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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Dissociation behavior of sI and sII gas
hydrates was studied at subzero tem-
peratures and pressures > 0.1 MPa.

• While the sI hydrates exhibited delayed
decomposition, the sII hydrates decom-
posed continuously.

• Hydrate reformation prevents the
continuous decomposition of sI
hydrates.

• The gas hydrates composition impacts
their dissociation behavior, as the
released gas molecules affect each other.
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A B S T R A C T

Natural gas hydrates are ice-like solids occurring worldwide on continental margins and in permafrost regions.
Their high methane (CH4) content makes them a potential energy source, but also a climate factor. Pressure and
temperature changes in their environment may induce the decomposition of gas hydrates. Some hydrates,
however, exhibit a so-called self-preservation effect which delays the decomposition process and is not yet
sufficiently understood. In the present work, the decomposition behavior of simple and mixed sI and sII hydrates
was studied via experiments (T = 267–271 K; p > 0.1 MPa) and numerical modeling. This combined approach led
to new insights into which molecule-specific properties result in a self-preservation effect. The results show that
CH4 and especially CO2 intend to participate in hydrate reformation whereas hydrates including heavier hy-
drocarbon molecules do not undergo a decomposition–reformation process, and thus these hydrates continued
dissociating with no barrier. Under certain conditions, a liquid C4-hydrocarbons phase is preferentially formed in
which C4-hydrocarbons are enriched. Generally, the dissociation rate seems to depend on the composition of the
hydrates, and the behavior of CH4 molecules in the dissociation process is influenced by the presence of other
gases in the mixed gas hydrate.
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1. Introduction

Natural gas hydrates are composed of water and gas molecules, with
the water molecules forming defined cavity structures via hydrogen
bonds, which are stabilized by the inclusion of gas molecules. Depending
on the size of the guest molecules, different types of cavities are formed.
Natural gas hydrate reservoirs are supposed to store a high density of
CH4 and other hydrocarbons which led to the formation of three types of
hydrate structures: structure I (sI), structure II (sII), and structure H (sH)
[1,2]. They form at low temperatures and elevated pressures and could
be detected in permafrost regions or marine environments [1,3]. They
are susceptible to the key perturbations associated with environmental
changes, namely decreases of pressure and increases in ocean/perma-
frost temperatures [4,5]. The decomposition of gas hydrates by wide-
spread destabilization of deposits trapped in marine and permafrost-
associated sediments could liberate large volumes of climate-
influencing gas [6–9].

Some kinds of gas hydrates can prevent themselves from further
decomposition below the melting point of water and remain as a
metastable hydrate phase at pressure and temperature conditions
outside the hydrate stability region [5]. This metastability is thought to
be caused by a layer of ice formed at the surface of the hydrate particle
when the gas hydrate decomposes, and this ice layer coats the hydrate
surface to protect it from further decomposition [10–12]. This behavior
has been called “anomalous self-preservation” [13–15] and can have
implications for natural gas storage [16].

A series of macroscopic and microscopic investigations of hydrate
dissociation kinetics upon self-preservation have been performed so far
[5,13,17–20]. Most of them have studied this mechanisms under at-
mospheric pressure (0.1 MPa) and temperatures lower than 273.15 K.
Stern et al. observed two temperature regimes (245–255 K and 265–271
K at 0.1 MPa) showing a pronounced self-preservation effect for simple
CH4 hydrate [13]. At temperatures around 268.15 K, simple CH4 hy-
drate exhibits metastability for several days at atmospheric pressure
[13,17,19]. With the hypothesis that a defective, stacking-faulty ice
layer initially forms around hydrate particles at temperatures below 240
K, which transforms into a dense and closed ice Ih mantle at tempera-
tures above 240 K, Kuhs et al. provided a first explanatory approach for
the self-preservation effect [12]. This approach, however, could not
explain why the self-preservation effect was not observed for other hy-
drates which, for example, contained C3H8 or a mixture of CH4 and
C2H6. Takeya and Ripmeester studied the dissociation behavior of
different gas hydrates, including sI hydrates (CH4, CH3F, CF4, and CO2
hydrates) and sII hydrates (O2, N2, Ar, and Kr hydrates), between 153 K
and 273 K at 0.1 MPa. They found that self-preservation depends on the
interaction strength between guest and ice and that hydrates with higher
dissociation pressures tend to show self-preservation phenomena. In
addition, the guest molecules may be trapped in the newly formed ice
phase and thus support the formation of amorphous ice during the hy-
drate dissociation [20]. In another study Takeya et al. described the two-
regime CH4 hydrate dissociation process: the first step was the formation
of an ice layer around the CH4 hydrate, and in the second step the CH4
had to diffuse through the thickening ice layer so that the second step
determined the hydrate lifetime [18]. Higher hydrocarbons like C2H6
and C3H8 hydrates were considered to show no preservation phenome-
non, and a mixture of them with CH4 reduces the preservation ability of
CH4 hydrate [14,19,21]. Zhong et al. confirmed that self-preservation is
selective; CH4 shows a stronger self-preservation effect than C2H6. The
selective self-preservation effect of CH4 over C2H6 results in the struc-
tural transition and this selectivity increases with decreasing the tem-
perature [19].

From the literature cited above, the anomalous preservation of the
gas hydrate phase is presumably attributed to the formation of the ice
layer on the hydrate crystals that results in a decrease in the further
diffusion of the guest molecules, however, the molecular mechanism of
the self-preservation phenomena that causes this effect, remains unclear.

