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ABSTRACT: A study of methane hydrate dissociation under —  ostoymesswements '
different temperature and pressure conditions combining in situ .| .. \f\' é\

o. 0] .‘ LA - - - O ™,

and ex situ Raman spectroscopic measurements, confocal micro- R SSS

scopic characterizations, powder X-ray diffraction measurements, ;. = foosecessaar \ L2 O

and molecular dynamics simulations was conducted. Both the ' W Qe

experimental and the simulated data show that a distinction must i% Y AEIELENTS
be made between the dissociation behavior above and below the =« s @

freezing point of water. During the dissociation process at @
temperatures near or below the freezing point of water, the simple
CH, hydrates showed well-known self-preservation behaviors. The R
formation of a quasi-liquid or amorphous phase due to the Maleclar Dynaics Simuaton
decompositions of the hydrate cavities at the outer layers of the

hydrate crystal terminated the further decomposition of the hydrate phase. For a CH, hydrate above the ice point, the dissociation
appeared to be initiated at the surface of the hydrate phase. While significant amounts of the hydrate phase were present, the ratio of
methane guests in the large and small cages remained constant. After large amounts of the hydrate phase decomposed, potential
fragmentation of the remaining hydrate phase into collections of hydrate cages, which resulted in the preferred breakup of the
tetrakaidecahedra (5'26%), was over the pentagonal dodecahedra (5'%).
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1. INTRODUCTION increases with rising temperature due to the melting of ice
Gas hydrates are ice-like crystalline solids in which water sheets lead to an increase in the overlying water column
molecules trap gas molecules in clathrate structures." Gas pressure, which partially counterbalances the potential threats
hydrates are stable under low-temperature and elevated- of gas ernisséon from hydrate dissociation due to increasing
pressure conditions as can be found at continental margins, temperature.” Nevertheless, the stability of oceanic hydrates is
permafrost areas, and deep lakes.” Considering the huge still considered as a slow tipping point in the carbon cycle."’
amount of CH, enclathrated into natural gas hydrates and their Evidence from the upper continental slope of Svalbard already
worldwide distribution, an increasing awareness of the suggested that the hydrate reservoirs in the Arctic were actively
significance of CH, release from destabilized gas hydrate destabilized."" Permafrost hydrates, especially those associated
deposits occurred during the past decades.’” An assessment within or beneath shallow permafrost layers, are more
from the Intergovernmental Panel on Climate Change vulnerable to climate changes. Chuvilin et al.'” investigated
(IPCC)* stated that CH, is deemed as a powerful greenhouses the effects of temperature increase on the frozen sediments
gas with a 100-year global warming potential of 28—34 times containing metastable CH, hydrates in the sediment pores.
that of CO, and a 20-year global warming potential of 84—86 The results indicated that even minor temperature increases
times that of CO,. Thus, the release of CH, into the (3.0 to —0.3 °C, depending on lithology and salinity of the
atmosphere from hydrate deposits would be of great concern. hosting sediments) can trigger large-scale dissociation of

Methane release from hydrate deposits has been invoked as a
contributing agent to the rapid warming events in geological
times such as the Paleocene—Eocene Thermal Maximum® and
Quaternary glacial-to-interglacial transitions.’

In turn, an increase in atmospheric temperature may induce ] B TaE
hydrate dissociation, leading to the release of CH, from Rec?wed: November 24, 2022
hydrate-bearing sediments. The gas hydrate destabilization Rev1§ed: February 9, 2023 : )
might explain a large part of the atmospheric methane Published: February 23, 2023 W

intrapermafrost hydrates. In addition, an assumption was
made that the metastable gas hydrate could exist for a long
period based on field and laboratory data due to the generated

concentration oscillations that were recorded in polar ice
cores during the last glacial episode.”® Another effect on
oceanic hydrates at continental margins is that sea level
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ice film which covers the hydrate surface. This was introduced
as self-preservation phenomena which play a crucial role in the
kinetics of hydrate dissociation, so that the gas hydrate may
partly convert to ice and back in a zone of recrystallization at
the ice—hydrate boundary.”’~"> Considering the environ-
mental effects, a proper understanding of CH, hydrate
dissociation behavior with respect to climate change is urgently
needed for an appropriate evaluation of the stabilities of
natural gas hydrate deposits.

Gas hydrates formed from CH, are usually structure I
hydrates, having two small 5'* cavities (pentagonal dodecahe-
dra) and six large 5'26” cavities (tetrakaidecahedra).'® Gupta et
al.'” provided time-resolved NMR results on CH, hydrate
dissociation in which a constant cavity occupancy ratio
throughout the process was observed. Liu et al.'® also reported
similar phenomenon from Raman spectroscopic data, implying
that the sI unit cell decomposed as a single entity. This
hypothesis was supported by some other researches.'””**
However, the dissociation mechanism seems to be con-
troversial, because a recent study from Truong-Lam et al.”*
suggested a preferential dissociation of the large 5'%6* cavities.

