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Small-chain hydrocarbons commonly included in natural gas mixtures, as ethane, may significantly intervene during
the capture/release of methane and carbon dioxide in marine gas hydrate reservoirs. To establish the feasibility of CO,/
CH, replacement in natural hydrate reservoirs, the role of those species needs to be carefully explored. This study
preliminary deepened the production of pure ethane hydrates within porous quartz sediments, within a lab-scale
equipment suitable for then carrying out replacement experiments. The production of C,H, hydrates was described in
terms of induction time, pressure—temperature range of production, and moles of hydrates formed. The results obtained
during dissociation were exploited to define the hydrate-liquid—gas boundary conditions of the system and compare
them with the effective equilibrium conditions, in order to detect how the sediment intervened during the process. The
self-preservation effect was quantified. Finally, the measured phase boundary values were collected and included in this
study both numerically and graphically.
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1. INTRODUCTION

Natural gas hydrates consist of solid and crystalline structures composed by hydrogen-bonded water molecules,
forming polyhedral cavities filled with molecules of natural gas (Sloan and Koh, 2008). Several gaseous spe-
cies can play the role of “guest;” among them: methane, ethane, propane, isobutane, carbon dioxide, hydrogen
sulfide, nitrogen, and hydrogen (Ndlovu et al., 2023; Yan et al., 2024). Each species is involved in the process
differently from each other, mainly depending on size, geometry, hydrophobicity, and partial pressure (Giovan-
netti et al., 2022a).

Natural gas hydrate reservoirs are diffused worldwide; approximately 97% of the known reservoirs are sited
in deep oceans and continental margins, while the remaining 3% were discovered in permafrost regions (Gambelli,
2022). The most abundant offshore deposits belong to the South China Sea, Japan Sea, Seas of Korea, Bearing Strait,
Indian Ocean, and Gulf of Mexico (Li et al., 2022), while the main reservoirs in permafrost regions were discovered
in Siberia, Alaska, and Qinghai-Tibet Plateau (Li et al., 2022). The quantity of methane trapped into hydrates ranges
within 10"°-10"" m®, enough to produce twice the energy still achievable from all the known and available conven-
tional energy sources (Moridis and Sloan, 2007).
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The offshore hydrates reservoirs are mainly 800-3000 m deep while, in permafrost regions, their depth falls
within 130 m and 2000 m (Sun et al., 2014; Vedachalam et al., 2015). Subsurface natural gas hydrate reservoirs have
been distinguished in Moridis (2007):

i.  Class 1: reservoirs with overlying water saturated layer;

ii. Class 2: reservoirs with overlying gas saturated layer;

iii. Class 3: reservoirs having two impermeable share layers.

Based on the growth environment and on the consequent development of the crystalline lattice, hydrate depos-
its can also be classified in pore filling, naturally fractured, and massive/nodule (Kurihara et al., 2011). Pore-filling
hydrates form within rock pore spaces and are the most widespread typology of reservoirs. The hosting rocks often
consist of sandstone and carbonate. A fractured type refers to the formations occurring in natural fractures of rocks. Fi-
nally, massive nodule indicates the accumulation of hydrates in the form of lumps in correspondence with the seafloor
surface or in loose sand. Therefore, the typology of sediment strongly affects the hydrate reservoir and, in particular,
it intervenes on its saturation and permeability (Nariman et al., 2019).

The production of hydrates is favored in deposits having smaller particle size (Ching et al., 2016). However, the
growth of hydrates still reduces the local permeability and confines the process in the most superficial layers, where
the crystalline lattice causes the cementation of sand grains (Wang et al., 2016). For that reason, the melting of natural
gas hydrates affects the morphology of sediments and is often responsible for their deformation and shear strength re-
duction (Wang et al., 2018). Moreover, the release of gas from solid structures increases the local pressure and causes
rock fractures, thus lowering the soil resistance (Sultan et al., 2004).