Due to the temporal and spatial limitations of the monitoring tech-
niques, the molecular simulations could be a potential way to provide
microscopic insights into gas hydrate dissociation. Several molecular
dynamics (MD) simulations were performed to clarify the self-
preservation effect on the gas hydrate dissociation [22–24]. By MD
simulations, Tse and Klug found that the released water molecules
reassemble into a solid-like structure next to the hydrate surface to block
its further dissociation [15]. There is a coupling between the heat
transfer resistance and the mass transfer resistance as the driving
mechanism for the self-preservation effect that is enhanced by
increasing the pressure and especially decreasing the temperature [25].

The dissociation process of gas hydrates has mostly been studied at
atmospheric pressure (0.1 MPa) and below the freezing point of ice. But
little is known about the dissociation behavior at pressures below the
equilibrium pressures at given temperatures but higher than 0.1 MPa,
which might be a more realistic condition for hydrate dissociation in
nature. Therefore, the knowledge of the dissociation behavior under
these specific conditions and the occurrence of metastable gas hydrate
phases due to the self-preservation effect is a critical issue. Experimental
work by Chuvilin et al. showed that the gas hydrates in permafrost are
stable from a depth of about 250m, however, they could also be found in
shallower permafrost layers from a depth of 150–200 m above at tem-
perature and pressure conditions out of their thermodynamic stability,
which is called a zone of metastable hydrates [5,26]. The metastable gas
hydrates are supposed to exist for quite long periods of time in perma-
frost above the hydrate stability zone, nevertheless, it should be recog-
nized that these occurrences are particularly vulnerable to pressure and
temperature changes in their environment [10]. Most of the gas hydrate
deposits associated with permafrost are on the edge of gas hydrate sta-
bility, which could become a problem if global warming causes both the
gas hydrates to decompose and the permafrost to thaw, releasing
harmful greenhouse gases [4,27]. Even though, this self-preservation
effect has also several potential advantages in engineering applica-
tions, such as gas storage and transportation [16].

Our experimental study extends the existing ideas on the mecha-
nisms of gas hydrate self-preservation in permafrost in which gas hy-
drates may contain C1-C4 hydrocarbons as well as carbon dioxide at
pressures higher than 0.1 MPa and temperatures between 267 K and
271 K to simulate conditions in a natural environment. Literature
showed that the self-preservation effect depends on the guest molecules
in addition to the temperature and pressure conditions [14,19–21]. It is
therefore worth studying how the guest molecules affect the self-
preservation effect at these pressure and temperature conditions. For
providing a better estimation, we also used numerical modeling to un-
derstand the molecular interactions.

2. Methods

2.1. Experimental

Time-resolved powder X-ray diffraction (PXRD) measurements were
done using a low-temperature-high-pressure cell integrated into a
Brucker AXS D8 Discover micro-diffractometer. The cell can be operated
in a temperature range of 253–288 K and a pressure of 0.1–4.0 MPa. It is
running with a continuous gas flow of about 1 ml/min ensuring a con-
stant composition of the gas phase during the whole experiment. The
diffractometer has parallel beam optics (Goebel mirror) to optimize the
beam intensity, enabling the analysis of powder samples with a non-
planar surface. A mono-capillary reducing the beam diameter to 300
μm was applied. Due to the narrow beam, several positions within the
sample can be measured in a short sequence, which enables a better
statistical interpretation. The detection of the diffracted X-rays is done
via GADDS (General Area Detection Diffraction System) including a HI-
Star area detector. More detailed information can be found by Luzi et al.
[28].

In preparation of a time-dependent experiment, the precooled
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sample cell was filled with approximately 150 μl powdered ice, carefully
sealed and mounted on the XYZ stage of the diffractometer. The ice used
for the experiments was prepared from ca. 3 ml deionized water, which
was frozen in a liquid nitrogen bath, and then powdered in a 6750
freezer mill (Spex CertiPrep) to a diameter of <10 μm. After the ice was
filled into the pressure cell, it was pressurized with the respective gas or
gas mixture. After the complete conversion of ice into hydrate, which
was proven by powder X-ray diffraction measurements, the pressure was
decreased to 50% below the equilibrium pressure at 271 K for the sI
hydrates and 267 K for the sII hydrates, respectively. The equilibrium
conditions were calculated for the hydrates formed from the respective
gas mixtures using CSMGem, as shown in Fig. 1. A list of the gas systems
used in this study as well as the p-T conditions for dissociation experi-
ments are given in Table 1 as well as in Fig. 1. The dissociation process
was monitored by continuously recording the powder X-ray pattern of
the hydrate samples.

2.2. Molecular dynamics simulation

For doing the molecular dynamics simulations, the GROMACS pro-
gram (version 2021) was used [29]. The dissociation process of the gas
hydrates was studied using two different configurations: (1) 3 × 3 × 6
unit cell replica of sI hydrate with a dimension of 3.64 nm × 3.64 nm ×

7.11 nm, and (2) 2 × 2 × 4 unit cell replica of sII hydrate with a
dimension of 3.54 nm × 3.54 nm × 7.11 nm. The hydrate phase was
placed in the center of a simulation box with a vacuum on each side of
the hydrate in the z-direction to provide free interfaces where hetero-
geneous decomposition began. The periodic boundary conditions were
used in all directions.