To better understand the phenomena involved in the
dissociation of gas hydrates, molecular dynamics (MD)
simulations have also been conducted by several research
groups.”>~** They reported findings regarding the dissociation
mechanism, rate, and effects of guests on the dissociation
process. The first stage of the hydrate dissociation process was
found to be associated with the diffusive behavior of water
molecules and gas molecules escaping from the broken
cavities.”*" English et al. indicated that the diffusion of CH,
molecules to the surrounding liquid layer from the crystal
surface appears to be the rate-controlling stage in the hydrate
dissociation process which occurred at temperatures between
276.65 and 293 K and a pressure of 6.8 MPa.** Myshakin et al.
observed no significant changes in the ratio of small (5'?) to
large (5'26%) cavities during the first nanoseconds of the
dissociation process but demonstrated oscillating behavior
thereafter. This was attributed to reversible regrowth occurring
at the interface and nucleating the water molecules around
CH, molecules in the liquid phase, thereby forming partial
hydrate cavities.”’ In these simulations, the hydrate phase
decomposed in a concerted layer-by-layer manner, parallel to
the sI cubic (100) surface, and the outermost layer of the
decomposing hydrate participated in hydrate dissociation
reformation.”>***

In this study, laboratory experiments simulated the
dissociation process of simple structure I CH, hydrates
applying ex situ and in situ Raman spectroscopy and in situ
powder X-ray diffraction measurements together with confocal
microscope observations. The dissociation process was based
on thermal conduction and depressurization. As a supplement,
molecular dynamics simulations on the dissociation process of
CH, hydrate were conducted. Molecular dynamics simulations
are on much smaller time and space scales than the
experimental measurements, but they provide microscopic
insight on some of the details of the phenomena and
experimental observations. This study integrated Raman
spectroscopic and X-ray diffraction measurements on a
micrometer level and modeling efforts to better define the
dissociation behavior of CH, hydrates. To our knowledge,
there is a lack of such an integrated investigation involving
both experiments and modeling at microscales and nanoscales.
Our study filled the gap in this topic and quantified the time-
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dependent processes during CH, hydrate dissociation, which is
among others essential for the estimation of possible CH,
release from destabilization of natural gas hydrate reservoirs in
response to global warming.

2. METHODOLOGY

2.1. Experimental Apparatus. Raman spectroscopic
measurements were performed using a LabRAM HR Evolution
dispersive Raman spectrometer from Horiba Scientific with
1800 grooves/mm grating coupled to an open microscope
Olympus BX-FM. A 20X objective was selected for in situ
Raman measurements, whereas a 50X objective was used for ex
situ measurements. The excitation source was a frequency-
doubled Nd:YAG solid-state laser with an output power of 100
mW working at 532 nm. With a focal length of 800 mm, this
spectrometer achieves a maximum spectral resolution of 0.5
cm™'. In order to verify the spectral resolution, a Raman
spectrum of neon light was recorded, and the full width at half-
maximum of the neon band at 1706 cm™' was determined,
from which a spectral resolution of 0.6 cm™ resulted. A
motorized pinhole in the analyzing beam path enables one to
variably increase the spatial resolutions of laser-spot measure-
ments which reach ~0.5 ym in x—y directions and ~1.5 ym in
the z direction at a maximum. During the measurements, the
pinhole size was defined at 100 pm for in situ Raman
measurements and 1000 gm for ex situ measurements, which
offered the best spatial resolutions under specific conditions. In
order to obtain a better signal-to-noise ratio for the Raman
spectra, acquisition times of 5 s and two average exposures
were chosen for the measurements. A silicon Raman band at
521 cm™" was employed for the calibration of the Raman band
positions before each experiment.

Time-dependent powder X-ray diffraction (PXRD) meas-
urements were performed with a low-temperature—high-
pressure cell that was integrated into a Bruker AXS Discover
diffractometer with Cu Ko radiation generated at 40 kV and 40
mA. The pressure cell is running with a continuous gas flow
ensuring a constant composition of the gas phase during the
complete experiment. The cell can be operated in a pressure
range between 0.1 and 4.0 MPa and in a temperature range
between 253 and 288 K. The detection of the diffracted X-rays
is carried out with GADDS (General Area Detection
Diffraction System), which includes a HI-STAR area detector.
Details of the low-temperature—high-pressure cell design,
diffractometer, and experimental procedures for PXRD
measurements are available elsewhere.*>*’

2.2. Raman Spectroscopic Measurements. 2.2.1. In
Situ. In situ experiments were carried out in a custom-made
high-pressure cell with a volume of 550 uL which can be
integrated to a motorized, software-controlled Mirzhauser
Scan+ sample stage attached to the Raman system. To
synthesize CH, hydrates, 150 uL of deionized water was
loaded into the cell and pressurized with pure CH, gas at 7.0
MPa. The temperature of the cell was decreased to 253 K for
the formation of ice and hydrates before it was maintained at
274 K (Figure 1). Due to the small volume of the cell and the
complete cooling of the cell body by the Peltier element,
temperature gradients can be neglected. Once sI CH, hydrate
crystals were well developed, the temperature of the system
was increased stepwise (277, 278, 279, 280, 280.5, 281, 281.5,
282, 282.5, and 283 K) to go across the equilibrium curve for
hydrate decomposition. Since the increase of the system
temperature and thus achieving thermal equilibrium may take
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Figure 1. Experimental conditions for the in situ and ex situ
measurements and the corresponding equilibrium curves calculated
from the software CSMGem for pure CH, hydrates.'® The starting
condition (blue triangles) for the dissociation process was 7.0 MPa
and 274 K for in situ Raman measurements and 0.1 MPa and 168 K
for ex situ measurements. For the PXRD measurements, the starting
condition was at 2.5 MPa and 271 K. The system was depressurized
to 1.3 MPa.