With the double aim of avoiding soil deformation and improving the recovery of natural gas, the extraction
process can be carried out with the contemporary injection of carbon dioxide: the molecules of this latter species are
capable to take the place of methane molecules, enhancing their escaping from the solid cavities and preventing the
melting of the whole crystalline lattice (Zhang et al., 2024). The so-called replacement process was proposed to make
methane hydrates a carbon-neutral energy source, since the CH,/CO, exchange ratio in sl hydrates is theoretically
equal to 1 (Bhattacharjee et al., 2016). The exchange between these two species is spontaneous, since the enthalpy
of formation is lower for CO, hydrates than for CH, hydrates (—57.98 kJ/mol vs. -54.59 kJ/mol) (Wang et al., 2021).

However, the low process kinetics and the upper exchange limit significantly lower than one, make the applica-
tion of such a procedure limited to few field applications (Giovannetti et al., 2022b). The low kinetics depends on the
permeability of the hydrate lattice, the local thermodynamic conditions, the induction period needed for the produc-
tion of now clathrate structures, and others (Gambelli et al., 2024). Conversely, the ideal efficiency lower than one is
a function of the difference in the diameters of methane and carbon dioxide molecules. The unit cell of sI structure is
composed by one small 5'? cavity and three large 5'267 cavities. Methane molecules preferentially fit the smaller type
but, in the absence of other species, fill also the large ones. Conversely, carbon dioxide molecules can easily enter
exclusively within the larger cages, while their capture in the 5'? cavities requires geometrical distortion and is conse-
quently improbable. For that reason, the maximum process efficiency is approximately equal to 75% (it considers that
replacement exclusively occurs in all the 5'26 cavities).

In addition, it should be considered that natural gas mixtures also contain other species than methane. Consider-
ing the forming conditions of each of them and their mean concentration, the ones to mainly take in consideration
are propane and ethane. In order to make the replacement process attractive, the mechanism of such a process in the
presence of these species (in addition to methane) needs to be further investigated.

Previous studies explored the effect of propane during replacement and, in detail, investigated the interaction of its
molecules with those of methane and carbon dioxide, in order to comprehend if propane effectively enhances the replace-
ment/capture of these gases or not (Gambelli et al., 2023; Sundramoorthy et al., 2016). Before testing the effect of propane
on the exchange process, its role in the production of hydrates with the two species was tested separately. Propane was
found to strongly interact with methane, thus favoring its capture; while it competed with carbon dioxide and hindered its
inclusion in the hydrate lattice. The reason was attributed to the different molecular diameters of the various guest species.
Due to its relatively small size, methane can easily fit for all the cavities of both sI and slI structures, preferring the small 5'2
cavity, which is as large as 3.95 A in sl and as 3.91 A in sII. Carbon dioxide can fit only the large cavities, or the 5'26 cavity
in sl and the 5'%6* cavity in slI, preferring the first typology, whose size is closer to its molecular diameter (4.33 A vs. 4.73
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A). Conversely, propane can fit only the large cavity of sII. Therefore, it can easily form mixed sII hydrates with methane,
while its molecules compete with those of carbon dioxide for the occupation of the large cavities (Gambelli et al., 2023).

The use of propane during replacement was found to promote the CO,/CH, exchange process. In Sundramoorthy
et al. (2016), the process was carried out with a binary CO,/C,H, (90/10) vol.% mixture. The results proved that, in
this context, propane favored the release of methane and the capture of carbon dioxide, allowing them to reach an ex-
change efficiency higher than the maximum ideal limit existing for pure carbon dioxide. At the same time, the capture
of propane into hydrates was marginal.

Differently from propane, pure ethane leads to the production of sI hydrates (Lang and Servio, 2015). However, ex-
perimental studies proved that mixtures containing methane and ethane lead to the production of sII hydrates, even if both
the species (in purity) form sI hydrates (Hendriks et al., 1996; Subramanian et al., 2000). Consequently, even a small addi-
tion of ethane to the replacing mixture could enhance the phase transition of hydrates, with relevant effects on the exchange
process. In the past decades, the replacement process in the presence of ethane was rarely studied; based on the current
information available in literature, during replacement, the direct participation of ethane in the production of hydrates is
higher than that of propane (Sun et al., 2018). Figure 1 shows the phase boundary equilibrium conditions of pure ethane
and pure propane hydrates, in the thermodynamic range commonly selected to carry out the CO,/CH, replacement process.