The initial coordinates of the atoms of the water molecules in the unit
cells are from the work of Takeuchi et al. [30]. All hydrate cavities of sI
hydrate were occupied by gas molecules. The initial gas compositions
and cavity occupancy for the mixed gas hydrates, as given in Table 2,
were approximated as the equilibrium compositions of the hydrate
phases calculated with CSMGem software [1]. The feed gas was
considered based on the information presented in Table 1. In the case of
sII hydrates, two more hydrate compositions with lower cavity occu-
pation than that of CSMGem calculations were also studied to see the
effect of hydrate cavity occupancy on the dissociation process, which is
discussed later in the result section.

The TIP4P/Ice model was used for modeling the intermolecular

interactions of water molecules [31], while CO2 and hydrocarbon mol-
ecules were modeled by TraPPE [32] and TraPPE united atom [33]
potentials, respectively. All internal structures of the molecules were
kept rigid by using the LINCS algorithm [34]. In addition, the Lorentz-
Berthelot combining rules was used to determine the cross-interaction
parameters between atoms on different molecules [35]. The Particle
Mesh Ewald method [36,37] was also applied to evaluate the electro-
static interactions as the sum of the van der Waals and long-range
Coulomb potentials with a relative error of 10− 6 and an overall cutoff
of 1.4 nm.

The temperature and pressure of the simulation were kept constant
using Nose-Hoover thermostat [38] and the Parrinello-Rahman barostat
[39], respectively, by the NPT ensemble. The equations of motion were
integrated using the Leap-frog algorithm [40] at each time step of 2 fs.
The hydrate dissociation conditions implemented in the simulations
were identical to the experimental conditions for the PXRD measure-
ments, as given in Table 1.

3. Results and discussion

3.1. Powder X-ray diffraction measurements

Gas hydrates were formed from ice and the respective gas mixture
within the pressure cell (see Methods). In order to monitor the hydrate
dissociation process, the pressure was chosen 50% below the calculated
equilibrium pressure of the respective gas hydrates at 271 K for the sI
hydrates and 267 K for the sII hydrates. The hydrate dissociation process
was monitored by recording continuously powder X-ray diffraction
(PXRD) pattern at five different spots on the sample surface. Fig. 2(a)
shows the results obtained from the PXRD measurements during the
dissociation of simple CH4 hydrates and mixed CH4+CO2 hydrates,
which are both sI hydrates. Fig. 2(b) shows the results obtained during
the dissociation of sII mixed hydrates, containing C3H8, n-C4H10 and iso-
C4H10 besides CH4. The results indicated a fast dissociation process
within the first 5–10 min. Thereafter, the dissociation rate for the sI
hydrates decreased significantly and appears to stagnate at a hydrate
content of 35% ± 5% (CH4) and even 60% ± 5% (CH4+CO2). This
behavior suggests the occurrence of the frequently-described self-pres-
ervation effect. Such a behavior was not observed for the mixed sII hy-
drates as represented in Fig. 2(b). The mixed sII hydrates were
completely dissociated within a certain time, however, they showed
different dissociation rates among each other. The results clearly showed
that the sII hydrate including n-C4H10 were already completely disso-
ciated after 20 min. The mixed CH4+C3H8 and CH4+iso-C4H10 showed
no hydrate signals after ca. 80 and 120 min, respectively.

In summary, the simple and mixed sI hydrates showed a self-
preservation effect, but the mixed sII hydrates did not. On closer ex-
amination, all hydrates showed individual decomposition behavior
depending on their composition. In the case of the CH4+CO2 mixed sI
hydrate, the self-preservation effect seemed to be more pronounced than
in the case of the pure CH4 hydrate due to the presence of CO2. In the
case of the mixed sII hydrates, the dissociation rate highly depended on
the properties of the larger hydrocarbon molecule. This might be related
to the ability of the large guest molecules to stabilize the 51264 cavities.
It should be noted that in the case of mixed CH4+n-C4H10 hydrate, the n-
C4H10 molecule is incorporated into the 51264 cavity as its gauche

Fig. 1. p-T-equilibrium curves calculated with CSMGem [1] as well as the
experimental dissociation conditions for the gas hydrate phases formed from
the respective feed gas. Depending on the size and shape of the encased gas
molecule, the occupied cavity will be ideally filled (e.g. isoC4H10) or – if the
molecule is slightly too large – distorted (e.g. n-C4H10), which has a direct
impact on the stability range of the respective hydrate phase.

Table 1
The gas systems and the p-T conditions for dissociation experiments in this work.

Gas system Temperature (K) Pressure (MPa)

100% CH4 271 1.30
10% CO2 + 90% CH4 271 1.00
2% C3H8 + 98% CH4 267 0.36
2% n-C4H10 + 98% CH4 267 0.68
2% isoC4H10 + 98% CH4 267 0.26
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conformer leading to a deformation of the 51264 cavities [41,42]. In
contrast, the more spherical iso-C4H10 molecules ideally fill the 51264

cavities and thus contribute significantly to a general stabilization of the
hydrate structure, which is reflected in a shift of the pressure and tem-
perature equilibrium curve towards lower pressures and higher tem-
peratures, respectively, as seen in Fig. 1. This is also reflected in the
dissociation enthalpy of CH4+n-C4H10, which is lower than that of both
CH4+C3H8 and CH4+iso-C4H10 at approximately the same composition,
with CH4+iso-C4H10 exhibiting the highest value. The dissociation
enthalpy is contingent upon the fit of the guest species into the hydrate
cavity and the extent of its occupation [43]. This would be an expla-
nation for the different decomposition rates in the mixed sII hydrates but
would not explain why the sII hydrates do not exhibit any self-
preservation effect at all. This is even more surprising since the ratio
of the enclosed molecule size to the size of the hydrate cavity (guest-to-
cavity ratio) has a considerable influence on the stability conditions of
the respective hydrate phase. During decomposition, however, this form
of cavity stabilization seems to play only a minor role, since only the less
stable sI hydrates exhibit a clear self-preservation trend. To our
knowledge, these observations could not be clarified so far and will be
investigated in more detail in the following MD simulation part.

