
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