At temperatures approximately below 5.5°C, propane molecules form hydrates at lower pressures than those
required from ethane molecules. At higher temperature, the reversed configuration is established. For that reason,
propane can be considered as support species only for temperatures lower than the limit previously mentioned, while
ethane can be considered for the same scope into a wider thermodynamic range.

In order to deepen the role of ethane during replacement, this study preliminary investigated the production of
pure ethane hydrates within a lab-scale reactor filled with a silica porous sediment, typically used to reproduce ma-
rine hydrate reservoirs, with the aim of defining the phase boundary conditions for ethane hydrates within the same
environments which will be then used to carry out the replacement process. Hydrates were formed and dissociated
several times. The selected pressure—temperature conditions were the same as given in Fig. 1. The initial pressure was
continuously changed, in order to obtain the boundary conditions in the whole thermodynamic range. The results were
finally compared with those obtained from literature and already shown in Fig. 1.

2. MATERIALS AND METHODS

2.1 Experimental Apparatus

Ethane hydrates were produced within a lab-scale reactor, entirely made with 316SS. The reactor has 1000 cm? in-
ternal volume and a cylindrical shape. It is positioned within a cooling room, used for the regulation of temperature
during experiments. The main details of the experimental apparatus and its scheme are provided in Fig. 2.
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FIG. 1: Phase equilibrium conditions for ethane (Sloan and Koh, 2008; Sundramoorthy et al., 2016) and propane (Moojer-van den
Heuvel et al., 2002; Li et al., 2023) hydrates
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FIG. 2: In numerical order: I) scheme of the experimental apparatus; 1) upper flange equipped with sensors; I1I) channels con-
necting the reactor and cylinders; IV) gas ejection channel positioned in the upper flange, and V) picture of the assembled setup

The upper flange allows the internal inspection of the reactor and, when required, the extraction of hydrate sam-
ples. The tightness between the two plates is ensured with spiro-metallic gaskets. Since the reactor was thought to be
filled with porous sand, the gas injection channels were positioned on the bottom side, thus favoring the permeation of
gas species through the porous sediment. In this study, only ethane was used; the presence of more than one injection
channels was defined for replacement tests, when the reactor needs to communicate with more cylinders at the same
time. The perimetral wall contains an integrated coil, designed for circulating refrigerant fluids, when fast supercool-
ing is required. The gas ejection channel (number IV in Fig. 2) has a pressure reducer, which can be used to move
small portions of gas into a secondary tiny volume and at low pressure. This secondary volume ends with a porous
septum and easily allows the withdrawal of gas samples. In addition to the gas ejection channel, the upper flange hosts
a safety valve (model E10 LS/150) and the various sensors. The internal temperature was constantly monitored with
three Type K thermocouples (Class accuracy 1, by TC Direct), while pressure was measured with a digital manometer,
model MAN-SD (Accuracy + 0.5% of full scale, by Kobold). The sensors were connected to a data acquisition system
(by National Instrument) and the data were elaborated in LabView. Further details of the equipment can be easily
found in Gambelli and Rossi (2023).

2.2 Materials

The reactor was filled with 744 ¢cm® of porous sand and 236 cm?® of demineralized water. The quantities were defined
according to the internal free space and considering a theoretical hydration number equal to 6 (Gambelli et al., 2021a),
which can be assumed also for pure ethane, since it forms sI hydrates (Hendriks et al., 1996; Subramanian et al., 2000).
Those quantities allow the work with a certain excess of water, making the definition of the phase boundary conditions
feasible.

Sand consists of pure quartz spherical grains, with diameter ranging from 0.09 mm to 0.15 mm. The mean poros-
ity, measured with a porosimeter (model Thermo Scientific Pascal 140) is equal to 34%. The superficial morphology
of sand grains was previously observed via high-resolution scanning microscopy and is provided in Fig. 3 (Gambelli,
2023).