some time, each temperature gradient was maintained for at
least 20 min. During this period, the compositions of the
selected hydrate crystals were measured. The collapse of
hydrate structures can be sudden; hence, smaller steps (0.5 K)
were made when the temperature approached the equilibrium
curve. More details regarding the Raman spectroscopy, data
analysis, and the pressure cell can be found elsewhere.”®

2.2.2. Ex Situ. sI CH, hydrates were also formed from ice
and CH, gas in batch pressure vessels with a volume of 420
mL. The formation of hydrates started with the preparation of
ice by spraying deionized water into the liquid nitrogen bath.
Ice beads were powdered by a pestle driven by a cryomagnet in
a Spex 6750 Freezer Mill for 120 s, achieving a size range of
10—20 um. Thereafter, the vessels loaded with the ice powder
were sealed, pressurized at 7 MPa, and subsequently stored in a
cooling box with the temperature fluctuating between 263 and
268 K for several weeks while monitoring the pressure drop.
When there were no further changes in the pressure, CH, gas
hydrate samples were recovered and quenched into liquid
nitrogen. For further analysis with ex situ Raman spectroscopy,
the recovered hydrate samples were quickly placed into a
Linkam cooling stage at ambient pressure and 168 K. Single
Raman spectra were collected continuously using the
aforementioned confocal Raman spectrometer. The temper-
ature of the system was increased by 1 K every 4—5 min. When
there was a clear signal from either the spectrum or the
microscopic observation indicating the start of the dissociation
process, the temperature was maintained. The continuous
Raman spectroscopic measurements ended when the hydrate
signals disappeared from the spectra. The ex situ Raman
measurements were repeated three times. Figure 1 depicts the
p-T conditions for laboratory experiments. Raman spectro-
scopic data are available through GFZ Data Services.*”

2.3. Powder X-ray Diffraction (PXRD) Measurements.
Structure I CH, hydrate was first synthesized from hexagonal
ice powder, which was generated in the same way as described
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for the ex situ Raman measurements. By means of scanning
electron microscopy, the diameters of these ice particles were
measured to about 10 um." At the next step, the precooled
sample cell was filled with approximately 150 yL of powdered
ice, carefully sealed, and mounted on the XYZ stage of the
diffractometer. Thereafter, the sample cell was pressurized with
CH, gas at 2.5 MPa and 264 K. Since the pressure cell was
running with a continuous gas flow, a constant gas phase
pressure was provided during the whole experiment.
Respective crystal planes can be identified from the X-ray
powder pattern which allows one to distinguish between the
ice and the hydrate phase.*’ After a complete conversion of ice
into hydrate, the temperature was increased to 271 K. To
ensure that the ice is completely converted to hydrate, the
temperature in the cell was raised slightly above the freezing
point of ice. As soon as no more ice reflections could be
recorded, the temperature and pressure were adjusted to the
experimental conditions. Thereafter, the pressure was
decreased to 50% below the stability limit at 271 K to 1.3
MPa (Figure 1). The dissociation process was monitored by
continuously recording the powder pattern at five defined
measuring points on the sample surface in the pressure cell.
More detailed information is given elsewhere.***’

The present phases were quantified by means of Rietveld
refinement. For this purpose, the full pattern Rietveld program
AutoQuan v2.7.1.0 was used.”" The crystallographic data for
structure I hydrate and ice data needed to create the structure
model were obtained from the literature.”*~** The refinement
parameters were the phase fractions of ice and sl hydrate,
seven background parameters, and lattice constants. The
atomic positions and displacement parameters were fixed.

2.4, Molecular Dynamics Simulations. The GROMACS
program (version 2018.8) was used to perform the molecular
dynamics simulations.* The dissociation process was studied
using @ 3 X 3 X 6 unit cell replica of the structure I CH,
hydrate with a dimension of 3.64 nm X 3.64 nm X 7.11 nm.
The initial coordinates of the atoms of the water molecules in
the unit cells are from the work of Takeuchi et al.** A row of
water and CH, molecules were eliminated from one end of the
hydrate phase in the z direction to get the hydrate phase
symmetric along this direction. All hydrate cavities were
occupied by CH, molecules. Figure 2 shows the initial
configuration of the methane hydrate phase in the simulation
box. The phase changes in the hydrate simulation appear to be
localized in narrow layers of the hydrate phase and are stepwise

Figure 2. Initial configuration of the simulation box used in this work;
a3 X 3 X 6 slab of sI CH, hydrates with free (100) surfaces in the z
direction. The hydrogen bonded water network in the clathrate
hydrate is shown by the red lines. CH, molecules in the small and
large cavities are shown by white and green spheres, respectively. Each
hydrate cavity was occupied by only one CH, molecule.

https://doi.org/10.1021/acs.energyfuels.2c03984
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in time. Therefore, a finite hydrate sample can be an acceptable
model for what happens in the bulk hydrate phase dissociation.

