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Abstract: The large amounts of natural gas in a dense solid phase stored in the confined environment
of porous materials have become a new, potential method for storing and transporting natural gas.
However, there is no experimental evidence to accurately determine the phase state of water during
nanoscale gas hydrate dissociation. The results on the dissociation behavior of methane hydrates
confined in a nanosilica gel and the contained water phase state during hydrate dissociation at
temperatures below the ice point and under atmospheric pressure are presented. Fourier transform
infrared spectroscopy (FTIR) and powder X-ray diffraction (PXRD) were used to trace the dissociation
of confined methane hydrate synthesized from pore water confined inside the nanosilica gel. The
characterization of the confined methane hydrate was also analyzed by PXRD. It was found that
the confined methane hydrates dissociated into ultra viscous low-density liquid water (LDL) and
methane gas. The results showed that the mechanism of confined methane hydrate dissociation at
temperatures below the ice point depended on the phase state of water during hydrate dissociation.

Keywords: nanoscale gas hydrate; nanoscale pores; decomposition mechanism; low-density liquid
water; dissociation behavior

1. Introduction

A gas hydrate is a cage crystal formed by hydrocarbon gas molecules and water
under low temperatures and high pressures [1–3]. As 1 m3 of a solid methane hydrate
can release up to 163 m3 of methane in the gas phase under standard conditions [4], large
amounts of methane can be stored in a dense solid phase. By taking advantage of the
confinement effects on the nanopore space, synthetic methane hydrates grown under
mild conditions with faster kinetics (within minutes) than observed in nature are fully
reversibly and have a nominal stoichiometry that mimics nature [5]. The embedment
of a gas hydrate in the confined environment of porous materials can be capitalized for
potential applications [5]. The large amounts of methane in a solid phase that can be stored
in the confined environment of porous materials have become a new potential storage and
transportation method of natural gas for future applications.

Confined hydrate forms from pore water confined in nanoscale pores. In nanoporous
materials, large adsorption and confinement effects exist in confined environments, which
can greatly increase the contact area between water and methane, thereby accelerating
nucleation kinetics [5–10]. The stability of the gas hydrates formed in porous materials
is found to directly depend on the activity of the pore confined water [11,12]. Aladko
et al. [13] monitored the dissociation temperature of methane hydrate in silica mesopores
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over a wide pressure range of 10 MPa to 1 GPa and studied the functional relationship
between the pore size and dissociation temperature of the restricted gas hydrate in the
nanosilica medium. Uchida et al. [14] measured the dissociation conditions of methane hy-
drate in pores with sizes of 100–500 Å, and significant downward shifts in the dissociation
temperature were observed in porous glass. The melting temperature depression and the
shifted phase boundaries were monitored [15]. The methane hydrate heat of dissociation
into the pore water and gas in 7-nm-radius silica gel (SG) pores, obtained calorimetrically,
was 45.92 kJ/mol [16]. The decrease in the dissociation temperature is inversely propor-
tional to the pore size, and the effective pore size for capillary effects is a function of the
fraction of the pore space filled by the hydrate or gas (phase fraction) [17]. Seo et al. [18]
measured the three-phase equilibria of C2H6 and C3H8 hydrates in 6, 15, 30, and 100 nm
SG pores. Due to the constraints of the geometrical boundaries, a decrease in the water
activity leads to the transfer of the three-phase equilibrium curve of the pore hydrate to
the higher pressure region [18,19]. In summary, different pore sizes mean different phase
equilibrium pressures or phase equilibrium temperatures.

The nature of the water phase resulting from bulk hydrate dissociation has a significant
impact on bulk gas hydrate dissociation. Bulk gas hydrates decompose into ice or liquid
water or supercooled water and gas below the ice point [20–28]. The release of the gas from
the bulk hydrate is controlled by the liquid water film or solid ice layer. In a bulk hydrate
system, when the methane hydrate decomposes below the ice point, the decomposed
hydrate forms ice, covering the surface of the methane hydrate and resulting in a slow
dissociation rate of the gas hydrate during the dissociation process. This phenomenon is
known as the self-preservation effect [25–28].

So far, there has been no experimental evidence that can be used to determine the
accurate phase state of water during nanoscale hydrate dissociation owing to the nanoscale
nature. This paper studies the dissociation process of methane hydrates confined in the
nanoscale SG pores below the ice point and under atmospheric pressure. The main purpose
is to investigate the nanoscale hydrate dissociation characteristics, determine the phase
state of water after the nanoscale hydrate dissociation and explore the significance of the
phase state of water to nanoscale hydrate dissociation.

In this work, the real-time dissociation of the methane hydrate synthesized from pore
water confined inside the SG pores is measured by Fourier transform infrared spectroscopy
(FTIR) and also monitored by low-temperature powder X-ray diffraction (PXRD). The aim
of the FTIR measurement is to investigate the nature of the water phase resulting from
the hydrate decomposition confined in a silica gel environment. Meanwhile, the aim of
the PXRD measurement is to investigate the dissociation characteristics of the confined
hydrate embedded in the nanosilica gel. The intrinsic relevance between the phase state of
water resulting from the confined hydrate dissociation and the dissociation behavior of the
confined hydrates is discussed. In addition, the nanoscale hydrate structure is determined
by PXRD.

2. Materials and Methods
2.1. Preparation of Pore Water

The confined methane hydrate was synthesized from pore water confined inside
the nanoscale SG pores and high-pressure methane gas. The SG used was a synthetic
SG and was supplied by Qingdao Shuoyuan Co., Ltd., Qingdao, China. The SG was
first dried at 377 K for 24 h and then cooled to room temperature and sealed. In the
laboratory, the relative humidity of the air was ~25%. The pore volume, pore size, and
specific surface area of the dried SG were determined using an ASAP2010 surface and
pore size analyzer (Micromeritics, Atlanta, GA, USA). The average pore volume of the
dried SG was 1.203 mL/g. The average pore size was 17.89 nm (shown in Figure S1A). The
specific surface area was 221.004 m2/g. Calculation details of the surface area and pore
size distributions of SG are shown in the Supplementary Information document.
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Figure S2 presents a high-resolution transmission electron microscopy (HR-TEM)
image of the SG nanoparticles and shows that the SG nanoparticles consist of spherical-
shaped particles, and the gap between the spherical particles forms a microporous structure
inside the SG particles. The spherical particles adsorb water molecules or other polar
molecules. In this study, the adsorption of the SG pores on the water molecules was used
to obtain pore water confined inside SG pores. According to the adsorption principle of SG
pores on polar water molecules, the pore water is obtained by mixing deionized water with
a nanoporous SG with particle diameters of 0.3–0.45 mm. The amount of deionized water
taken is equal to the mean pore volume of the dried SG sample and then was mixed with
the SG. It is considered to be that the SG sample has a water content of 100%. The water
content of 100% only represents a moisture ratio of 100% in the SG pores. It is different
from a pore volume filling ratio, 100%. Deionized water was used in all experiments. After
the SG sample was placed in a centrifuge and rotated at 3500 rpm for 30 min, the sample
was sealed. Then, to ensure that the water was thoroughly absorbed inside the pores of
the SG, the SG sample with pore water was allowed to stand for 5 days. The equivalent
pore width of the wet SG sample can be estimated to be approximately 14 nm (shown in
Figure S1B).