Ultra high purity (UHP, by Nippon Gases) ethane was used as guest species.

2.3 Methodology

The reactor was firstly filled with the porous sediment previously described and with pure demineralized water. Then
the upper flange was definitively closed. The injection of ethane was carried out at temperatures enough elevated to
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FIG. 3: High-resolution scanning microscope image of the porous sediment [based on Gambelli (2023)]. Scale: 25 um in the larger
picture and 200 nm in the smaller one.

completely prevent the production of hydrates during it. Once the target pressure was reached, the injection channels
were closed and the cooling room switched on. The temperature was gradually lowered, until approaching 0°C. Being
the aim of the study defining both the forming trend and the phase equilibrium conditions if pure ethane hydrate within
silica porous sediment and by using a small cylindrical shape reactor, the temperature was constantly kept above the
freezing point of water, in order to avoid the production of ice.

The formation process continued until the internal pressure stabilized in correspondence with the lowest tem-
perature fixed for each test. Then, the dissociation of hydrates took place. For the scope, the cooling room was set to
ensure a slow and gradual increase of temperature, which continued until achieving the complete melting of the hy-
drate phase. Moreover, the temperature was increased enough to remove the retainment of memory within the system,
thus making the various tests independent of each other (Wilson and Haymet, 2012; Ripmeester and Alavi, 2016; Li
etal., 2021).

A total of twelve experiments were carried out: four initial pressures were selected and, for each of these values,
three tests were made. The moles of gas injected in the reactor and hydrates produced during the formation process
were calculated according to the following equation:

Veore(PZ; — PrZ;)
Z/| R _Pf]

PHYD

(1)

mol

The terms appearing in the equation have the following meaning:

* Viore Volume available for the production of hydrates;

»  Z: compressibility factor, defined with the Peng—Robinson equation;

* P, ideal molar density of hydrates, fixed at 0.91 g/cm® according to the literature (Takeya et al., 2006;

Aregba, 2017).

Pressure and temperature were indicated with P and 7, respectively, while the subscripts 7 (initial) and f (final) are
used to delineate the range of values selected for the calculation of moles.
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3. RESULTS AND DISCUSSION

In this section, the formation and dissociation processes of pure ethane hydrates are discussed in detail. As declared
in the previous section, twelve experiments were made, divided into four groups as a function of the initial pressure
selected for the process.

Table 1 resumes the various experiments and, for each of them, shows the initial pressure (P) and the quantity
(moles) of gas injected within the reactor (mol, ). Note that P, was measured at 25°C for each test.

The initial pressures were selected with the aim of observing the formation and dissociation processes of ethane
hydrates in the thermodynamic range commonly considered for the CO,/CH, replacement process, which remains
above 0°C and continues until the phased equilibrium curve of pure carbon dioxide hydrates remains lower (lower
pressures at the same temperature and/or higher temperatures at the same pressure) than the one of methane hydrates.
The quantity of gas injected was directly a function of the selected pressure.

The following subsection separately describes the formation/dissociation tests carried out at the different P, values
shown in Table 1 and also indicates the quantity of hydrates formed as a function of P..

3.1 Formation/Dissociation of C,H, Hydrates for Different P, Values

The pressure—temperature diagrams shown in Figs. 4-7 illustrate the formation and dissociation of ethane hydrates
for each P, value selected for the study.

The representation of three tests for each P, value, instead of only one, was made with the aim of proving the
repeatability of results and also confirming the higher deterministic of the dissociation process over the formation.
Therefore, the distinction between the various curves, belonging to the same diagram, is not needed.

The formation of hydrates can be divided into different steps. The system initially started at P—7 conditions
widely outside from the region of formation and stability for ethane hydrates (the one sited on the left of the phase
equilibrium line). The decrease of temperature, caused from the outside, inevitably leads to a consequent reduction
of pressure. However, such a reduction was exclusively due to the proportionality between these two thermodynamic
variables. The present configuration inevitably continued until the internal conditions reached the configuration of
equilibrium (the experimental curve reached the phase equilibrium line in Figs. 3—6) and the production of hydrates
became possible. However, the process did not begin immediately and the variation of temperature and pressure re-
mained exclusively functions of their proportionality. The reason can be attributed to the so-defined induction period.

