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Abstract: The formation and decomposition of gas hydrates in nanoscale sediments can simulate the
accumulation and mining process of hydrates. This paper investigates the Raman spectra of water
confined inside the nanoscale pores of silica gel, the decomposition characterizations of methane
hydrate that formed from the pore water, and the intrinsic relationship between them. The results
show that pore water has stronger hydrogen bonds between the pore water molecules at both 293 K
and 223 K. The structure of pore water is conducive to the nucleation of gas hydrate. Below 273.15 K,
the decomposition of methane hydrate formed from pore water was investigated at atmospheric
pressure and at a constant volume vessel. We show that the decomposition of methane hydrate is
accompanied by a reformation of the hydrate phase: The lower the decomposition temperature, the
more times the reformation behavior occurs. The higher pre-decomposition pressure that the silica
gel is under before decomposition is more favorable to reformation. Thus, reformation is the main
factor in methane hydrate decomposition in nanoscale pores below 273.15 K and is attributed to the
structure of pore water. Our results provide experimental data for exploring the control mechanism
of hydrate accumulation and mining.

Keywords: gas hydrate; decomposition; reformation; pre-decomposition pressure; nanoscale pores

1. Introduction

Gas hydrates are naturally occurring ice-like crystalline compounds in which the
hydrogen-bonded water molecules forming the hydrate lattice interact with the guest molecules
with van der Waals forces. The occurrence of gas hydrates is controlled by forming temperature,
forming pressure and the availability of appropriate gases and water. Gas hydrates are present
in sedimentary deposits in permafrost regions and beneath the sea in outer continental margins.
They were first discovered in the permafrost regions of Russia [1] and Canada’s Mackenzie Delta [2]
and subsequently in sediments of the Caspian Sea and Black Sea [3]. China has an abundance of gas
hydrate resources in the South China Sea, the Pearl River Delta, and the Qinghai permafrost regions [4].
Natural gas hydrate is a kind of clean energy, and energy concentrated in natural gas hydrates may be
an energy source for much of the 21st century [5].

Natural sediments bearing gas hydrates including coarse-grained and fine-grained sediments such
as sands, silts, and clays have a wide distribution of pore size and particle size. Pore size and particle
size affect the formation and dissociation behavior of gas hydrates in such sediments. Much work
has been carried out on hydrate formation and dissociation with powerful numerical tools and
experimental simulation [6–16]. The formation and decomposition of gas hydrates can also cause the
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pore structure and flow properties to change [14]. X-ray radiography and 3D computed tomography
(CT) have been used to measure xenon hydrate dissociation kinetics in a porous medium (sand)
through depressurization at the quasi-isothermal condition. It was found that hydrate surface area
controls gas hydrate dissociation kinetics in porous media [15]. The characteristics of methane hydrate
formation and dissociation in porous medium with different particle sizes using depressurization have
been discussed [16]. Meso-level simulation of gas hydrate dissociation in low-permeability marine
sediments was reported [17]. The interactions between gas, water, and hydrates by defining the pores
and the fluid flow in the pores using the discrete element model have been described. The microscale
effects on methane hydrate dissociation in the micro porous media channels including the microscale
effects on the multiphase flow behavior as well as the mass and heat transfer between phases have been
discussed [18–21]. Researchers have long tried to ascertain the equilibrium behavior of gas hydrate
formation in porous media with different pore size distributions from the macro scale to the micro
scale [22–30]. In addition, marine sediments hosting gas hydrates play an important role in controlling
the hydrate stability zone (HSZ) thickness on the seafloor [31–35].

The formation and decomposition of gas hydrates in nanoscale argillaceous silt, nanoscale calcium
carbonate, and clay can simulate the accumulation and mining process of hydrates. By studying the
mass transfer of these processes, we can explore the control mechanism of hydrate accumulation
and mining. Experimental results have shown the relationship between nanoscale pores bearing
gas hydrates and dissociation behavior [36–38]. The dissociation conditions of methane hydrates in
confined small pores were measured. Significant downward shifts of the dissociation temperature were
observed in porous glass [36]. The melting temperature depression and the shifted phase boundaries
were monitored [37]. The methane hydrate heat of dissociation into pore water and gas in 7-nm-radius
silica gel pores, obtained calorimetrically, was 45.92 kJ/mol [38]. Studies [36–38] have discussed the
effect of pore size distributions of fine-grained sediments on the dissociation temperature, phase
boundaries of gas hydrates, and the heat of dissociation.

Since the thermodynamics and kinetics of hydrate decomposition in nanoscale pores are very
complex, much further investigation is needed. The main purpose of this paper is to investigate the
effect of the decomposition temperature and the pre-decomposition pressure on the micro and macro
decomposition characterizations of methane hydrate below 273.15 K, which formed from the water
confined inside nanoscale pores of the silica gel.