2.2. Preparation of Nanoscale Hydrate

A diagram of the system used to synthesize the nanoscale hydrate sample is shown in
Figure S3. The experimental apparatus mainly consists of a reaction vessel, a thermostati-
cally controlled air bath, a buffer tank, a gas injection system, a data acquisition system,
and some measurement units. The reaction vessel was a pressure vessel made of stainless
steel (1Cr18Ni9Ti). The vessel was immersed in an air bath and had an internal volume
of 18.5 mL, and it could be pressurized up to 20 MPa. To measure the temperature and
pressure profiles inside the vessel, one resistance thermometer and one pressure transducer
were inserted in the vessel. The thermometer was model Pt100 with a temperature range
of 223 to 373 K ± 0.1 K. The pressure transducer was model SS2 (Boxborough, MA, USA)
with a pressure range of 0 to 20 MPa ± 0.25%. The methane gas with a purity of 99.99%
was purchased from Foushan Nanhai Gas Co., Ltd., Foushan, China.

The confined methane hydrate samples used for the microscopic measurements were
prepared in the hydrate forming system. A 6.115 g sample of the SG with pore water
was added to the reaction vessel. A vacuum was applied to the forming system for about
15 min. The temperature of the air bath was set to ~274.15 K. Methane gas was injected
into the vessel when the temperature in the vessel was stabilized at ~275.65 K. The inside
of the vessel was then pressurized to ~12.0 MPa. After approximately 2 days, the pressure
inside the vessel was stabilized at ~9.76 MPa, and the synthesis of the methane hydrate
confined inside SG was complete. Figure S4 shows the temperature and pressure profiles
of the pressure vessel during the formation of the confined hydrate samples. The confined
hydrate samples were transferred from the reactor and finely ground in liquid nitrogen.
Finally, the nanoscale methane hydrate samples were stored in liquid nitrogen.

2.3. Experimental Methods

A Nicolet 6700 FTIR bench instrument equipped with a liquid nitrogen (LN) tank was
employed to study the nanoscale hydrate dissociation process. Pure potassium bromide
(KBr) was used as the background. The infrared spectra were collected in the transmission
mode for the range of 400 to 4000 cm−1. The finely ground hydrate samples stored in liquid
nitrogen were shifted to the sample cooling stage of FTIR. The hydrate sample was heated
from 163 K to 289 K. The heating rate was approximately 4 K per minute. The nanoscale
methane hydrate samples were stored in liquid nitrogen.

The hydrate samples stored in liquid nitrogen were also transferred to the sample
stages of an X’pert High score Plus diffractometer (PANalytical, Netherlands) precooled
to approximately 193 K. The structure of the hydrate sample at approximately 193 K was
characterized by PXRD. The dissociation of the samples at 268 K and 263 K and under
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atmospheric pressure was measured. During dissociation, the temperature of the methane
hydrate sample was controlled by a cooling stage. All FTIR and PXRD tests were performed
in three replicas.

3. Results and Discussion
3.1. Characterization of Confined Hydrate

It is necessary to find the different PXRD characteristics of hydrates inside and outside
the SG pores, and the difference can be used to confirm the presence of hydrate samples
inside the SG pores. The hydrates outside the pores had the same PXRD characteristics
as bulk hydrates. Figure 1 shows the PXRD patterns of the nanoscale methane hydrate
confined inside the SG pores at 193 K. The PXRD peaks were oxygen scattering peaks.
For the convenience of comparison, a PXRD pattern of a methane hydrate powder (bulk
hydrate) having a particle size of approximately 0.35 to 0.6 mm synthesized from ice
powder is given. The PXRD pattern of the bulk hydrate is consistent with the literature
data [25,26], indicating that the results of this experiment are reliable. The results show
that the SG containing the methane hydrate (confined hydrate) had a diffraction peak
corresponding to amorphous SiO2 at approximately 2θ = 22◦, and there were diffraction
peaks corresponding to methane hydrate (sI) crystal planes, such as sI(222), sI(320), sI(321),
sI(410), etc. Compared with those of the bulk hydrate, these peaks corresponding to
the confined hydrate were shifted to the right by approximately 0.2–0.3◦. However, the
diffraction peaks corresponding to crystal planes, such as sI(433) and Ih(112), were not
shifted. With respect to the confined hydrate, some diffraction peaks were shifted to
the right, and some diffraction peaks were not shifted to any side, compared with the
bulk hydrate. The possibility of the displacement of the confined hydrate sample surface
from the zero plane of diffractometer in this work was excluded. It means that the lattice
parameters of the confined hydrate decrease due to the effect of confinement. The calculated
lattice parameters of confined hydrate are presented in Table S1. In the confined space
inside the SG pores, the crystal planes sI(210), sI(211), sI(222), sI(320), sI(321), sI(400),
sI(410), sI(411), and sI(432) were compressed. The compressed crystal planes show that the
structure of the CH4 hydrates formed in the porous silica gels was the same as that of the
bulk CH4 hydrate (sI) without a structure transition. Figure 1 also shows the presence of
ice Ih in the hydrate sample. The characteristic peaks of the crystal planes, such as Ih(002),
Ih(100), and Ih(110), were shifted to the right by 0.2–0.3◦. This shift is a very important
difference between PXRD characteristics of hydrates inside and outside the SG pores. It is
reasonable to confirm the presence of hydrate samples confined inside the SG pores based
on this difference.
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3.2. Phase State of Water from Decomposing Hydrate

The aim of FTIR measurement was to investigate the manifestations of water structure
in FTIR spectra at different temperatures in a confined hydrate state with special attention
near a phase transition solid (hydrate)–liquid (LDL) and to draw a conclusion about the
phase state of water from decomposing hydrate.

Figure 2A shows four obvious IR absorption features, which corresponded to symmet-
ric and asymmetric stretching vibrations (2750–3700 cm−1), libration overtone vibrations
(2100–2500 cm−1), intramolecular bending vibrations of water molecules (1500–1700 cm−1),
and librational motion (0–1000 cm−1) [29]. The most dominant absorption feature of the
water was the bonded O–H stretching band. The molecular aggregate (clusters) struc-
ture, which was formed as the main volume units of the fully hydrate-bonded water
network, can be investigated in detail. These clusters can be used to monitor confined
hydrate dissociation.

Figure 2A also displays the changes in the IR absorption signatures of the confined
hydrate. The sample was heated from 163 K to 289 K. The sample transitioned from a solid
(methane gas hydrate) to a liquid state at temperatures from 247 K to 289 K. One can observe
drastic changes in all the investigated spectral regions. The hydrate structure transformed
at phase transitions, as shown by the OH stretching band of the spectra obtained at various
temperatures. This transformation can be explained by the changes in the impacts of the
different components of the OH stretching band. To provide a quantitative evaluation of the
observed changes, the OH stretching band was decomposed into six Gaussian sub-bands.
The six bands obtained by fitting the spectra were 3000 cm−1, 3140 cm−1, 3250 cm−1,
3395 cm−1, 3530 cm−1, and 3630 cm−1. In the fitting process, the corresponding values of
the half-widths and integrated areas varied, while the band position remained the same
during the temperature changes. Figure 2B shows the Gaussian decomposition of the OH
stretching band for the confined hydrate at 247 K. The temperature dependencies of the
relative integrated areas in the OH stretching region at the phase transitions are shown
in Figure 2C,D and Figure S5. Figure S6 shows the IR spectra of water resulting from
confined hydrate decomposition were different from the IR spectra of pore water confined
in SG pores.