TABLE 1: List of tests discussed in this study; for each of them, the initial pressure (calculated at 25°C) and the
quantity of gas injected are shown

Test P, [bar] (25°C) mol,, [mol]
A 42.54+0.2 0.43+£0.02
B
C
D 26.5+0.1 0.25+0.01
E
F
G 21.5+0.1 0.20+0.01
H
I
J 15+0.1 0.14 £ 0.01
K
L
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FIG. 4: Formation (at left) and dissociation (at right) of C,H, hydrates, carried out at P, = 42.5 bar. The drops of pressure, clearly
related to the production of hydrates and to their melting along the phase equilibrium conditions, are indicated with AP. The ab-
breviations I.P. and S.P., respectively, refer to induction period and self-preservation and, in the text, are described by showing the
corresponding temperature range (AT). The phase equilibrium line for pure C,H, hydrate appears in black.
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FIG. 5: Formation (at left) and dissociation (at right) of C,H, hydrates, carried out at P, = 26.5 bar. The drops of pressure, clearly
related to the production of hydrates and to their melting along the phase equilibrium conditions, are indicated with AP. The ab-
breviations I.P. and S.P., respectively, refer to induction period and self-preservation and, in the text, are described by showing the
corresponding temperature range (AT). The phase equilibrium line for pure C,H, hydrate appears in black.
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FIG. 6: Formation (at left) and dissociation (at right) of C,H, hydrates, carried out at P, = 21.5 bar. The drops of pressure, clearly

related to the production of hydrates and to their melting along the phase equilibrium conditions, are indicated with AP. The ab-

breviations I.P. and S.P., respectively, refer to induction period and self-preservation and, in the text, are described by showing the

corresponding temperature range (AT). The phase equilibrium line for pure C,H, hydrate appears in black.
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related to the production of hydrates and to their melting along the phase equilibrium conditions, are indicated with AP. The ab-
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corresponding temperature range (AT). The phase equilibrium line for pure C,H, hydrate appears in black.

The induction period is considered as the time elapsed to form a quantifiable amount of hydrates (Zare et al., 2022).
Different solutions were thought to measure it: the appearance of visible formations, the consumption of a measurable
quantity of gas, the measure of the heat released during the process, and others (Gambelli and Rossi, 2022; Chen et
al., 2020).

The induction period can be associated to the initial nucleation phase, during which the production of hydrates
is thermodynamically unfavored and the Gibbs free energy of the process is higher than zero. During nucleation, the
presence of suitable conditions allows the production of primordial hydrates nuclei. The main growth mechanism of
those nuclei is the collision and consequent conglomeration with similar entities; the only other possibility is their dis-
solution. The nucleation phase continues until some agglomeration reached the so-called “critical size,” corresponding
to the maximum of Gibbs free energy; then the spontaneous growth of structures (without the need of collisions with
surrounding entities) becomes possible and thermodynamically favored and the massive growth of the hydrate lattice
takes place (Radhakrishnan and Trout, 2022). The induction period may vary as a function of several parameters,
among them: the guest species involved in the process, the intimate contact between water and gas molecules, the
typology and frequency of sites suitable for nucleation (in this regard, the porous sediment plays a crucial role), and
others. Figures 3—6 clearly prove the existence of a certain induction period: once the system entered in the region of
formation and stability of hydrates, the process did not start immediately and the pressure decreased with the same
trend shown out from the stability region. Then, in correspondence with the lowest temperatures, the pressure showed
a marked drop, proving the abundant production of hydrates. The experimental P—T values measured when the system
reached the phase equilibrium line and when the massive production of hydrates took place, were then located on the
time-evolution of the corresponding experiment (the diagrams describing the evolution of pressure and temperature
over time for each test are visible as supplementary material) and the corresponding time lapse was used to define the
induction period for each test. The results are shown in Table 2, together with the main thermodynamic parameters
describing the formation process.