3.2. MD simulation of gas hydrate dissociation

The dissociation of CH4 hydrate and binary CH4+CO2, CH4+C3H8,
CH4+iso-C4H10, and CH4+n-C4H10 hydrates were also studied via MD
simulations. From the literature, it is hypothesized that the ice layer on

the hydrate crystals can cause the anomalous preservation of the gas
hydrate; however, the gas hydrates may partly convert to ice and back,
and ice may undergo metamorphism in a recrystallization zone at the
ice-hydrate boundary [12,20]. The nucleation of hydrates is controlled
not only by temperature but also by the pressure of the gas. Previous
observations have indicated the gas hydrate reformation during the
depressurization stage [44]. The main cause of hydrate reformation was
identified to be insufficient heat supply for hydrate dissociation. Also,
the pressure, which may increase locally due to the release of gas mol-
ecules during the dissociation of the gas hydrates, can induce a refor-
mation of the gas hydrates [45]. Nevertheless, the role of gas molecules
and their participation in dissociation-reformation process as a part of
self-preservation has not been sufficiently studied so far. Therefore, the
main goal of this study is not to prove the formation of ice, but to show
how different guests can influence the self-preservation effect of gas
hydrates.

To do this, several criteria were taken into account for quantitatively
characterizing the dissociation process.

Simulation trajectory. For understanding what really happened
during gas hydrate dissociation and why the dissociation of the simple
CH4 and the mixed CH4+CO2 hydrate was stopped, the simulation tra-
jectories were provided as shown in Fig. 3. In addition, some animations
of the simulations were generated as Supporting Information. All mo-
lecular visualizations in this work were provided by using the VMD
software [46]. The hydrogen-bonded water molecules are displayed in
red in Fig. 3. The modeling shows that the water molecules do not
transform into an ordered ice structure during the hydrate dissociation

Table 2
Gas compositions and cavity occupation in the mixed hydrate phases used in this work.

Gas system Gas component Feed gas (%) Fractional cavity occupancy - CSMGem Number of gas molecules in the unit cell - This work

Sa Lb %c Sa Lb % c Sa Lb %c Sa Lb %c

CH4 + CO2 CH4 90 0.7918 0.7374 81.63 2 5 87.5
CO2 10 0.0320 0.2147 18.37 0 1 12.5

CH4 + C3H8 83.3% occupied 70.8% occupied 62.5% occupied
CH4 98 0.7376 0.1012 64.04 12 1 65.0 10 1 64.7 9 0 60.0
C3H8 2 0.0000 0.8850 35.96 0 7 35.0 0 6 35.3 0 6 40.0

CH4 + n-C4H10 91.6% occupied 83.3% occupied 70.8% occupied
CH4 98 0.8407 0.4270 79.55 14 3 77.3 12 3 75.0 12 0 70.6
n-C4H10 2 0.0000 0.5417 20.45 0 5 22.7 0 5 25.0 0 5 29.4

CH4 + isoC4H10 87.5% occupied 70.8% occupied 62.5% occupied
CH4 98 0.7808 0.1052 65.39 13 1 66.7 10 1 64.7 9 0 60.0
isoC4H10 2 0.0000 0.8821 34.61 0 7 33.3 0 6 35.3 0 6 40.0

a S: Small cavity.
b L: Large cavity.
c %: Percentage of the gas molecule.

Fig. 2. Results from time-dependent in situ PXRD experiment monitoring (a) sI and (b) sII hydrates dissociation.
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process, but remain disordered, as in a liquid phase, on the hydrate
surface. We refer to this as a quasi-liquid layer, which is indicated by the
blue rectangles in Fig. 3. CH4 and CO2 are shown by green and cyan-red,
respectively, and other gas molecules are indicated by cyan. The tra-
jectories of single gas molecules (displayed as white spheres in Fig. 3) at
the surface are shown over the simulation to track the molecular
pathway of gas molecules during the dissociation process. In this sce-
nario, all molecules were held stationary at the final frame of the
simulation, except for one specific gas molecule chosen as a represen-
tative of its type. This molecule, situated somewhat on the surface, was
influenced by the initial stages of hydrate dissociation. Therefore, these
trajectories can be assigned to represent the behavior of the majority of
released gas molecules during the simulation.

As seen in the figure, only the surface of the CH4 and CH4+CO2
hydrate were dissociated, but some water molecules from the dissoci-
ated hydrate may be highly rearranged and recrystallized to hydrate
cavities, so that no further dissociation was observed. A large proportion
of the released gas molecules stay at the gas phase or adsorb on the gas/
liquid surface, however, a part of these molecules intends to return to
the quasi-liquid phase or even stay in this phase after hydrate

dissociation for reforming the hydrate cavities. Those white spheres,
which were transferred to the hydrate surface, represent the contribu-
tion of this molecule to the hydrate reformation. Thus, throughout the
process, the hydrate undergoes a decomposition–reformation process
and this results in the temporary slowdown or stopping of gas release.
This process can affect the gas hydrate self-preservation, which depends
on how much of the released gas molecules participate in the reforma-
tion process. For the sI hydrates, both CH4 and CO2 molecules intend to
remain in the quasi-liquid phase (Fig. 3a and b). Especially CO2 mole-
cules show a greater tendency to do so. The right side of Fig. 3b which
refers to CO2 molecules, illustrates a larger contribution of the tracked
gas molecule at the hydrate interface layer, which is likely the case for
the majority of the released CO2 molecules. If a greater number of gas
molecules accumulate in the quasi-liquid phase, the reformation pres-
sure is expected to increase, leading to a higher possibility of hydrate
reformation. This could explain why the mixed CH4+CO2 sI hydrates
showed a more pronounced self-preservation effect in the experiment
than the pure CH4 hydrate.