The hydrate phase was placed in the center of a simulation
box (of around 3.64 nm X 3.64 nm X 10 nm) with vacuum on
each side of the hydrate in the z direction to provide free
interfaces at the (100) plane on which the heterogeneous
decomposition was initiated. The (100) plane appears to be
the most energetically stable surface in equilibrium contact
even with the liquid phase.”**** Periodic boundary
conditions were used in all three directions.

The intermolecular interactions of water molecules were
modeled with the TIP4P/Ice model,” and CH, molecules
were represented by the transferrable potentials for phase
equilibria (TraPPE) united-atom (UA) potential.’® The
internal structures of the water molecules were kept rigid by
using the LINCS algorithm.”” The force field parameters are
given in Table 1. All cross-interaction parameters between

Table 1. Force Field Parameters for Water (TIP4P/ice)47
and CH, (TraPPE-UA)*® Used in This Work

Atom o (nm) & (kcal-mol™!) q (e)

0 (H,0) 03167 0.2108 0.0000
H (H,0) 0.5897
M (H,0) —1.1794
C (CH,) 03730 0.2941 0.0000

atoms on different molecules were determined using the
Lorentz—Berthelot combining rules.” The Particle Mesh
Ewald method®"*” was used to evaluate the electrostatic
interactions with a relative error of 107°. The cutoff of 1.4 nm
was used for the short-range potentials.

The temperature and pressure of the simulation were
maintained constant using a Berendsen thermostat and
barostat®® by the NPT ensemble. The equations of motion
were integrated using the Leap-frog algorithm®® with a time
step of 2 fs.

The hydrate dissociation was implemented in simulations
with simulation runs starting both below and above the ice
point. For simulations above the ice point, the decomposition
of the sI CH, hydrate system was simulated at a starting
temperature of 274 K and pressure of 7.0 MPa. The
temperature of the system increased stepwise until the
dissociation of the hydrate phase was complete, following a

procedure parallel to the in situ Raman experiments. The final
temperature and pressure in this run were 318 K and 7.0 MPa.
The stepwise change in temperature of the system with
simulation time is shown in Figure S1 of the Supporting
Information. The simulation below the ice point was
performed at a temperature of 271 K, so that the starting
pressure was 2.5 MPa at the first stage, and afterward, it was
dropped to 1.3 MPa, which was identical to the experimental
condition below the ice point for the PXRD measurements.
The temperature and pressure profiles of the system with
simulation time are given in Figure S2 of the Supporting
Information.

There are criteria for quantitatively characterizing the
dissociation process. The F; order parameter can be used for
quantifying the local arrangement of water molecules in the
hydrate and water phases’* and is defined as

E

3 = ([costylcosyl + c052109.47]2>j‘,c

0.1 liquid water

0.0 solid water (ice, hydrate) (1)

where atom i is in the center of a spherical shell of 0.35 nm
including atoms j and k, and 6, shows the angle between three
oxygen atoms of j, i, and k water molecules. The F; order
parameter is around zero for water molecules in highly
tetrahedral structures like ice and clathrate hydrate, and its
value increases to ~0.1 for liquid water. When the hydrate
crystal is dissociated during the simulation trajectory, the F;
parameter gradually increases. To quantify the spatial extent
and progression of the hydrate dissociation, the initial hydrate
phase was divided into the different layers parallel to the z
direction (see Figures 10 and 13), and the F; parameter was
calculated separately for each layer. Numerical simulation data
are available through GFZ data services.”

3. RESULTS AND DISCUSSION

3.1. Raman Spectroscopic Measurements. Continuous
in situ Raman spectroscopic measurements recorded changes
in the hydrate phase upon heating. Two Raman bands at 2905
and 2915 cm™" appeared in the Raman spectra while focusing
the laser on the surface of the solid phase (Figure 3a). The
Raman band at 2905 cm™' is assigned to C—H stretching
modes of CH, encapsulated into the large cavities (5'%6%) of

(a) (b)
CH, (g=e) 3146 cm”!
2917 cm’’ /
3 CH, (5'%6?) 5 [N\
© -1 © i h,
- 2905 cm 8 ¥, W,
z CH, (5) z | MW oy
® I 4 G | o
2 I 2915 cm 2 M\
Q 11 2 @ o g
= | % < ' N
- | - \\,4
s
/ \ S|
A
i .
e ——ruti B hiso —t 1 N |
2860 2880 2900 2920 2940 2960 3000 3200 3400 3600

Raman shift (cm™)

Raman shift (cm™)

Figure 3. (a) Raman spectrum in red shows one signal for the CH, molecule encased into the large (5'26%) cavities at 2905 cm™" and another band
at 2915 cm™’, representing a CH, molecule encased into the small (5'2) cavities of sI hydrates. The black Raman spectrum shows a prominent band
for CH, at 2917 cm™' in the gas phase. (b) O—H stretching modes ranged from 3000 to 3700 cm ™' for CH, hydrates.