The values shown in Table 2 were calculated as mean of the values related to the corresponding group of experi-
ments. In Tests A-C, carried out at P, equal to 42.5 bar, the production of hydrate was verified; however, it was less
intense than in the other groups and did not cause meaningful changes in the P-T trend. Therefore, it was not pos-
sible to accurately identify the induction period and the beginning of the formation process. The dissociation diagram
related to Tests A—C confirmed the formation of hydrates: in all the tests, the P—7 curves signed a marked change in
their trend in correspondence with the phase equilibrium line of C,H, hydrates.

The moles of hydrates produced were calculated for each group of tests according to Eq. (1): a mean of 0.03 moles
was obtained in Tests A—C, 0.08 moles in Tests D—F and Tests G-I, and 0.09 in Tests J-L. The production in Tests A—C
was drastically lower than what observed in the other groups of tests and justifies the different trend observed in Fig. 4.
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TABLE 2: Main parameters describing the induction period associated with the nucleation phase and the following
massive production of hydrates. The time values were measured according to the diagrams included as supplementary
materials

Formation Tests A—C Tests D-F Tests G-1 Tests J-L
LP. AT [°C] n/a 7.81 7.92 6.89
At [h] n/a 4.81 5.69 4.21
Formation T, [°C] n/a 3.47 2.42 2.61
T, [°C] 0.76 1.52 1.56 1.28
AP [bar] n/a 7.25 7.77 8.38

With the lowering of P, the temperature range measured during hydrates formation shifted to lower values and
AP increased, denoting more abundant production of hydrates, as confirmed from the measure of moles. The induction
period was higher than the formation time: the first ranged from 4.21 h to 5.69 h, while the second from 1.28 hto 1.56
h. Both the two values did not vary significantly among the various groups of tests, meaning that the corresponding
values are mainly due to the guest species.

The diagrams on the right of Figs. 4-7 describe the dissociation of ethane hydrates. The melting of hydrates did
not start immediately, it began only after the system approached the phase equilibrium conditions, as visible in all
diagrams describing dissociation. The process occurred differently among the various groups of tests; however, in its
first portion, it always showed high similarity degree with the trend derived from literature. Based on the results col-
lected and described in Figs. 4-7, the dissociation process can be divided in two parts: the first, where ethane hydrates
melted along the phase boundary equilibrium of the system and the second region, where the experimental curves
deviated and shifted within the region of instability for the hydrate phase. The first portion was used to define the
boundary equilibrium conditions for ethane hydrates formed within the porous sediment described in Section 2 and
for the experimental equipment selected for the experimentation. Conversely, the second portion differed among the
different groups of tests and was strongly affected by the so-defined anomalous self-preservation effect.

The main parameters describing ethane hydrates dissociation are summarized in Table 3.

As previously asserted, the first portion of hydrate dissociation well approached the phase equilibrium curve, but
is visibly shifted to the region of instability for ethane hydrates. The responsibility of keeping stability also at tem-
peratures higher and pressures lower than those describing the phase equilibrium can be attributed to the porous sedi-
ment, which prevented the dissociation of the hydrate lattice. Such a tendency is in agreement with results achieved
in previous studies (Gambelli et al., 2021b, 2022) and with the current literature (Kou et al., 2024; Zhao et al., 2024).

TABLE 3: Main parameters describing the dissociation process: the first portion describes the phase equilibrium of
the system, and the second portion shows the self-preservation effect. The time values were measured according to the
diagrams included as supplementary materials

Dissociation Tests A—C Tests D-F Tests G-1 Tests J-L

Equation AP [bar] 3.19 4.71 4.33 3.00
T. [°C] 14.03 10.22 7.38 1.86

T, [°C] 14.67 11.93 9.83 5.24

S.P. AP [bar] 1.98 2.54 4.12 4.66
T.[°C] 14.67 11.93 9.83 5.24

T, [°C] 18.86 17.30 15.55 11.67

At [h] 2.71 1.46 3.83 1.45
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The decreasing trend of temperature, from Tests A—C (P, = 42.5 bar) to Tests J-L (P, = 15.0 bar) reflects the posi-
tioning of the various tests along the phase equilibrium curve.