In the case of the mixed sII hydrates (Fig. 3c-e), the simulation
showed differences compared to sI hydrates. The contribution of gas

Fig. 3. Trajectories of gas molecules during the hydrate dissociation simulations for (a) CH4 hydrate and (b) CH4 + CO2 hydrate, (c) CH4 + C3H8 hydrate, (d) CH4-n-
C4H10, and (e) CH4 + isoC4H10 hydrate. The left-hand side figures of (b)-(e) are trajectories of CH4 molecules and the right-hand ones are for another gas molecule in
the system. The hydrogen-bonded water molecules are shown by the red lines and also on the last simulation frame. CH4 and CO2 are shown by green and cyan-red,
respectively, and other gas molecules are indicated by cyan. White spheres show the trajectories of one single gas molecule over the simulation. The quasi-liquid
region is indicated by the blue rectangles. Here are snapshots of sII hydrates at their highest cavity occupancy, as detailed in Table 2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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molecules remaining in the hydrate phase and the quasi-liquid layer is
not as significant as in sI hydrates. CH4 appears to remain partially in the
decomposing hydrate structure, but when it leaves the hydrate struc-
ture, it also moves away from the surface of the hydrate. The higher
hydrocarbons migrate directly to the surface but remain there slightly
longer, as indicated by a greater number of white spheres at the gas/
quasi-liquid surface. However, for the CH4+C3H8 hydrate, both CH4
and C3H8 seem to remain in/revert to the quasi-liquid layer (Fig. 3c) and
thus can participate somehow in the hydrate reformation. In fact, sig-
nificant diffusion of gas molecules in the quasi-liquid phase temporarily
hinders further dissociation. It was previously found that C3H8 mole-
cules preferentially align parallel to the gas/water interface and show a
stronger interaction with water molecules [47]. This results in the
CH4+C3H8 hydrate being more preserved over the simulation time and
showing an irregular dissociation process. Such behavior could not be
observed in the PXRD measurements; however, it should be noted that
this effect strongly depends on the cavity occupancy and the reformation
process becomes weaker by decreasing cavity occupancy. It is very likely
that the experimentally formed hydrates, especially sII hydrates, are not
perfect in terms of full occupancy of the cavities. They rather exhibit
both partial occupancy of the cavities and defects in their structure
(discussed below) in which both reduce the stability of the cavities and
the hydrate structure compared to an idealized structure in the simu-
lation. In addition, it should be considered that a continuous gas flow
was used in the experiment, so that the gas molecules released from the
hydrate phase were partially removed away from the surface, prevent-
ing strong interaction with the quasi-liquid phase. This aspect becomes
more important in the use of heavier hydrocarbons because the re-
migration of the larger hydrocarbons into the quasi-liquid layer is
lower than that of sI hydrate formers (CH4 and CO2), which can easily
accumulate in this area. In the numerical simulations, however, the
CH4+C3H8 hydrate behaves somehow different from the other two sII
hydrates. It seems that the gas molecules of the CH4+iso-C4H10 and
CH4+n-C4H10 systems (Fig. 3d and e) leave the hydrate phase, move
directly to the gas phase and do not return to the quasi-liquid phase
anymore. It was stated that n-C4H10 cannot fit into a cavity without
distortion since its size ratio of guest diameter/cavity diameter is a little
higher than upper bound of about 1.0 indicating a deformation of the
cavity as a result of its incorporation and thus a less significant cavity
stability [41,42]. Some snapshots of single 51264 cavity occupied by n-
C4H10 during the simulation were shown in Fig. 4, which clearly shows
that the gas rotation causes distortion in the cavity. Moreover, due to the
shape restriction, n-C4H10 can fit into the hydrate cavity only in its
gauche conformation rather than the anti-conformation in agreement
with those previously stated in the literature [48]. The effect of CH4
molecules on the reformation process is also reduced in these systems.
Therefore, these hydrate structures are gradually decomposed with no
self-preservation effect. Fig. 5 illustrates the density profiles of larger
hydrocarbons and water in sII hydrates at 1 ns and 600 ns of the simu-
lation, at approximately the same compositions. Over this period, a

notable migration of larger molecules to the gas phase occurred,
enriching the gas/quasi-liquid surface and resulting in an increase in
surface density. While C3H8 could revert into the quasi-liquid phase,
both iso-C4H10 and n-C4H10 did not return into the quasi-liquid phase.
This observation is consistent with the water density, which exhibits a
smooth curve in the region where the last-mentioned gas molecules no
longer exist.