4487 https://doi.org/10.1021/acs.energyfuels.2c03984

Energy Fuels 2023, 37, 4484—4496


https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c03984/suppl_file/ef2c03984_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c03984/suppl_file/ef2c03984_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c03984/suppl_file/ef2c03984_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c03984/suppl_file/ef2c03984_si_003.pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03984?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03984?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03984?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03984?fig=fig3&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c03984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

t=0 min, T=274 K

t=36 mins, T=277 K

t=88 mins, T=279K t=116 mins, T=281K

Figure 4. Microscopic images of CH, hydrate dissociation from in situ Raman measurements with increasing temperature at 7.0 MPa.

structure I hydrates, while the Raman band at 2915 em~ s
assigned to C—H stretching modes of CH, encapsulated into
the small cavities (5'2) of the structure I hydrate phase. With
the continuous gas flow in the system, a narrow Raman band at
2917 cm ™" was also detected, which could be assigned to C—H
stretching modes of CH, in the gas phase. As for the O—H
stretching vibration between 3000 and 3500 cm™}, a broad
Raman band was observed at around 3146 cm™" (Figure 3b),
which corresponded to hydrogen bonds due to the formation
of a well-structured hydrogen-bonded network in the hydrate
phase.*

The confocal microscope coupled with a digital camera
offered a unique opportunity for micrometer-scale visualization
during in situ dissociation process. As displayed in Figure 4,
well-developed micrometer-scale euhedral crystals were
observed at 274 K, exhibiting polyhedral shapes with sharp
edges and flat surfaces. Within the stability field of pure CH,
hydrates, the morphologies of the crystals remained unchanged
regardless of the increasing temperature. The crystals began to
lose their original morphology at T = 282.5 K which was close
to the equilibrium temperature (282.7 K, calculated from
CSMGem) at 7.0 MPa, indicating that the dissociation was
activated. All hydrate crystals subsequently decomposed at 283
K without any signs of self-preservation effects.

The Raman signals for the surrounding gas phase during in
situ measurements of the hydrate phase were limited by the use
of a confocal system; however, the presence of the signal from
the gas could not be completely avoided. Since the Raman
band for CH, gas (2917 cm™") is very close to that of CH, in
the small (5'2) cavities (2915 cm™"), the separation of these
two Raman bands and thus the determination of the integrated
intensities can become unreliable, especially at lower intensities
of the Raman bands. However, exact values for the integrated
intensities are necessary for the determination of the cavity
occupancies. To avoid the influence of the gas phase, results
from ex situ Raman measurements with no surrounding CH,
gas phase were used for further analysis. Time-resolved ex situ
Raman spectra recording the CH, hydrates dissociation
process are shown in Figure 5. The results showed that both
Raman band intensities for CH, in large (5'26%) and small
(512) cavities started to decrease after 86 min, at a temperature
of around 188 K, which was lower than the equilibrium
temperature at ambient pressure as calculated from CSMGem
(191.5 K).'® The difference in dissociation temperature from
the predicted CSMGem equilibrium value may be because the
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Figure S. Real-time ex situ Raman spectra monitoring the dissociation
process of CH, hydrates in the Linkam stage at ambient pressure.

hydrate system formed in the ex situ experiments did not reach
an equilibrium state and may have a smaller absolute
occupancy of the cavities, therefore less stable as compared
to a hydrate phase with a higher cage occupancy. The Raman
signals from the encapsulated CH, guests disappeared after
294 min where the temperature of the system was 189 K.

Correspondingly, these observations were consistent with
the sequential images recorded during ex situ measurements in
Figure 6 in which hydrate crystals either grew or maintained
their shape within the first hour at atmospheric pressure where
the temperature remained below 182 K. At around 188 K, in
Figure 6, the flat crystal indicated by the red arrow split into
several smaller crystals. The small crystals continued to shrink,
while the hydrate crystals on the surface transformed into frost-
like ice. Finally, the hydrate crystals totally converted to ice.
Measurements taken at 15 and 30 ym depths only showed
Raman signals for ice.

Figure 7 illustrates the changes of CH, occupancy in large
(5'%6%) and small (5'%) cavities for a specific hydrate crystal
over time. Initially, the integrated Raman intensity of CH, in
large (5'%6) and small (5'%) cavities approached or exceeds
the theoretical value of 3:1,”” indicating a higher percentage of
large cavities (5'26%) being occupied with CH, compared to
the occupancy of the small cavities (5'?). As shown in the
figure, the ratio remained for around 186 min, as the
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Figure 6. Microscopic observations of the pure CH, hydrates at atmospheric pressure with increasing temperature in the ex situ experiments. The
red arrows marked the changes of the surface morphology of one specific crystal upon dissociation. The last panel indicates the breakup of the

crystal.
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Figure 7. Ratio of large-to-small cavities as a function of time during
the dissociation process of CH, hydrates based on the ex situ Raman
measurements. The red dashed line indicates the turning point of the
large-to-small cavity ratio which was at 210 K after 186 min.

temperature gradually increased to include temperatures above
the hydrate equilibrium. This observation indicated that the
hydrate dissociation retained the same ratio of large and small
cavities during this period. After about 186 min, a slight
decrease in the ratio of large-to-small cavities is observed,
indicating that CH, molecules were released faster from the
large 5'26> cavities compared to the release of CH, from small
5'% cavities. It was noteworthy that Raman signals for CH, in
hydrate cavities were no longer detected after around 275 min
indicating that all hydrates have been transformed into ice. The
same phenomenon was also recorded when repeating the
dissociation process (see Figure S3 of Supporting Informa-
tion). However, the absolute duration time for the complete
dissociation in each test varied.