Each of the Gaussians was ascribed to a “particular type” of water molecule: “network
water” molecules (NW), “intermediate water” molecules (IW), and “multimer water”
molecules (MW) [30,31]. NW were most likely connected tetrahedrally, almost as in a
hydrate or ice, thus generating instantaneous H-bonded low-density pathways [30]. The
NW were assigned to the Gaussian at approximately 3000 cm−1, 3140 cm−1, and 3250 cm−1.
The species at approximately 3000 cm−1 could be associated with low-density liquid water
(LDL) [32–34]. The solid-state of water (hydrate crystals or ice crystals) can consist of
hexamers and pentamers [34,35]. Thus, the peak at 3140 cm−1 could be considered to
be a component of water in the hydrate/ice state [36–39]. The species at approximately
3250 cm−1 were expected to arise from water molecules involved in transient networks
that break and form [40–42]. For the IW, the Gaussian at 3395 cm−1 corresponded to water
molecules with distorted H-bonds. These water molecules were somewhat connected to
other water molecules, which may be those located at the interface of the networks [43].
The MW (the Gaussian at ~3530 cm−1 and ~3630 cm−1) were the water molecules of
the free monomers, dimers, or trimers [44]. The obtained spectral bands at 3000 cm−1,
3140 cm−1, and 3250 cm−1 could be associated with low-density water (LDW) [34], and
those at 3395 cm−1, 3530 cm−1, and 3630 cm−1 were attributed to high-density water
(HDW) [33].



Nanomaterials 2021, 11, 590 6 of 15

Nanomaterials 2021, 11, x FOR PEER REVIEW 5 of 15 
 

 

 

Figure 1. Powder X-ray diffraction (PXRD) patterns of the confined hydrate and bulk hydrate at 

193 K. With respect to the confined hydrate, some diffraction peaks, such as sI(222), sI(320), sI(321), 

sI(410), etc., were shifted to the right and some diffraction peaks, such as sI(433), were not shifted to 

any side. 

3.2. Phase State of Water from Decomposing Hydrate 

The aim of FTIR measurement was to investigate the manifestations of water struc-

ture in FTIR spectra at different temperatures in a confined hydrate state with special 

attention near a phase transition solid (hydrate)–liquid (LDL) and to draw a conclusion 

about the phase state of water from decomposing hydrate. 

Figure 2A shows four obvious IR absorption features, which corresponded to 

symmetric and asymmetric stretching vibrations (2750–3700 cm−1), libration overtone vi-

brations (2100–2500 cm−1), intramolecular bending vibrations of water molecules 

(1500–1700 cm−1), and librational motion (0–1000 cm−1) [29]. The most dominant absorp-

tion feature of the water was the bonded O–H stretching band. The molecular aggregate 

(clusters) structure, which was formed as the main volume units of the fully hy-

drate-bonded water network, can be investigated in detail. These clusters can be used to 

monitor confined hydrate dissociation. 

 
(A) (B) 

Nanomaterials 2021, 11, x FOR PEER REVIEW 6 of 15 
 

 

 
(C) (D) 

 
(E) 

Figure 2. Infrared (IR) absorption signatures of the confined hydrate. (A) IR absorption of confined hydrate transitioning 

at temperatures from 247 K to 289 K.(B) Gaussian decomposition of the OH stretching band at 247 K. (C,D) Temperature 

evolution of fitting peaks relative integrated intensities. (E) Temperature evolution of the relative integrated intensity of 

the 3017 cm−1 band. The relative integrated intensity of the 3017 cm−1 band is the ratio of the integrated intensity of the 

3017 cm−1 band at different temperatures to the one at 262K. 

Figure 2A also displays the changes in the IR absorption signatures of the confined 

hydrate. The sample was heated from 163 K to 289 K. The sample transitioned from a 

solid (methane gas hydrate) to a liquid state at temperatures from 247 K to 289 K. One can 

observe drastic changes in all the investigated spectral regions. The hydrate structure 

transformed at phase transitions, as shown by the OH stretching band of the spectra ob-

tained at various temperatures. This transformation can be explained by the changes in 

the impacts of the different components of the OH stretching band. To provide a quan-

titative evaluation of the observed changes, the OH stretching band was decomposed 

into six Gaussian sub-bands. The six bands obtained by fitting the spectra were 3000 cm−1, 

3140 cm−1, 3250 cm−1, 3395 cm−1, 3530 cm−1, and 3630 cm−1. In the fitting process, the cor-

responding values of the half-widths and integrated areas varied, while the band posi-

tion remained the same during the temperature changes. Figure 2B shows the Gaussian 

decomposition of the OH stretching band for the confined hydrate at 247 K. The tem-

perature dependencies of the relative integrated areas in the OH stretching region at the 

phase transitions are shown in Figures 2C,D and S5. Figure S6 shows the IR spectra of 

water resulting from confined hydrate decomposition were different from the IR spectra 

of pore water confined in SG pores. 

Each of the Gaussians was ascribed to a “particular type” of water molecule: “net-

work water” molecules (NW), “intermediate water” molecules (IW), and “multimer wa-

ter” molecules (MW) [30,31]. NW were most likely connected tetrahedrally, almost as in a 

Figure 2. Infrared (IR) absorption signatures of the confined hydrate. (A) IR absorption of confined hydrate transitioning
at temperatures from 247 K to 289 K.(B) Gaussian decomposition of the OH stretching band at 247 K. (C,D) Temperature
evolution of fitting peaks relative integrated intensities. (E) Temperature evolution of the relative integrated intensity of
the 3017 cm−1 band. The relative integrated intensity of the 3017 cm−1 band is the ratio of the integrated intensity of the
3017 cm−1 band at different temperatures to the one at 262K.



Nanomaterials 2021, 11, 590 7 of 15

IR spectroscopy has become an accessible and widely used characterization method
for gas hydrates [36,37,45–47]. The computed symmetric and asymmetric OH stretch-
ing bands for empty, propane, isobutane, propane–methane, and ethane–methane sII
hydrates are located between 2800 and 3150 cm−1 and between 3150 and 3350 cm−1, re-
spectively [39]. The experimental OH stretching frequency for THF sII hydrates is located
at 3144 cm−1 at 0 K [36]. The experimental symmetric and asymmetric OH stretching bands
for methane–ethane–propane sII hydrates are located between 3190 cm−1 and 3396 cm−1,
respectively [37].

The peak positions observed for the highly networked O–H stretching bands attributed
to the confined hydrate structures (sI) occurred at approximately 3140 cm−1. These peaks
were red shifted by approximately 70 cm−1 compared to the peak positions corresponding
to the bulk gas hydrate, which occurs at approximately 3210 cm−1 [48,49]. The stretching
band of the confined hydrate depended on the length of the OH bonds in the water
molecules. The longer the OH bond becomes, the lower the wavenumber for the stretching
mode. The red shift indicates that the hydrogen bonds of the water confined in the SG
grew stronger.

Figure 2C,D show spectral analysis by the Gaussian decomposition of the OH band for
the confined hydrate at temperatures from 247 K to 289 K. For clarity, the relative integrated
intensities from the fitting band attributed to HDW are not displayed in Figure 2C, and the
ones attributed to LDL are not displayed in Figure 2D. Figure S5 shows the temperature
evolution of relative integrated intensities from all fitting bands. The relative integrated
intensity of these bands from 247 K to 259 K changed, but the FTIR spectra of water
remained similar to those of water in the hydrate state. Then, the investigated sample was
gradually heated to 262 K, the band at 3140 cm−1 disappeared, and the relative integrated
intensity of the band at 3000 cm−1 increased when the phase transitions occurred. The FTIR
spectra of water at 262 K were similar to those of water in the liquid state. This similarity
means that methane hydrate decomposed into LDL (shown in Figure 2C) and gas methane
at 262 K. The integrated intensities of the bands at 3630 cm−1 and 3000 cm−1 increased after
the phase transitions occurred. The integrated intensities of the bands at 3630 cm−1 and
3000 cm−1 contributed mainly (more than 50%) to the total OH band integrated intensity
in the liquid state above 268 K. The band at 3395 cm−1 disappeared when the investigated
sample was gradually heated to 286 K. The band at 3000 cm−1 shifted by more than
100 cm−1 toward lower frequencies after the phase transition. Vibrational bands of less
than 3000 cm−1 mostly originated from OH bonds with lengths of more than 1.01 Å, as
determined by the atom eigenvectors [50]. The red shifts in the bands indicate that the
tetrahedrally coordinated hydrogen-bonded water is more ordered. These findings provide
evidence of the coexistence of LDL and HDL in the water from the confined hydrate in
the SG. Previous research showed that the low-density liquid phase exists in supercooled
confined water [32]. Two liquid fractions of water (LDL and HDL) coexist in confined
water systems [51–58]. Our results are consistent with the previous results.