The selected experimental p-T-conditions avoid the condensation of
one of the gas phases from the feed gas phase, which also flows through
the cell during decomposition. This is shown by the values for the vapor
pressures and dew points in Table S1. It should be noted, however, that
CO2 and the higher hydrocarbons C3-C4 are preferred incorporated into
the hydrate phase during the formation process (see Table 2). This
enrichment in the hydrate phase means that the gas mixture released
during the decomposition of the hydrate also contains significantly
higher proportions of CO2, C3H8, iso-C4H10 or n-C4H10 compared to the
initial feed gas phase. In the case of iso-C4H10 and n-C4H10, the release of
the increased proportions of these molecules may preferentially result in
the formation of a liquid hydrocarbon phase and not in hydrate refor-
mation, as the partial pressure of the components iso-C4H10 or n-C4H10
may become higher than the corresponding vapor pressure of these
components at a given temperature. In contrast, gas mixtures containing
C3H8 or CO2 in addition to CH4 do not form a liquid phase under the
given p-T conditions. These gases are still available for hydrate refor-
mation. Since CO2 shows a significantly (20–44 times) higher solubility
in water compared to hydrocarbons at temperatures≥273.15 K, one can
also assume a higher affinity of CO2 for the quasi-liquid layer, so that it
can easily be incorporated back into hydrate cages. This could explain
why the CH4+CO2 mixed hydrate has a particularly pronounced self-
preservation effect. However, it should also be noted that the p-T-con-
ditions at which the decomposition of the CH4+CO2 mixed hydrate was
studied are outside the stability limits of a pure CO2 hydrate, as can be
seen in Fig. 1. We can therefore rule out the possibility that the observed
delay in the decomposition of the original mixed CH4+CO2 hydrate is
due to the formation of a hydrate that is stable under these p-T-
conditions.

Hydrate cavity number. The hydrate cavity number was also
counted throughout the simulation to assess the involvement of released
gas molecules in the reformation process during the dissociation. Fig. 6
plots the smoothed time variation of the cavity clusters for all hydrate
systems. It should be noted that this calculation was done with the codes
in Python developed by Chen et al. [49,50] and that it includes all
possible cavity types of each structure. In the initial phase of the
dissociation, the number of cavities suddenly decreased due to the
collapse of the incompletely open cavities at the surface. Thereafter, the
decrease continues more slowly or was even stopped with some fluctu-
ations. The fluctuation or increase in the cavity number indicates a
hydrate reformation during the process. The results are in agreement
with those found in the previous subsections. Some hydrates can
maintain a constant number of cavities during the process, even in the

Fig. 4. The distortion of 51264 cavities occupied by n-C4H10 molecules during the simulation.
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presence of significant or minor fluctuations. However, others exhibit an
inability to do so, leading to a very slow progression of dissociation.

As depicted in Fig. 6a and b, following a rapid decline in the number
of cavities up to approximately 20 ns, the calculations exhibited a
relatively stable trend, although with more pronounced fluctuations in
the case of system involving CO2. For the sII hydrates, a different
dissociation behavior was observed in the simulations, depending on the
numbers of cavities occupied. By decreasing the cavity occupancy, the
dissociation process gets faster, meaning that not only the surface but
also the inner parts of the hydrate were involved in the dissociation. The
dissociation of CH4+C3H8 hydrate with 83.3% cavity occupancy showed
no significant dissociation. The dissociated layers partly returned to the
hydrate phase implying that the gas molecules effectively intend to be
re-captured by the incomplete hydrogen-bonded water networks, how-
ever, it was not a stable situation, and the hydrate slabs may later
completely be dissociated. A similar irregular manner was also observed
for the two other systems involving CH4+C3H8 hydrates; the dissocia-
tion progress appeared somewhat accelerated. The last two sII hydrates,
CH4+n-C4H10 and CH4+iso-C4H10, showed different trends to that
observed in CH4+C3H8 hydrate. It seems that the CH4+iso-C4H10, and

CH4+n-C4H10 hydrates have no barrier to dissociation and can be easily
broken up, nevertheless, the progress is slow. At the same cavity occu-
pancy of 70.8% for the three sII hydrates, it is evident that within the
initial 20–30 ns of the simulation, approximately 12%, 29%, and 25% of
the cavities collapsed for CH4+C3H8, CH4+n-C4H10, and CH4+iso-C4H10
hydrates, respectively. This suggests that CH4+n-C4H10 hydrate may
have experienced slightly more and relatively smoother damage
compared to the other two, under the assumption of the same cavity
occupancy.

In general, the variation of the total hydrate cavity clusters over time
in the simple CH4 hydrate and the mixed CH4+CO2 hydrate is pro-
nounced and indicates a dynamic decomposition and reformation of the
cages, these variations are already reduced for the CH4+C3H8 hydrate
and even less pronounced for the other two sII mixed hydrates.

To gain more details about which type of the cavity is reformed over
the dissociation process, Fig. 7 presents a time-dependent overview of
this parameter for different systems. During the dissociation, fluctua-
tions could be observed in the number of 512 cavities for simple CH4
hydrate, as well as mixed CH4+CO2 hydrates and CH4+C3H8 hydrate.
Only CH4 and – in the case of the mixed CH4+CO2 hydrate – also CO2