3.2. Powder X-ray Diffraction Measurements. CH,
hydrate was formed from ice at 2.5 MPa and 264 K. After a
complete conversion of ice into hydrate as indicated by the
XRD patterns, the temperature was increased to 271 K. At this
temperature, the methane pressure was decreased to 50%
below the equilibrium curve of the hydrate phase at given
temperature. At 1.3 MPa, the powder patterns of five different
spots on the sample surface were recorded at specified time
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Figure 8. Percent of methane hydrate in a sample from a time-
dependent PXRD experiment monitoring sI CH, hydrate dissociation
at 271 K and 1.3 MPa.

powder patterns shows that within the first 5 min after pressure
release approximately 40% of the sI hydrate is transformed into
hexagonal ice. Subsequently, the amount of CH, hydrate
stabilizes at ca. 35% + 5% until the experiment was stopped
after 90 min. This suggests the occurrence of the frequently
described self-preservation effect of the hydrate which occurs
below the ice point."*

3.3. MD Simulation of CH, Hydrate Dissociation.
3.3.1. Simulations above the Melting Point of Ice. The MD
simulations were performed to study the dissociation process
of the structure I CH, hydrates at a starting pressure of 7.0
MPa and temperature of 274 K. The snapshots of the hydrate
dissociation on the y—z plane when the system was gradually
heated are shown in Figure 9, so that the temperature at the
final snapshot reached 318 K. The layered dissociation of the
hydrate is observed in the direction parallel to the free hydrate
interface, which in this case was the (100) surface. The hydrate
phase started to dissociate from the outmost layers to the inner
ones. A somewhat similar layer-by-layer dissociation mecha-
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Figure 9. (a) Snapshots of CH, hydrate dissociation on the y—z plane ((100) surface) at different times in the simulation trajectory. The
temperature of the initial snapshot is at 274 K, and the temperature is increased stepwise as given in Figure S1 of the Supporting Information in
such way that the final snapshot is at 318 K under the constant pressure of 7.0 MPa. The hydrogen bonding in the hydrate and liquid phase are
shown by red lines. The CH, molecules in the small (5'%) and large (5'26%) cavities are represented by white and green spheres, respectively. Each
hydrate cavity was occupied by only one CH, molecule. (b) The z density profile for CH, molecules during the dissociation process at

corresponding times.

nism parallel to the interface has been observed for the sI CH,
hydrates in previous simulations of CH, hydrate dissocia-
tion.”*”***? Incomplete open cavities promoted the decom-
position of the hydrate structure at the interfaces, which led to
the release of the encapsulated CH, molecules.

The z density profiles for all CH, molecules during the
simulation are also shown in Figure 9. The periodic peaks in
the initial configuration indicated the CH, molecules in the
hydrate cavities. These peaks gradually disappeared from the
two ends of the box as the dissociation proceeded. The fluid
phases included both a liquid phase (water with a small
number of dissolved CH, gas molecules) and free gas phase. At
the gas—liquid interface, an excess CH, density was observed
compared to the bulk gas phase that was a reflection of the
wetting behavior of CH, on the water surface.”” The CH,
density at the gas phase increased as the dissociation
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proceeded. The animation from the trajectories of the
simulation is given in the Supporting Information (Animation
S1).

Details of the time evolution of hydrate dissociation can be
further quantified by using the F; order parameter for different
cross sections of the slab of the simulation cell parallel to the z
direction. The time variation of F; for the different layers of the
CH, hydrate upon increasing the temperature of the system is
shown in Figure 10. At the starting temperature of 274 K, the
outermost layers (with incomplete cavities) were partially
decomposed as indicated by the increase of F; up to ~0.03,
implying that the water molecules in these layers were in a
liquid-like amorphous phase. After around 10 ns, at the
temperature of 281 K, layers 1 and 8 completely decomposed
as their F; values reached around 0.07 and the inner layer of 2
and 7 started to dissociate. The temperature of 281 K is very
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Figure 10. F; order parameter for layered CH, hydrate slab along the z direction for simulations above the ice point. As shown in the top panel, the
hydrate phase was divided to the eight layers with layers 1 and 8 forming the outermost layers with incomplete cavities.

Figure 11. Snapshots of CH, hydrate dissociation simulation on the (100) surface showing the recrystallization of hydrate cavities during the
dissociation process. The simulation temperature is above the ice point with the temperature profiles at different times given in Figure 10. White

ovals show the recrystallized hydrate cavities.

close to the equilibrium temperature of the structure I CH,
hydrate at this pressure; however, it is theoretically still within
the stability field, as shown in Figure 1. Due to the details of
the force fields used for water and CH,, the hydrate structures
used in the simulations may not dissociate at the same
temperature as experimentally observed or calculated from the
CSMGem software. Moreover, in the experiment, the hydrate
phase may not reach an equilibrium state during the
formation/dissociation process, and the small cages (5'2) of
the CH, hydrate phase may not be fully occupied.

The melting of the outer layer of the clathrate phase resulted
in the formation of an aqueous phase so that the dissociation of
the inner layers and the gas diffusion slowed down. In addition,
as seen in Figure 9, the concentration of CH, molecules in the
vicinity of the hydrate surface increased which may induce
locally an oversaturated aqueous phase. Water molecules may
arrange around CH, molecules diffusing in the liquid phase,
thereby forming or reforming partial hydrate cavities, as
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previously reported similarly in the related literature.’** We
tracked simulation snapshots and provide visual evidence for
this phenomenon in Figure 11. These recrystallized partial
hydrate cavities, as indicated by white ovals in Figure 11, are
unstable and will disappear again after several time steps.