Gas hydrates consist of a crystalline host lattice that encloses the guest gas molecules.
Hydrocarbon gases are trapped within the cavities of a rigid “cage-like” lattice of water
molecules [1–3]. For structure I (sI) hydrates, the unit cell consisted of 46 water molecules
arranged into two small dodecahedral cages (each with twelve pentagonal faces) and
six large tetra decahedral cages (each with two hexagonal and twelve pentagonal faces).
The cell can hold up to 8 small gas molecules [1–3]. As a unit of hydrate cage structure,
each vertex is the site of an oxygen atom, and each edge an 0—H....0 hydrogen bond,
and each oxygen coordination is very close to tetrahedral [1–3,59–61]. LDL has an open,
hydrogen-bonded tetrahedral structure [62]. It is very favorable for LDL with a tetrahedral
arrangement of molecules to transform into hydrate.

3.3. Desorption Characteristics of Methane Molecules

Gaseous methane exhibits two characteristic absorption features in the mid-infrared
range: (i) the degenerated stretching vibration at 3017 cm−1, and (ii) the degenerate
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deformation vibration at 1306 cm−1 [63]. Due to the high absorptivity of the hydrate water
matrix, the absorption bands of the methane molecule are not detectable when the methane
molecules are enclathrated in the hydrate. Thus, the stretching vibration at 3017 cm−1 was
selected to identify and characterize the methane gas during gas hydrate dissociation. The
collected IR spectra represented a mixture of water, hydrate, and gas methane absorption
features, and the features of the gas hydrate became decreasingly pronounced as the
experiment proceeded. An increase in the relative integrated intensity of the 3017 cm−1

band at temperatures from 247 K to 262 K and a decrease in the relative integrated intensity
of the 3017 cm−1 band at temperatures from 262 K to 286 K are shown in Figure 2E. At
262 K, the relative integrated intensity reached its maximum. This means that at 262 K,
the hydrate dissociation process is complete, and then, the methane molecules gradually
overflow from the two ultra viscous liquids (LDL and HDL) in the SG with a very slow
overflow rate, resulting in pore pressure.

3.4. Dissociation Characteristics at Temperatures under Atmospheric Pressure

PXRD were used to trace the dissociation of confined methane hydrate synthesized
from pore water confined inside the nanosilica gel. Figure 3A shows the XRD pattern details
of the confined hydrate (scanning range 2θ = 20–45◦, scan time of 4 min/run) at 268 K. In
previous studies [25,26] about bulk hydrates, the crystal plane sI(222), which corresponds
to the most intense peak in the hydrate planes, and the crystal plane Ih(100), which
corresponds to the most intense peak in the ice Ih planes, were usually used to represent
the hydrate and ice Ih, respectively. In this paper, plane sI(222), which corresponds to
the second most intense peak in the hydrate crystal planes, and plane Ih(100), which
corresponds to the most intense peak in the ice Ih crystal planes, were still used to represent
the ice Ih and hydrate, respectively.
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I/I0. (D) The volume change of the hydrate, V/V0, and full width at half maximum (FWHM) change of sI(222).
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It is necessary to confirm that the confined hydrates were inside the SG pores during
the dissociation. The shift of peak diffraction angle of confined hydrates was used to
characterize the confined hydrate inside the SG pores. Figure 3B shows the peak diffraction
angle changes of sI(222) and Ih(100). The peaks of the hydrate and ice Ih crystal planes
shifted to low angles during the dissociation process, indicating that the hydrate crystals
and ice crystals expanded. Expansion means a reduction in density. The infrared measure-
ment results showed that the confined methane hydrate crystals were dissociated into the
methane gas and LDL in the nanopores. Thereafter, the methane molecules diffused from
LDL to the outside of the pore and were finally desorbed from the SG particles into the
gas phase.

Figure 3C shows the relative volume change of the hydrate or ice Ih (V/V0) and
relative peak intensity change of sI(222) or Ih(100) inside the pores (I/I0). The relative
volume change of the hydrate or ice Ih is the ratio of the peak area of sI(222) or Ih(100) inside
the pores to the peak area of sI(222) or Ih(100) inside the pores at the initial time (4 min).
The relative peak intensity change of sI(222) or Ih(100) is the ratio of the peak intensity of
sI(222) or Ih(100) inside the pores to the peak intensity of sI(222) or Ih(100) inside the pores
at the initial time (4 min). Figure 3C shows that the dissociation process of the hydrates and
ice Ih contained multiple reformation processes. The slope of the volume content of the
hydrate can represent the dissociation or reformation rate. Figure 3C also shows that the
reformation/dissociation rate of the hydrate was controlled by the volume of ice. When the
volume of ice was larger, the reformation/dissociation rate of the hydrate was slower. The
full width at half maximum (FWHM) change of sI(222) is shown in Figure 3D. During the
dissociation process, the FWHM continued to increase, meaning that the hydrate particles
became smaller. At 12 min, the FWHM was maximized, and the hydrate decomposed
very rapidly. The reformation/dissociation rate of the hydrates was also controlled by
the size of the hydrate particles. The large volume of ice and large hydrate particle size
mean that the solid phase volume in the nanopore is large, and the relative liquid volume
is small. A large liquid volume means that the average pore diameter of the nanopores is
large. Different average pore sizes represent different hydrate phase equilibrium curves.
Thus, the dissociation processes have different driving forces. Therefore, the volume of
ice and the size of the hydrate particles are important variables in controlling the hydrate
reformation/dissociation rate during the dissociation of the confined hydrate.

Figure 4A shows the XRD pattern details obtained at 263 K (scanning range 2θ = 5–55◦,
scan time of 8 min/run). Figure 4B shows the peak diffraction angle variation of sI(222)
and Ih(100) calculated from the XRD patterns. After dissociation starts, the characteristic
peaks of the crystal plane shifted to a low angle until they coincide with the diffraction
angle of the crystal plane peaks of the bulk hydrate. The process of these peaks shifting to a
low angle indicates the expansion of the crystal volume after the start of the dissociation of
the hydrate. If the characteristic peak diffraction angles are shifted to the diffraction angle
of the bulk hydrate crystal plane, the crystal is considered to be on the outer wall of the
pores or at the surface layer of the SG particles. It can be concluded that the hydrate and
ice Ih were located in the pores during the dissociation process at 263 K.