Fig. 5. The z-density profiles for water and (a) C3H8, (b) isoC4H10 and (c) n-C4H10 molecules of sII hydrate systems with the occupancy of 70.8% at 1 ns and 600 ns of
the simulation times.
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was involved into this process. In the case of CH4+iso-C4H10 and CH4+n-
C4H10 hydrate dissociation the number of 512 cavities continuously de-
creases. With regard to the decrease of the large cages, namely 51262 for
sI hydrates and 51264 for the hydrates of sII the following developments
can be observed: After a short decrease at the beginning, the number of
51262 cavities belonging to the sI hydrates also showed fluctuations,
with CH4 and CO2 being involved in the process, respectively. In the
dissociation process of the CH4+C3H8 hydrate, fluctuations were
observed in the number of 51264 cavities, however, it maintained at a
nearly constant level. For the other two sII hydrates containing n-C4H10
or iso-C4H10, it continuously decreased over time. So, the main cavity
types of 512, 51262, and 51264 cavities could be reformed during the
dissociation process of CH4, CH4+CO2, and CH4+C3H8 hydrate, but this
reformation was not significantly observed for CH4+iso-C4H10 and
CH4+n-C4H10 hydrate dissociation. Moreover, the simulations also show
that a few new cavity types, namely 4151062, 51263 and 4151064, crys-
talized in the quasi-liquid phase after the breakup of the initial hydrate
cavities for all systems. This observation proves the generation of new
hydrate cavities after starting the hydrate dissociation and not only the
preservation of already existing cavities. It should be noted that these
cavities comprise an odd number of water molecules that are transiently
stable, not long-lived, and would eventually transition to a more stable
cavity [51]. For instance, a 4151062 cavity is topologically closely related
to the 51262 cavity, allowing it to easily reconfigure into a proper large
51262 cavity [52].

In addition, the number of empty cavities (without a gas molecule)
was also counted. It is evident that some empty cavities were formed in
the case of sI hydrates, as the sI hydrates did not initially involve empty
cavity in this simulation. On the other hand, sII hydrates had initially

empty cavities, and the number of empty cavities also fluctuated (indi-
cating reforming) during the dissociation of CH4+C3H8 hydrate.

The percentage of gas released. Fig. 8 presents the calculated
amount of released gas and the contribution of gas molecules in the gas
hydrate dissociation. In sI hydrates dissociation (Fig. 8a), the release of
CH4 molecules fluctuated between 15 and 22%. The released amount of
CO2 exhibited slightly greater fluctuations than that of CH4, displaying a
general constant trend. This suggests that CO2 is more actively involved
in the recrystallization of the cavities than CH4. Calculations for sII
hydrates with varying cavity occupancies were conducted, as illustrated
in Figs. 8b-d. During the dissociation of CH4+C3H8 hydrate, the released
gas reached a maximum of 20%, displaying pronounced fluctuations in
both CH4 and C3H8 release. It can be also found that the rate of C3H8
release is obviously lower than that of CH4. These results indicate that
CH4 and C3H8 molecules have the ability to return to the quasi-liquid
phase, facilitating the reformation of hydrates. Towards the end of the
dissociation process, however, at slight increasing trend in the release of
both components can be observed for those CH4+C3H8 hydrates with
70.8% and 83.3% cage occupancy, respectively. This suggests that the
self-preservation effect of the C3H8 system is only short-lived. In
contrast, gas molecules were more readily released in the CH4+iso-
C4H10 and CH4+n-C4H10 hydrates, as evidenced by the increasing
amount of gas released, reaching approximately ~40–50% for these
systems (Fig. 8c and d). The release of CH4, iso-C4H10 and n-C4H10
molecules gradually increased with the breakdown of the hydrate cav-
ities and did not stop. This indicates that the behavior of gas molecules
(CH4) is influenced by the presence of other gases in the mixed gas
hydrate. In most systems, the percentage of released CH4 exceeded that
of other components. However, in the last two sII hydrates, this was not

Fig. 6. The smoothed time variation of the total hydrate cavity clusters over the entire simulation of (a) CH4 hydrate, (b) CH4+CO2 hydrate, (c) CH4+C3H8 hydrate,
(d) CH4-n-C4H10, and (e) CH4+ iso--C4H10 hydrate. It includes all possible cavity types of each structure. The calculations of sII hydrates with different cavity oc-
cupancies are shown here; A differentiated description of the percentage occupancy of the 512 and 51264 cages of sII hydrates can be found in Table 2.
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always the case. In certain mixtures, C4H10 molecules were released
more than CH4.

Furthermore, a decrease in cavity occupancy can facilitate the
release of gas molecules due to lower stability in the system.

There is a clear distinction in the dissociation processes of sI and sII
hydrates, as evident from both experimental findings and simulations. In
general, we can substantiate the reformation or nucleation (in terms of
the formation of new cavity types as an intermediate state) of hydrates
during the dissociation process. This phenomenon may halt the further
dissociation of sI hydrates and, to some extent, sII hydrates, aligning
with experimental observations. In particular, gas molecules within sI
hydrates effortlessly induce reformation pressure by supersaturating the
quasi-liquid phase. Conversely, the contribution of larger hydrocarbons
to hydrate reformation appears to be less significant. Each sII hydrate
exhibits distinct decomposition behavior, contingent on its composition.
Therefore, the gas molecules and their distribution in the sII hydrate
particularly are important in the hydrate dissociation process. We
should consider that the hydrate composition markedly differs from the

initial feed gas, as indicated in Tables 1 and 2. After dissociation, the gas
phase composition released from hydrate dissociation closely resembles
that within the hydrate phase. For sII hydrates, an evaluation of hydrate
reformation potential was conducted using this feed gas composition.
The investigation revealed that in the cases of iso-C4H10 and n-C4H10,
the liquefied hydrocarbon phase might be present on the gas/liquid
surface due to the significant percentage of these hydrocarbons in which
the C4-hydrocarbons preferentially accumulate. In this case, the self-
preservation cannot occur. However, the simulation showed a self-
preservation phenomenon for the CH4+C3H8 hydrate, which contrasts
with observations in the experiment. The accumulation of C3H8 mole-
cules in both the quasi-liquid phase and at the surface results in a tem-
porary stagnation of the hydrate dissociation process. This is not the case
in the experiment. As mentioned before, one possible explanation could
be that a continuous gas flow was employed in the experiments,
ensuring that gas molecules released from the hydrate phase were at
least partially removed from the surface. This may generally reduce the
accumulation of gas molecules at the gas/liquid interface as well as the