Conversely, the second portion of hydrates dissociation is dominated by the self-preservation effect. The anoma-
lous self-preservation effect consists of the capability of the system to keep stability, for a limited time period, even
if the local thermodynamic conditions are outside from the hydrate stability zone (Davidson et al., 1986; Burla and
Pinnelli, 2023; Chen et al., 2022). The self-preservation effect can be considered as an intrinsic property of the pro-
cess; therefore, the reason why it was not immediately observed can be attributed once again to the porous sediment.
The most superficial layers of the hydrate lattice, dissociated as soon as the local pressures and temperatures allowed
the process. Conversely, the more-in-depth hydrate layers melted in delay, due to the lower heat transfer rate of the
system.

Similarly to the first portion of hydrates dissociation, the temperature range assumed the same decreasing trend;
conversely, it can be observed that, moving through lower pressures and temperatures (the left side in the dissociation
diagrams), the self-preservation effect became gradually more prominent and interested a greater pressure range (AP
from 1.98 bar in Tests A—C to 4.66 bar in Tests J-L).

The time lapse of this portion of hydrates dissociation did not change significantly among the various tests and
varied from 1.45 h to 3.83 h.

Finally, the mean dissociation values, measured during the first step of the process, for the different groups of
experiments, were used to define the phase equilibrium conditions (hydrate + liquid water + gas) of the system. The
values are summarized in Table 4 and then plotted together in Fig. 8, where a further comparison with the phase equi-
librium curve, defined in accordance with the current literature, was provided.

In the diagram, the black and the red curves consist of interpolation curves describing the hydrate—liquid—gas (H—
L-G in the legend of Fig. 8) phase boundary conditions of ethane hydrates. The black one is the same of the previous
diagrams and was produced with values collected from the existing literature, while the second was produced with
values obtained in this study. Also these latter values are shown in the diagram (drawn with black dots).

In this diagram, the promoting role of the porous sediment is still more evident: the experimental curve is clearly
shifted on the right side of the diagram. It means that the porous sediment improved the stability of hydrate lattice
and delayed its melting during the dissociation process. In addition, the diagram proved that such a beneficial effect is
limited: in fact, the experimental curve intersected the ideal one in correspondence with the minimum and maximum
temperatures tested, meaning that, at temperatures lower and higher than the range describing the experimental curve,
the porous sediment does not promote the process anymore.

Therefore, in the temperature range described in Table 4 (from 1.5°C to 14.4°C), the porous sediment described in
Section 2 increased the stability of ethane hydrates. While this result is absolutely of interest, it cannot be generically
extended. The usage of guest species having different molecular sizes, or the production of different crystalline struc-
tures [the usage of ethane in purity leads to the production of sI hydrates (Li et al., 2016; Gambelli et al., 2022; Giovan-
netti et al., 2022b)] could make the promoting role of sand negligible. That explains the importance of testing the phase
boundary conditions of pure ethane hydrate in the present equipment before directly carrying out replacement tests.

Future studies will be focused on the production of hydrates, starting from binary (CH,/C,H, and CO,/C,H,)
mixtures, to verify if the hydrate-forming thermodynamic conditions are milder or more severe than those belonging,
respectively, to pure methane and pure carbon dioxide hydrates. The concentrations of ethane in these mixtures will
be selected according to previous studies carried out with propane as aid species (Gambelli et al., 2024).

4. CONCLUSIONS

The study concerned ethane hydrates production and dissociation into a lab-scale confined environment and within
the pure quartz porous sediment. A total of twelve experiments were carried out, equally divided in four groups, based
on the initial pressure selected for the process which, in descending order, was equal to 42.5, 26.5, 21.5, and 15 bar.
The formation step was characterized in terms of induction period, which ranged from 4.21 h to 5.69 h, and moles of
hydrates formed, from 0.03 to 0.09 moles.