Figure 4C shows the volume change of the hydrate or ice Ih (V/V0) and the peak
intensity change of sI(222) or Ih(100) inside the pores (I/I0). The volume change of the
hydrate or ice Ih is the ratio of the peak area of sI(222) or Ih(100) inside the pores to
the peak area of sI(222) or Ih(100) inside the pores at the initial time (8 min). The peak
intensity change of sI(222) or Ih(100) inside the pores is the ratio of the peak intensity
of sI(222) or Ih(100) inside the pores to the peak intensity of sI(222) or Ih(100) inside
the pores at the initial time (8 min). Figure 4C also shows that the dissociation process
of the hydrates and ice Ih contained multiple reformation processes. At the same time,
the reformation or dissociation of ice was almost synchronized with the reformation or
dissociation of the hydrates. At 24–80 min, because the volume of the formed ice was
larger than the dissociation volume, the volume of ice during this period was higher than
the initial volume. During this period, hydrate reformation and dissociation were slower
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than those at other periods. After 80 min, the volume content of ice was reduced, and
the reformation/dissociation of the hydrates was very rapid. It can be concluded that the
reformation/dissociation rate of the hydrate is affected by the ice volume and hydrate
particle size.
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Figure 4. Dissociation process at 263 K. (A) XRD pattern details obtained at 263 K. (B) The peak diffraction angle change of
sI(222) and Ih(100) with respect to the time calculated from the XRD patterns. The peak diffraction angle is not shown when
the peak intensity was 0. (C) The volume change of hydrate or ice Ih, V/V0, and the peak intensity change of sI(222) or
Ih(100) inside the pores, I/I0. (D) The volume change of the hydrate, V/V0, and the FWHM change of sI(222). The FWHM
change is the ratio of the FWHM of sI(222) to the FWHM of sI(222) at the initial time (8 min).

Figure 4D shows the volume change of the hydrate and FWHM of the crystal plane
sI(222) during the dissociation process. When the FWHM was larger, the hydrate particle
size was smaller. In the first 80 min of the dissociation process, the grains became increas-
ingly smaller. At 8–16 min, the grain size was larger, and the dissociation process was
slower. After 80 min, the crystal grains were finer, and the hydrate formation/dissociation
process was very rapid. It is speculated that the reformation/dissociation of hydrates is
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affected by the hydrate grain size. In summary, the dissociation process of the hydrate is
controlled by the volume of ice and the size of the hydrate grains at 263 K.

3.5. Dissociation Mechanism

The dissociation of the methane hydrate in the nanopores involves the dissociation of
the hydrates inside the pores and the diffusion of methane from LDL and HDL into the
gas phase. The rate of the control steps in the process determines the rate of macroscopic
reactions. By comparing Figures 3 and 4, it can be seen that the dissociation rate at 268 K
was faster than that at 263 K. The higher the temperature, the greater the driving force for
dissociation.

Figure 5A shows phase equilibrium of methane hydrate in 6.2, 9.,2, and 15 nm SG
pores [7,12]. According to the Van der Waals and Platteeuw [64] model, the dissociation
condition of the methane hydrates confined inside the pores shifts because of changes in the
water activity relative to the activity of the bulk hydrate at a given pressure [13,18,19]. The
decrease in the dissociation temperature is inversely proportional to the pore size [17]. The
effective pore size increased as the hydrate decomposed due to the partial methane hydrate
crystal and ice Ih crystal transferring into the LDL. At this time, the hydrate phase balance
curve shifted downward. As the abovementioned results show, the dissociation process
was also controlled by the volume of ice and the size of the hydrate particles. Both the
volume of ice and the size of the hydrate particles affected the effective size of the pores. As
mentioned before, the dissociation of the hydrate and ice in the pores is almost synchronous.
When dissociation occurs, the hydrate phase equilibrium curve quickly moves down, as
shown in Figure 5B. At this point, if the temperature and pressure are above the phase
equilibrium curve, the hydrate reformation process takes place. Reformation causes the
effective pore diameter to decrease rapidly, and the phase equilibrium curve rapidly moves
upward, also as shown in Figure 5B. If the temperature and the pressure at this time are
below the phase equilibrium curve, hydrate dissociation takes place.

1 

 

  

(A) (B) 

 
Figure 5. (A) Phase equilibrium of methane hydrate from pore water [7,12], bulk water1, supercooled water [65], and
droplet water [22]. Pore water was confined in 6.2, 9.2, and 15 nm SG pores. (B) Phase equilibrium diagram of methane
hydrate from pore water inside SG pores with different pore sizes.

4. Conclusions

The large amounts of natural gas in a dense solid phase stored in the confined en-
vironment of porous materials have become a new, potential method for storing and
transporting natural gas. In this paper, the relationship between the phase state of wa-
ter from the confined hydrate dissociation and the dissociation behavior of the confined
hydrates synthesized from pore water was investigated.
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The characterization of the confined methane hydrate was analyzed by PXRD. It was
found that the peaks corresponding to the confined hydrate were shifted to the right by
approximately 0.2◦–0.3◦, compared with those of the bulk hydrate. This shift may be
caused by the confinement effect. The presence of hydrate samples confined inside the SG
pores was confirmed based on this difference.

In this work, the phase state of water from decomposing hydrate was analyzed by
FTIR. It was found that the confined methane hydrate dissociates into LDL and methane
gas. It is very favorable for LDL with a tetrahedral arrangement of molecules to transform
into hydrate. Dissociation characteristics of confined hydrate at temperatures under at-
mospheric pressure were also analyzed by PXRD. The dissociation process of confined
hydrates contained multiple reformations.

The results have shown that the dissociation mechanism of confined methane hy-
drates below the ice melting temperature depends on the phase state of water during the
dissociation of the nanoscale methane hydrate confined in SG. LDL is an inherent cause
of reformations during the dissociation process. Dissociation kinetics was tested. It is the
temperature-controlled rate of intrinsic dissociation of methane hydrate in the nanopores.
The dissociation process of hydrate is also controlled by the solid volume (ice and hydrate)
in nanopores. Different solid volumes mean different dissociation driving forces.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-4
991/11/3/590/s1, Figure S1. Pore size distributions of the SG, d. Figure S2. HR-TEM image of the
SG nanoparticles. Figure S3. Experimental apparatus of hydrate formation. Figure S4. Temperature
and pressure profiles of the pressure vessel during the formation of the confined hydrate samples.
Figure S5. Temperature evolution of relative integrated intensities from all fitting peaks. Figure S6.
The IR spectra of pore water and water resulting from confined hydrate decomposition at 289 K.
Table S1. The calculated lattice parameters of confined hydrate and bulk hydrate. References [66–77]
are cited in the supplementary materials.

Author Contributions: L.W. conceived and designed the experiments; L.W. and J.F. performed the
experiments; L.W. analyzed the data; L.W. wrote the manuscript draft; X.Z. (Xiaoya Zang), X.Z.
(Xuebing Zhou), J.L., J.G., and D.L. checked the final draft and proofread the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (NSFC)
(51576197, 52004261, 51676197), PetroChina Innovation Foundation (2019D-5007-0216), the Guang-
dong Province Natural Science Foundation of China (2020A1515011120,), and the Guangdong
Province MEDProject (GDME-2018D002), the National Key Research and Development Plan of
China (No. 2016YFC0304002).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sloan, E.D. Clathrate Hydrates of Natural Gases; Marcel Dekker, INC.: New York, NY, USA, 1998.
2. Sloan, E.D. Fundamental principles and applications of natural gas hydrates. Nature 2003, 426, 353–363. [CrossRef]
3. Koh, C.A. Towards a fundamental understanding of natural gas hydrates. Chem. Soc. Rev. 2002, 31, 157–167. [CrossRef]
4. Englezos, A.P.; Lee, J.D. Gas Hydrates: A cleaner source of energy and opportunity for innovative technologies. Kor. J. Chem. Eng.