From Figure 10, the two first inner layers, 2 and 7, were
totally decomposed after ~120 ns when the temperature
conditions were above the equilibrium temperature at given
pressure. Then, two other inner layers, 3 and 6, started to
dissociate. Finally, at 318 K, the F; values of the last inner
hydrate layers changed rapidly and approached to constant
value of ~0.08 after approximately 200 ns. In this system, the
dissociation of the hydrate was seen to occur in a sequential
layer-by-layer manner. After an induction time, the outer layers
decomposed on a relatively short time scale.

The main goal of the simulations was to understand if and
how the ratio of occupied large (5'%6%) to small (5'%) cavities
changes during the dissociation of the CH, hydrates. This is
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the data compared to the experimental results shown in Figure
7. The ratio of large-to-small CH, guests was calculated
according to the number of the released gas molecules during
the process. Figure 12 shows the time variation of the ratio of
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Figure 12. Ratio of large-to-small cavities and the hydrate conversion
versus time for the sI CH, hydrate dissociation simulations above the
ice point.

large-to-small CH, occupied cavities in the hydrate phase as
well as the percent of hydrate conversion as a function of
simulation time. The “hydrate conversion” was calculated by
dividing the number of remaining hydrate cavities to the initial
number of hydrate cavities as a percent, indicating the amount
of gas hydrate converted to water and the gas phase. The
results showed that at the beginning of hydrate dissociation, up
to about 20 ns, the occupancy values scatter around a large-to-
small cavity ratio of 3.0, which was consistent with the ratio of
large-to-small cavities in the hydrate cell. This stage (stage A)
corresponds to the decomposition of the two outermost layers,
as shown in Figure 10. The ratio of large-to-small cavities

increased between around 25 to 130 ns reaching up to a value
of ~3.5 and fluctuated in the range of 3.0—3.5 implying that
the CH, molecules occupying the small (5'?) cavities were
released faster compared to those CH, molecules occupying
the large (5'%6%) cavities (stage B). Figure 10 shows that two
first inner layers are dissociating at this stage. After ~130 ns,
the partial decomposition of the next inner layers was
observed, and it gradually proceeded for nearly 40 ns. This
stage (stage C) is characterized by a significant decrease in the
ratio of large-to-small cavities to values lower than 3. This
indicates the breakup of the hydrate structure and large (5'*6)
cavities releasing CH, molecules faster over this period. When
the last layers of the hydrate cell were decomposing, the data
scattered significantly which made it impossible to interpret a
general trend.

Consistent with the experimental results shown in Figure 7,
from the simulations, we observe that as long as large portions
of the hydrate phase remain intact the ratio of CH, molecules
in the large-to-small cages of the hydrate phase remains
relatively stable. When the dissociation process proceeds,
however, the ratio decreases, indicating a preferred release of
CH, from large cavities.

As seen in Figure 12, in the beginning of the simulation, the
hydrate conversion is high, and a large amount of CH, is
released. Afterward, the hydrate conversion rate became
slower. Thus, the release of CH, was slowed down or stopped,
and the large-to-small cavity occupancy ratio remained stable
subject to fluctuations during this period. During the end parts
of the simulations and the experiments, perhaps due to the
decomposition of the majority of the hydrate phase and its
fragmentation to more amorphous collections of hydrate
phases, the ratio of large-to-small cage methane molecules
begins to change from the equilibrium value.

One reason for a possible better stabilization of the small
(5') cavities by the inclusion of CH, molecules compared to
the stabilization of the large (5'26%) cavities is the so-called

30
—F3_L1 —F3_L2 F3_L3
010
F3_L4 —F3_L5 —F3_L6
—F3 L7 —F3_L8 Pressure L 24
. D08
g H
E <
o 0.06 w
2 2
e (5]
@ ¢
T 0.04 o
[=]
ul
[T
0.02
OOD 1 1 1 1 1 1 1 1 1 o
0 30 60 90 120 150 180 210 240 270 300
Time (ns)

Figure 13. F; order parameter for layered CH, hydrate slab along the z direction for the simulation below the ice point at 271 K.
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Figure 14. Snapshots of CH, hydrate simulation on the (100) surface showing the recrystallization of hydrate cavities or ice formation during the
dissociation process at temperatures below the ice point. White ovals show the recrystallized hydrate cavities or ice formation.

guest-to-cavity ratio. Luzi-Helbing and Schicks calculated the
van der Waals molecular diameter of 0.4018 nm for the CH,
molecule.””®" The corresponding guest-to-cavity ratios for
large 5'26% and small ' cavities are 0.69 and 0.79, respectively.
According to Lederhos et al,”* a guest-to-cavity ratio between
0.75 and 1.0 results in an energy minimization and thus to a
stabilization of the cavity structures. Apparently, these
conditions are fulfilled only for CH, occupying the small 5"
cavities which indicates that CH, molecules are expected to
better stabilize in isolated small 5'* cavities than large cavities.
When the system is gradually heated up and hydrates are
temporarily preserved outside the stability field, or hydrates
begin to fragment into larger collections of cages, large 51262
hydrate cavities rapidly collapse liberating CH, gas. Certainly,
CH, in small cavities are also released in response to the
breakup of neighboring cavities, but this process seems to be
somewhat slower.