The dissociation process was used to define the hydrate—liquid—gas boundary conditions for the system and then
compared with the phase equilibrium conditions, defined according to the existing literature. The melting of hydrates
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TABLE 4: Hydrate—liquid—gas phase boundary conditions measured in tests A—L

Experimental phase boundary conditions for C,H_ hydrates

T [°C] P [bar] T [°C] P [bar] T [°C] P [bar] T [°C] P [bar]
1.5 55 33 6.96 7.95 12.26 10.2 16.97
1.55 5.58 3.35 6.97 8 12.28 10.25 16.97
1.6 5.59 3.4 6.98 8.05 12.38 10.3 17.05
1.65 5.61 3.45 7.05 8.1 12.52 10.35 17.16
1.7 5.69 35 7.1 8.15 12.61 10.4 17.24
1.75 5.7 3.55 7.13 8.2 12.69 10.45 17.4
1.8 5.72 3.6 7.18 8.25 12.8 10.5 17.57
1.85 5.73 3.65 7.24 8.3 12.88 10.55 17.65
1.9 5.77 3.7 7.29 8.35 12.89 10.6 17.84
1.95 5.79 3.75 7.35 8.4 12.97 10.65 17.93

2 5.8 3.8 7.38 8.45 13.11 10.7 18.06
2.05 5.85 3.85 7.42 8.5 13.22 10.75 18.15
2.1 5.88 3.9 7.46 8.55 13.3 10.8 18.26
2.15 5.89 3.95 7.57 8.6 13.38 10.85 18.34
2.2 5.94 4 7.58 8.65 13.49 10.9 18.56
2.25 5.99 4.05 7.59 8.7 13.62 10.95 18.63
2.3 6.07 4.1 7.66 8.75 13.71 11 18.65
2.35 6.12 4.15 7.72 8.8 13.71 11.05 18.84
2.4 6.18 42 7.8 8.85 13.79 11.1 19.05
2.45 6.27 425 7.83 8.9 13.91 11.15 19.16
2.5 6.28 43 7.84 8.95 13.99 11.2 19.32
2.55 6.31 435 7.89 9 14.13 11.25 19.43
2.6 6.32 4.4 7.9 9.05 14.13 11.3 19.57
2.65 6.34 4.45 7.92 9.1 14.22 11.35 19.65
2.7 6.35 4.5 7.97 9.15 14.41 11.4 19.73
2.75 6.39 4.55 7.99 9.2 14.42 11.45 19.84
2.8 6.46 4.6 8.03 9.25 14.58 1.5 19.92
2.85 6.52 4.65 8.08 9.3 14.58 14.05 33.86
2.9 6.59 4.7 8.11 9.35 14.62 14.1 33.9
2.95 6.61 4.75 8.16 9.4 14.73 14.15 33.94

3 6.68 4.8 8.22 9.45 14.84 14.2 34.07
3.05 6.69 4.85 8.23 9.5 14.92 14.25 34.26
3.1 6.73 4.9 8.27 9.55 15.01 143 35.07
3.15 6.76 4.95 8.29 10.1 16.88 14.35 35.43
3.2 6.87 5 8.31 10.15 16.89 14.4 35.52
3.25 6.9 7.9 12.19 — — — —
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FIG. 8: Hydrate—liquid—gas phase boundary experimental curve produced with values collected in Table 4 and compared with the
phase boundary equilibrium curve produced according to the existing literature

depicted two well-distinguished trends: it initially followed the phase equilibrium curve; then it clearly deviated to the
region of instability for ethane hydrates. The first portion allowed the description of the three phases boundary condi-
tions of the system; conversely, the second portion allowed one to visualize the self-preservation effect, which delayed
the dissociation of hydrates about 1.45-3.83 h.

The collected phase boundary values proved that, in the temperature range where those values were measured
(from 1.5°C to 14.4°C), the porous sediment increased the stability of hydrates, thus shifting the dissociation to higher
temperatures.

Future studies will be dedicated to the production of hydrates by using binary (CH,/C,H, and CO,/C,H,) mixtures
and within the same equipment, in order to experimentally define the role of ethane when capturing methane and
carbon dioxide into water cages, with the final goal of characterizing the possible effect of ethane during the CO,/CH,
replacement process into natural gas hydrate reservoirs.
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