2005, 22, 671–681. [CrossRef]
5. Casco, M.E.; Silvestre-Albero, J.; Ramirez-Cuesta, A.J.; Rey, F.; Jorda, J.L.; Bansode, A.; Urakawa, A.; Peral, I.; Martinez-Escandell,

M.; Kaneko, K.; et al. Methane hydrate formation in confined nanospace can surpass nature. Nat. Commun. 2015, 6, 6432-8.
[CrossRef]

6. Celzard, A.; Marêché, J.F. Optimal wetting of active carbons for methane hydrate formation. Fuel 2006, 85, 957–966. [CrossRef]
7. Anderson, R.; Llamedo, M.; Tohidi, B. Characteristics of clathrate hydrate equilibria in mesopores and interpretation of experi-

mental data. J. Phys. Chem. B 2003, 107, 3500–3506. [CrossRef]
8. Borchardt, L.; Nickel, W.; Casco, M.; Senkovska, I.; Bon, V.; Wallacher, D.; Grimm, N.; Krause, S.; Silvestre-Albero, J. Illuminating

solid gas storage in confined spaces-methane hydrate formation in porous model carbons. Phys. Chem. Chem. Phys. 2016, 18,
20607–20614. [CrossRef]

https://www.mdpi.com/2079-4991/11/3/590/s1
https://www.mdpi.com/2079-4991/11/3/590/s1
http://doi.org/10.1038/nature02135
http://doi.org/10.1039/b008672j
http://doi.org/10.1007/BF02705781
http://doi.org/10.1038/ncomms7432
http://doi.org/10.1016/j.fuel.2005.10.019
http://doi.org/10.1021/jp0263368
http://doi.org/10.1039/C6CP03993F


Nanomaterials 2021, 11, 590 13 of 15

9. Zhou, L.; Sun, Y.; Zhou, Y. Enhancement of the methane storage on wet activated carbon by preadsorbed water. AIChE J. 2002, 48,
2412–2416. [CrossRef]

10. Perrin, A.; Celzard, A.; Marêché, J.F.; Furdin, G. Methane storage within dry and wet active carbons: A comparative study. Energy
Fuels 2003, 17, 1283–1291. [CrossRef]

11. Li, X.-S.; Zhang, Y. Study on dissociation behaviors of methane hydrate in porous media based on experiments and fractional
dimension shrinking-core model. Ind. Eng. Chem. Res. 2011, 50, 8263–8271. [CrossRef]

12. Liu, H.; Zhan, S.; Guo, P.; Fan, S.; Zhang, S. Understanding the characteristic of methane hydrate equilibrium in materials and its
potential application. Chem. Eng. J. 2018, 349, 775–781. [CrossRef]

13. Aladko, E.Y.; Dyadin, Y.A.; Fenelonov, V.B.; Larionov, E.G.; Mel’gunov, M.S.; Manakov, A.Y.; Nesterov, A.N.; Zhurko, F.V.
Dissociation conditions of methane hydrate in mesoporous silica gels in wide ranges of pressure and water content. J. Phys. Chem.
B 2004, 108, 16540–16547. [CrossRef]

14. Uchida, T.; Ebinuma, T.; Ishizaki, T. Dissociation condition measurements of methane hydrate in confined small pores of porous
glass. J. Phys. Chem. B 1999, 103, 3659–3662. [CrossRef]

15. Park, T.; Lee, J.Y.; Kwon, T.-H. Effect of pore size distribution on dissociation temperature depression and phase boundary shift of
gas hydrate in various fine-grained sediments. Energy Fuels 2018, 32, 5321–5330. [CrossRef]

16. Handa, Y.P.; Stupin, D.Y. Thermodynamic properties and dissociation characteristics of methane and propane hydrates in
70-.ANG.-radius silica gel pores. J. Phys. Chem. A 1992, 96, 8599–8603. [CrossRef]

17. Clennell, M.B.; Hovland, M.; Booth, J.S.; Henry, P.; Winters, W.J. Formation of natural gas hydrates in marine sediments conceptual
model of gas hydrate growth conditioned by host sediment properties. J. Geophys. Res. 1999, 104, 23005–23022. [CrossRef]

18. Seo, Y.; Lee, S.; Cha, I.; Lee, J.D.; Lee, H. Phase equilibria and thermodynamic modeling of ethane and propane hydrates in porous
silica gels. J. Phys. Chem. B 2009, 113, 5487–5492. [CrossRef]

19. Anderson, R.; Llamedo, M.; Tohidi, B.; Burgass, R.W. Experimental measurement of methane and carbon dioxide clathrate
hydrate equilibria in mesoporous silica. J. Phys. Chem. B 2003, 107, 3507–3514. [CrossRef]

20. Melnikov, V.P.; Nesterov, A.N.; Podenko, L.S.; Reshetnikov, A.M.; Shalamov, V.V. NMR evidence of supercooled water formation
during gas hydrate dissociation below the melting point of ice. Chem. Eng. Sci. 2012, 71, 573–577. [CrossRef]

21. Melnikov, V.P.; Nesterov, A.N.; Reshetnikov, A.M.; Istomin, V.A. Metastable states during dissociation of carbon dioxide hydrates
below 273 K. Chem. Eng. Sci. 2011, 66, 73–77. [CrossRef]

22. Melnikov, V.P.; Nesterov, A.N.; Reshetnikov, A.M.; Zavodovsky, A.G. Evidence of liquid water formation during methane
hydrates dissociation below the ice point. Chem. Eng. Sci. 2009, 64, 1160–1166. [CrossRef]

23. Takeya, S.; Ripmeester, J.A. Dissociation behavior of clathrate hydrates to ice and dependence on guest molecules. Angew. Chem.
Int. Ed. 2008, 47, 1276–1279. [CrossRef]

24. Stern, L.A.; Circone, S.; Kirby, S.H.; Durham, W.B. Anomalous preservation of pure methane hydrate at 1 atm. J. Phys. Chem. B
2001, 105, 1756–1762. [CrossRef]

25. Takeya, S.; Shimada, W.; Kamata, Y.; Ebinuma, T.; Uchida, T.; Nagao, J.; Narita, H. In situ X-ray diffraction measurements of the
self-preservation effect of CH4 hydrate. J. Phys. Chem. A 2001, 105, 9756–9759. [CrossRef]

26. Takeya, S.; Ripmeester, J.A. Anomalous preservation of CH4 hydrate and its dependence on the morphology of hexagonal ice.
Chem. Phys. Chem. 2010, 11, 70–73. [PubMed]

27. Klauda, J.B.; Sandler, S.I. Predictions of gas hydrate phase equilibria and amounts in natural sediment porous media. Mar. Pet.
Geol. 2003, 20, 459–470. [CrossRef]

28. Klauda, J.B.; Sandler, S.I. Global distribution of methane hydrate in ocean sediment. Energy Fuels 2005, 19, 459–470. [CrossRef]
29. Maekawa, Y.; Sasaoka, K.; Yamamoto, T. Structure of water clusters on graphene: A classical molecular dynamics approach. Jpn. J.

Appl. Phys. 2018, 57, 035102-7. [CrossRef]
30. Brubach, J.B.; Mermet, A.; Filabozzi, A.; Gerschel, A.; Lairez, D.; Krafft, M.P.; Roy, P. Dependence of water dynamics upon

confinement size. J. Phys. Chem. B 2001, 105, 430–435. [CrossRef]
31. Boissière, C.; Brubach, J.B.; Mermet, A.; de Marzi, G.; Bourgaux, C.; Prouzet, E.; Roy, P. Water confined in lamellar structures of

AOT surfactants: An infrared investigation. J. Phys. Chem. B 2002, 106, 1032–1035. [CrossRef]
32. Mallamace, F.; Broccio, M.; Corsaro, C.; Faraone, A.; Majolino, D.; Venuti, V.; Liu, L.; Mou, C.Y.; Chen, S.H. Evidence of the

existence of the low-density liquid phase in supercooled, confined water. Proc. Natl. Acad. Sci. USA 2007, 104, 424–428. [CrossRef]
33. Maréchal, Y. The molecular structure of liquid water delivered by absorption spectroscopy in the whole IR region completed with

thermodynamics data. J. Mol. Struct. 2011, 1004, 146–155. [CrossRef]
34. Vasylieva, A.; Doroshenko, I.; Vaskivskyi, Y.; Chernolevska, Y.; Pogorelov, V. FTIR study of condensed water structure. J. Mol.