3.3.2. Simulations below the Melting Point of Ice. In these
simulations, the CH, hydrate dissociation process was
performed via the depressurization from 2.5 to 1.3 MPa at
271 K, according to the experimental conditions chosen for the
X-ray diffraction measurements. An animation from the
trajectories of the simulation is given in the Supporting
Information (Animation S2). Figure 13 shows the F; order
parameter for different cross sections of the slab of the
simulation cell parallel to the z direction. The hydrate phase
started to dissociate from the outermost layers to the inner
ones similar to that observed in the previous simulation above
the ice point. At the beginning, the F; value increased up to
~0.03 due to decomposing the incomplete cavities at the
surface. After around 10 ns, layers 1 and 8 (the outmost layers)
started to dissociate by increasing the F; values up to ~0.06,
and they were completely decomposed after ~27 ns. The inner
layers remained unchanged even after 300 ns of simulation
time. Similar to the previous section, the ratio of large-to-small
cavities during the dissociation of the CH, hydrates below the
ice point was calculated and is given in Figure S4 of the
Supporting Information. The results show that up to about 27
ns the hydrate cavities in the outer layers were broken up (see
Figure 13) and the occupancy values scattered around a large-
to-small cavity ratio of 3.0 characteristic of the hydrate phase as
shown in Figure S4. Under these conditions, which are outside
the hydrate stability zone, the hydrate breakup and the release
of CH, molecules seem to have stopped.
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Some visual hints on the observed behavior are shown in
Figure 14. A quasi-liquid or amorphous aqueous phase
appeared due to the hydrate breakup of the outer layers. As
previously discussed, some unstable partial hydrate cavities
were also formed which consequently resulted in the
temporary slow down or stopping of gas release. Throughout
the process, the hydrate undergoes decomposition—reforma-
tion processes. In addition, some new crystal structures, likely
empty hydrate cavities or ice shells, were formed since the
simulation was performed below the ice point (see Figure 14).
According to the results, a self-preservation effect is assumed
where the inner hydrate layers were mostly covered by ice or a
dynamically slow amorphous water phase, which preserved the
hydrates from the further dissociation. This is qualitatively
consistent with the observations of Figure 8, which shows a
self-preservation phenomenon for the real hydrate sample
under these conditions.

4. SUMMARY AND CONCLUSIONS

In this work, a combination of laboratory Raman spectroscopic
and powder X-ray diffraction measurements and molecular
simulations was performed to investigate the dissociation
behavior of sI CH, hydrates in response to p-T changes. The
MD simulation results were in qualitative agreement with
those obtained via the experiments. The main outcomes of the
research are as follows:

e At the very early stages, in both experiments and
simulations, the rate of hydrate dissociation was high.
The ratio of CH, in large-to-small cavities in the hydrate
phase was stabilized at around 3.0 which is consistent
with the ratio of large (5'%6?) and small (5'?) cavities in
one unit cell.

For temperatures above the ice point, the microscopic
images and simulations indicate that dissociation is
initiated at the surface of the hydrate phase and moves
inward in the hydrate phase. During melting of the inner
layers of hydrates, as long as sufficient hydrate was
present, the large-to-small cavity occupancy ratio
showed stable values with some fluctuations. By
increasing the temperature, the ratio decreased upon
the dissociation of inner layers and possible breakup of
the remaining hydrate phase. During the last stages of
the hydrate dissociation, the results confirmed that the
breakup of large cavities was faster than those of the
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small ones. At subzero temperature and via depressuri-
zation, the recrystallization of the water molecules into
hydrate-like structures or ice at the surface prevented
further dissociation and inducing the well-known self-
preservation effect for structure I CH, hydrate as was
observed in the X-ray diffraction measurements.
Neither during decomposition below nor above the ice
point could a sudden dissociation of hydrate phase be
observed. In the case of dissociation below the freezing
point, the recrystallization of the water molecules into
hydrate-like structures or ice at the surface prevented
further dissociation. In the case of dissociation above the
freezing point, the formation of an amorphous phase
with partial cavity structures and local gas saturations led
to a slowdown in hydrate decomposition.

Confocal microscopic investigations during the Raman
measurements showed the formation of a frost-like ice
layer, which covered the crystals and was transformed
from the original CH, hydrates. However, the self-
preservation effects in ex situ Raman spectroscopic
measurements were not recorded, since the applied
conditions were out of the temperature zone for the
occurrence of self-preservation effects.

On the basis of these comparable experiments and
simulations, the dissociation process of sI CH, hydrates was
visualized, providing insights on the fundamentals of the
hydrate dissociation behavior at micrometer and nanometer
scales. The knowledge of hydrate dissociation with regard to
environmental changes may be useful in the assessment of CH,,
release to the atmosphere in nature from the dissociation of the
hydrate phase. An extension of the present investigation
addresses the dissociation process of structure II mixed gas
hydrates (Part II of this work) which also frequently occur in
natural reservoirs. This second study helped us to find the
effect of structure and gas composition on the CH, release
from destabilization hydrate reservoirs.
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