Fig. 7. The time variation of the hydrate cavity clusters over the entire simulation. The hydrate simulation systems are represented by different colors, as indicated in
the figure’s legend. This figure shows the calculations of sII hydrates with the occupancy of 70.8%.
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liquefaction of heavier hydrocarbons and prevent further interaction
with the quasi-liquid phase. However, it could have a greater influence
on hydrate reformation for the higher hydrocarbons, as they have a
lower tendency to re-migrate into the quasi-liquid phase than CH4 and
CO2.

4. Summary and conclusions

In this study, an attempt was made to show how different gas mol-
ecules can affect the self-preservation effect of gas hydrates. In conclu-
sion, the following outcomes could be extracted for the dissociation
behavior of the investigated gas hydrates from the experiments and the
MD simulations:

• The experimental data show a self-preservation effect for both the
simple CH4 sI hydrate and the mixed CH4+CO2 sI hydrate, whereby
the self-preservation effect is more pronounced for the mixed
CH4+CO2 hydrate than for the simple CH4 hydrate. For all mixed sII
hydrates, however, no self-preservation effect can be observed in the
experiments; all show continuous decomposition. However, the rate
of decomposition seems to depend on the composition of the
hydrates.

• The results of the numerical simulations show that even in the case of
hydrate decomposition below the freezing point of water, the water
molecules do not directly transform into an ice structure. Instead,
they remain disordered as a quasi-liquid layer on the surface of the
decomposing hydrate crystal and are incorporated into hydrate
reformations.

• For the sI CH4 hydrate, only the surface of hydrate was dissociated
upon the simulation time, but thereafter no further dissociation was
observed. CH4-molecules remain in/revert to the quasi-liquid layer

inducing the reformation of hydrate cavities. However, the behavior
of CH4 molecules in the dissociation process is influenced by the
presence of other gases in the mixed gas hydrate. For the CH4+CO2
hydrate, it was also observed that the surface of hydrate transition
into a quasi-liquid layer in which, in addition to the CH4, large
quantities of CO2 molecules remain most likely due to the good
solubility of CO2. Both types of molecules are therefore available for
hydrate reformation. Assuming that in sII hydrates the cavities are
not fully occupied with gas molecules, they are expected to decom-
pose faster than the sI hydrates. By decreasing the cavity occupancy,
the results show a more pronounced decline in cavities over time,
indicating a faster dissociation process. It was observed that the
CH4+iso-C4H10 and CH4+n-C4H10 hydrates have no barrier to
dissociation and can be easily broken up. It is very likely that during
the decomposition of these hydrates, a liquid hydrocarbon phase
forms under the given conditions, in which the C4-hydrocarbons
preferentially enrich. Thus, the C4-hydrocarbons are no longer
available for hydrate reformation. However, there was no evidence
for the formation of a liquid hydrocarbon phase during the decom-
position of CH4+C3H8 under the respective conditions. This may
explain the slightly different decomposition behavior of the
CH4+C3H8 hydrates compared to the C4-containing hydrates.

• There are still some differences between the MD simulation results
and those obtained via the experiments, particularly for the sII hy-
drates. A possible reason for this could be that a continuous gas flow
was used in the experiments, which partially removed the gas
released from the hydrate phase. However, the amount of the
remaining gas molecules could be sufficient to reform the hydrate. In
contrast to the simulations, further interaction especially for the
higher hydrocarbons with the quasi-liquid layer was at least reduced
in the experiments. Also, the experimentally formed hydrates may

Fig. 8. The time variation of gas released over the entire simulation of (a) CH4 hydrate and CH4+CO2 hydrate, (b) CH4+C3H8 hydrate, (c) CH4-n-C4H10, and (d)
CH4+iso-C4H10 hydrate. The calculations of sII hydrates with different cavity occupancies are shown here; A differentiated description of the percentage occupancy
of the 512 and 51264 cages of sII hydrates can be found in Table 2.
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show both partial occupancy of the cavities and defects in their
structure, whereby both reduce the stability of hydrate structures
compared to an idealized structure in the simulation. Moreover,
there are some physical differences between experimental and
simulation conditions affecting the dissociation behavior. Last but
not least, the simulation results describe a significantly shorter
period of time than the experimental data. However, the simulations
at the current size provided sufficient information to answer the
questions raised by the experiments. A larger simulation cell could
yield more precise results, but it would also require significantly
more time to achieve meaningful outcomes. Preparing a larger
simulation cell can be considered as an extension of this work to
evaluate its impact.

Nevertheless, we are convinced, that the results of this study could
reveal the dissociation behavior of gas hydrates in nature that may occur
at subzero temperatures and pressures higher than 0.1 MPa and also
include different gas molecules. The ability of some gas hydrates to
delay their decomposition by reformation is of crucial importance in
many respects, e.g. for gas storage and transportation and for the
response of gas hydrates to climate change. With the results presented in
this study, this ability can now possibly be assessed somewhat better.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.apenergy.2024.124042.
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