Struct. 2018, 1167, 232–238. [CrossRef]
35. Bernini, M.C.; Brusau, E.V.; Narda, G.E.; Echeverria, G.; Fantoni, A.; Punte, G.; Ayala, A.P. Tapes of water hexamer clusters in the

interlayer space of a 2D MOF: Structural, spectroscopic and computational insight of the confined water. Polyhedron 2012, 31,
729–737. [CrossRef]

36. Johari, G.; Chew, H. O-H stretching vibrations in ice clathrate. Nature 1983, 303, 604–605. [CrossRef]
37. Schicks, J.M.; Erzinger, J.; Ziemann, M.A. Raman spectra of gas hydrates-differences and analogies to ice Ih and (gas saturated)

water. Spectrochim. Acta Part A 2005, 61, 2399–2403. [CrossRef]

http://doi.org/10.1002/aic.690481030
http://doi.org/10.1021/ef030067i
http://doi.org/10.1021/ie101787f
http://doi.org/10.1016/j.cej.2018.05.150
http://doi.org/10.1021/jp048389q
http://doi.org/10.1021/jp984559l
http://doi.org/10.1021/acs.energyfuels.8b00074
http://doi.org/10.1021/j100200a071
http://doi.org/10.1029/1999JB900175
http://doi.org/10.1021/jp810453t
http://doi.org/10.1021/jp0263370
http://doi.org/10.1016/j.ces.2011.11.039
http://doi.org/10.1016/j.ces.2010.10.007
http://doi.org/10.1016/j.ces.2008.10.067
http://doi.org/10.1002/anie.200703718
http://doi.org/10.1021/jp003061s
http://doi.org/10.1021/jp011435r
http://www.ncbi.nlm.nih.gov/pubmed/19856374
http://doi.org/10.1016/S0264-8172(03)00064-3
http://doi.org/10.1021/ef049798o
http://doi.org/10.7567/JJAP.57.035102
http://doi.org/10.1021/jp002983s
http://doi.org/10.1021/jp012724i
http://doi.org/10.1073/pnas.0607138104
http://doi.org/10.1016/j.molstruc.2011.07.054
http://doi.org/10.1016/j.molstruc.2018.05.002
http://doi.org/10.1016/j.poly.2011.10.030
http://doi.org/10.1038/303604a0
http://doi.org/10.1016/j.saa.2005.02.019


Nanomaterials 2021, 11, 590 14 of 15

38. Minceva-Sukarova, B.; Sherman, W.; Wilkinson, G. The raman spectra of ice (Ih, II, III, V, VI and IX) as functions of pressure and
temperature. J. Phys. C Solid State Phys. 1984, 17, 5833–5850. [CrossRef]

39. Thomas, M.V.; Phillip, D.S.; Alejandro, D.R. Infrared spectra of gas hydrates from first-principles. J. Phys. Chem. B 2019, 123,
936–947.

40. Hagen, W.; Tielens, A.; Greenberg, J.M. The infrared spectra of amorphous solid water and ice Ic between 10 and 140 K. Chem.
Phys. 1981, 56, 367–379. [CrossRef]

41. Sadtchenko, V.; Ewing, G.E. Interfacial melting of thin ice films: An infrared study. J. Chem. Phys. 2002, 116, 4686–4697. [CrossRef]
42. Stanley, H.E.; Teixeira, J. Interpretation of the unusual behavior of H2O and D2O at low temperatures: Tests of a percolation

model. J. Chem. Phys. 1980, 73, 3404–3422. [CrossRef]
43. Rousset, J.L.; Duval, E.; Boukenter, A. Dynamical structure of water: Low-frequency Raman Scattering from a disordered network

and aggregates. J. Chem. Phys. 1990, 92, 2150–2154. [CrossRef]
44. Walrafen, G.E. Structure of Water in Hydrogen Bonded Solvent Systems; Covington, A.K., Jones, P., Eds.; Taylor & Francis Ltd.:

London, UK, 1968; pp. 9–30.
45. Dartois, E.; Deboffle, D. Methane clathrate hydrate FTIR spectrum. A&A 2008, 490, L19–L22.
46. Dartois, E.; Duret, P.; Marboeuf, U.; Schmitt, B. Hydrogen sulfide clathrate hydrate FTIR spectroscopy: A help gas for clathrate

formation in the Solar system? Icarus 2012, 220, 427–434. [CrossRef]
47. Fleyfel, F.; Devlin, J.P. FT-IR Spectra of 90 K films of simple, mixed, and double clathrate hydrates of trimethylene oxide, methyl

chloride, carbon dioxide, tetrahydrofuran, and ethylene oxide containing decoupled D2O. J. Phys. Chem. 1988, 92, 631–635.
[CrossRef]

48. Tse, J.S. Vibrations of methane in structure I clathrate hydrate-an ab initio density functional molecular dynamics study. J.
Supramol. Chem. 2002, 2, 429–433. [CrossRef]

49. Brubach, J.B.; Mermet, A.; Filabozzi, A.; Gerschel, A.; Roy, P. Signatures of the hydrogen bonding in the infrared bands of water. J.
Chem. Phys. 2005, 122, 184509-7. [CrossRef]

50. Maekawa, Y.; Sasaoka, K.; Yamamoto, T. Prediction of the infrared spectrum of water on graphene substrate using hybrid
classical/quantum simulation. Jpn. J. Appl. Phys. 2019, 58, 068008-4. [CrossRef]

51. Yao, Y.; Fella, V.; Huang, W.; Zhang, K.A.I.; Landfester, K.; Butt, H.-J.; Vogel, M.; Floudas, G. Crystallization and dynamics of
water confined in model mesoporous silica particles: Two ice nuclei and two fractions of water. Langmuir 2019, 35, 5890–5901.
[CrossRef] [PubMed]

52. Selevou, A.; Papamokos, G.; Steinhart, M.; Floudas, G. 8OCB and 8CB liquid crystals confined in nanoporous alumina: Effect of
confinement on the structure and dynamics. J. Phys. Chem. B 2017, 121, 7382–7394. [CrossRef] [PubMed]

53. Nomura, K.; Kaneko, T.; Bai, J.; Francisco, J.S.; Yasuoka, K.; Zeng, X.C. Evidence of low-density and high-density liquid phases
and isochore end point for water confined to carbon nanotube. Proc. Natl. Acad. Sci. USA 2017, 114, 4066–4071. [CrossRef]
[PubMed]

54. Mishima, O.; Stanley, H.E. Decompression-induced melting of ice IV and the liquid–liquid transition in water. Nature 1998, 392,
164–168. [CrossRef]

55. Mishima, O. Liquid-liquid critical point in heavy water. Phys. Rev. Lett. 2000, 85, 334–336. [CrossRef] [PubMed]
56. Chen, S.H.; Mallamace, F.; Mou, C.Y.; Broccio, M.; Corsaro, C.; Faraone, A.; Liu, L. The violation of the stokes-einstein relation in

supercooled water. Proc. Natl. Acad. Sci. USA 2006, 103, 12974–12978. [CrossRef] [PubMed]
57. Cupane, A.; Fomina, M.; Piazza, I.; Peters, J.; Schirò, G. Experimental evidence for a liquid-liquid crossover in deeply cooled

confined water. Phys. Rev. Lett. 2014, 113, 215701-5. [CrossRef]
58. Kim, C.U.; Barstow, B.; Tate, M.W.; Gruner, S.M. Evidence for liquid water during the high-density to low-density amorphous ice

transition. Proc. Natl. Acad. Sci. USA 2009, 106, 4596–4600. [CrossRef]
59. Kirchner, M.T.; Boese, R.; Billups, W.E.; Norman, L.R. Gas hydrate single-crystal structure analyses. J. Am. Chem. Soc. 2004, 126,

9407–9412. [CrossRef]
60. Hollander, F.; Jeffrey, G.A. Neutron diffraction study of the crystal structure of ethylene oxide deuterohydrate at 80 ◦K. J. Chem.

Phys. 1977, 66, 4699–4705. [CrossRef]
61. Chialvo, A.A.; Houssa, M.; Cummings, P.T. Molecular dynamics study of the structure and thermophysical properties of model sI

clathrate hydrates. J. Phys. Chem. B 2002, 106, 442–451. [CrossRef]
62. Soper, A.K.; Ricci, M.A. Structures of high-density and low-density water. Phys. Rev. Lett. 2000, 84, 2881–2884. [CrossRef]
63. Shimanouchi, T. Tables of Molecular Vibrational Frequencies; National Bureau of Standards: Annapolis, MD, USA, 1972.
64. Van der Waals, J.H.; Platteeuw, J.C. Clathrate solutions. Adv. Chem. Phys. 1959, 2, 1–57.
65. Istomin, V.A.; Kwon, V.G.; Durov, V.A. Metastable states of gas hydrates. Gazovaya Promishlennost Gas Ind. Russ. Spec. Issue Gas

Hydrates 2006, 7, 32–35. (In Russian)
66. Evans, R. The nature of the liquid-vapour interface and other topics in the statistical mechanics of non-uniform, classical fluids.

Adv. Phys. 1979, 28, 143–200. [CrossRef]
67. Tarazona, P. Free energy density functional for hard spheres. Phys. Rev. A 1985, 31, 2672–2679. [CrossRef] [PubMed]
68. Tarazona, P.; Marconi, U.M.B.; Evans, R. Phase equilibria of fluid interfaces and confined fluids. Mol. Phys. 1987, 60, 573–595.

[CrossRef]

http://doi.org/10.1088/0022-3719/17/32/017
http://doi.org/10.1016/0301-0104(81)80158-9
http://doi.org/10.1063/1.1449947
http://doi.org/10.1063/1.440538
http://doi.org/10.1063/1.458006
http://doi.org/10.1016/j.icarus.2012.05.021
http://doi.org/10.1021/j100314a013
http://doi.org/10.1016/S1472-7862(03)00053-4
http://doi.org/10.1063/1.1894929
http://doi.org/10.7567/1347-4065/ab0da4
http://doi.org/10.1021/acs.langmuir.9b00496
http://www.ncbi.nlm.nih.gov/pubmed/30946592
http://doi.org/10.1021/acs.jpcb.7b05042
http://www.ncbi.nlm.nih.gov/pubmed/28686029
http://doi.org/10.1073/pnas.1701609114
http://www.ncbi.nlm.nih.gov/pubmed/28373562
http://doi.org/10.1038/32386
http://doi.org/10.1103/PhysRevLett.85.334
http://www.ncbi.nlm.nih.gov/pubmed/10991276
http://doi.org/10.1073/pnas.0603253103
http://www.ncbi.nlm.nih.gov/pubmed/16920792
http://doi.org/10.1103/PhysRevLett.113.215701
http://doi.org/10.1073/pnas.0812481106
http://doi.org/10.1021/ja049247c
http://doi.org/10.1063/1.433682
http://doi.org/10.1021/jp012735b
http://doi.org/10.1103/PhysRevLett.84.2881
http://doi.org/10.1080/00018737900101365
http://doi.org/10.1103/PhysRevA.31.2672
http://www.ncbi.nlm.nih.gov/pubmed/9895801
http://doi.org/10.1080/00268978700100381


Nanomaterials 2021, 11, 590 15 of 15

69. Neimark, A.V.; Lin, Y.; Ravikovitch, P.I.; Thommes, M. Quenched solid density functional theory and pore size analysis of
micro-mesoporous carbons. Carbon 2009, 47, 1617–1628. [CrossRef]

70. Barrett, E.P.; Joyner, L.G.; Halenda, P.P. The determination of pore volume and area distributions in porous substances. I.
Computations from nitrogen isotherms. J. Am. Chem.Soc. 1951, 73, 373–380. [CrossRef]

71. Park, S.; Venditti, R.A.; Jameel, H.; Pawlak, J.J. Changes in pore size distribution during the drying of cellulose fibers as measured
by differential scanning calorimetry. Carbohydr. Polym. 2006, 66, 97–103. [CrossRef]

72. Ishikiriyama, K.; Todoki, M.; Motomura, K. Pore size distribution measurement of silica gels by means of differential scanning
calorimetry. J. Colloid. Interface. Sci. 1995, 171, 92–102. [CrossRef]

73. Keim, C.; Li, C.; Ladisch, C.M.; Ladisch, M. Modeling pore size distribution in cellulose rolling stationary phases. Biotechnol. Prog.
2002, 18, 317–321. [CrossRef]

74. Furo, I.; Daicic, J. NMR cryoporometry: A novel method for the investigation of the pore structure of paper and paper coatings.
Nord. Pulp. Paper Res. J. 1999, 14, 221–225. [CrossRef]

75. Findenegg, G.H.; Jähnert, S.; Akcakayiran, D.; Schreiber, A. Freezing and melting of water confined in silica nanopores. Chem.
Phys. Chem 2008, 9, 2651–2659. [CrossRef] [PubMed]

76. Baumgartner, B.; Hayden, J.; Loizillon, J.; Steinbacher, S.; Grosso, D.; Lend, B. Pore size-dependent structure of confined water
in mesoporous silica films from water adsorption/desorption using ATR-FTIR spectroscopy. Langmuir 2019, 35, 11986–11994.
[CrossRef]

77. Degen, T.; Sadki, M.; Bron, E.; König, U.; Nénert, G. The highscore suite. Powder Diffract. 2014, 29, S13–S18. [CrossRef]

http://doi.org/10.1016/j.carbon.2009.01.050
http://doi.org/10.1021/ja01145a126
http://doi.org/10.1016/j.carbpol.2006.02.026
http://doi.org/10.1006/jcis.1995.1154
http://doi.org/10.1021/bp010197e
http://doi.org/10.3183/npprj-1999-14-03-p221-225
http://doi.org/10.1002/cphc.200800616
http://www.ncbi.nlm.nih.gov/pubmed/19035394
http://doi.org/10.1021/acs.langmuir.9b01435
http://doi.org/10.1017/S0885715614000840

	Introduction 
	Materials and Methods 
	Preparation of Pore Water 
	Preparation of Nanoscale Hydrate 
	Experimental Methods 

	Results and Discussion 
	Characterization of Confined Hydrate 
	Phase State of Water from Decomposing Hydrate 
	Desorption Characteristics of Methane Molecules 
	Dissociation Characteristics at Temperatures under Atmospheric Pressure 
	Dissociation Mechanism 

	Conclusions 
	References