The properties of water inside the nanoscale pores clearly have a significant impact on the
formation and dissociation of gas hydrate below 273.15 K. Temperature and the characteristics of the
porous media play important roles in the behavior of the water. In fact, in porous media, sometimes
some water does not freeze when cooled below 273.15 K [39,40]. The amount of unfrozen water
decreases with the lowering of the temperature. The relationship between the reduction in temperature
and the amount of unfrozen water was obtained by using the nuclear magnetic resonance (NMR)
technique [39]. In addition, liquid water also exists in equilibrium with bulk ice and bulk gas hydrate in
hydrophilic porous media [40]. X-ray diffraction measurements were performed to study the freezing
and melting behavior of water confined within SBA-15 with a pore radius of 3.9 nm [41]. It was found
that the freezing temperature increased continuously with increasing pore filling, and the melting of
the frozen pore water took place at 256 K, independent of the level of pore filling. The influence of
pore wall hydrophobicity on freezing and melting behavior of the confined water is very small [42].

These results show that nanopores inhibit the formation of ice. However, the influence of the
microstructure of nanoporous water on the formation and decomposition of hydrate is still unclear.
In addition, the content of unfrozen water has significant impact on physico-chemical and mechanical
properties of sediments [43]. Thus, it is necessary to investigate the effect of micro properties of the
water confined inside nanoscale pores on the dissociation of methane hydrate. The Raman structure
of nanoporous water remains unclear. This paper investigates the Raman spectral structure of water
confined inside the nanoscale pores of silica gel, the decomposition characterizations of methane
hydrate that formed from the pore water, and their intrinsic relationship.
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2. Experimental

2.1. Materials and Experimental Apparatus

Methane hydrate was synthesized from water confined inside silica gel pores. The silica gel used
was a synthetic silica gel with a pore diameter range of 15–20 nm, supplied by Qingdao Shuoyuan
Co., Ltd., Qingdao, China. The pore size, pore volume, and specific surface area of the silica gel were
determined using the ASAP2010 surface and pore size analyzer (Micromeritics, Atlanta, GA, USA).
The average pore volume was 1.19 mL/g. The specific surface area was 300–500 m2/g. Methane
gas was purchased from Foushan Nanhai Gas Co., Ltd., Foushan, China with a purity of 99.99%.
The system diagram of the methane hydrate sample synthesis and decomposition device is shown in
Figure 1. The experimental apparatus mainly consisted of a reactor, a thermostatically controlled air
bath, a gas injection system, some measurement units, and a data acquisition system. The principal
component of the apparatus was a reactor—a pressure vessel immersed in an air bath. The vessel
was made of stainless steel (1Cr18Ni9Ti), it had an internal volume of 25 mL and could be operated
up to 20 MPa. One resistance thermometer and one pressure transducer were inserted in the vessel
(Figure 1) to measure the temperature and pressure profile inside the vessel. A Pt100 thermometer
with a range of 223–373 ± 0.1 K was used, and the pressure transducer was model SS2 (Boxborough,
MA, USA) with a range of 0–20 MPa ± 0.25%. This hydrate forming system was used to prepare the
hydrate samples for microscopic measurements as well as decomposition measurements.
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Figure 1. Experimental apparatus. 1, vacuum pressure gauge; 2, vacuum pump; 3, air bath; 4, buffer
tank; 5, pressure sensor; 6, platinum resistance temperature sensor; 7, stainless steel reactor; 8, pipeline;
9, pressure gauge; 10, data acquisition instrument; 11, computer.

To obtain microstructural features of water confined inside the pores of silica gel, a micro-laser
Raman spectrometer (Horiba, LabRam HR, Paris, France) was used to measure the Raman spectra
of water confined inside the pores of silica gel. The spectrometer was equipped with a single
monochromator of 600 grooves/mm grating and a multichannel air-cooled charge-coupled device
(CCD) detector. An Ar+ laser operating at 532 nm with a maximum power of 50 mW was used.
Before the sample was measured, the Raman spectrometer was calibrated with single crystal silicon
(520 cm−1). A cooling stage (Linkam BCS) was used to provide a temperature control system for
samples. The working parameters of the micro-laser Raman spectrometer are shown in Table 1.
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Table 1. Working parameters of the laser Raman spectrometer.

Working Parameters Setting Conditions

Laser source 532 nm
Laser power 80 mW

Objective lens magnification ×1–100
Grating scale 600 Grooves/mm

Raman shift range 500–4000 cm−1

Integration time 1–10 s

2.2. Experimental Procedures

2.2.1. Pore Water Confined Inside the Silica Gel Pores

In the experiment, to obtain pore water confined inside the pores of silica gel, the silica gel was
first dried at 377.15 K for 24 h, then cooled to room temperature. In the laboratory room, the relative
humidity of the air was about 30%. The amount of distilled water equal to the pore volume of the silica
gel was thoroughly mixed with the silica gel sample. Then, the sample was placed in a centrifuge at
3500 rpm for 30 min. The sample was sealed and allowed to stand for 5 days to ensure that the distilled
water was absorbed in the pores of the silica gel. Samples of pore water with different moisture
contents (33%, 67%, and 100%) were prepared.

2.2.2. Raman Spectra of Pore Water

The micro-laser Raman spectrometer was used to obtain the Raman spectra of pore water confined
inside the pores of silica gel. Samples of pore water were placed in the sample stages. They were
controlled at 293 K and 223 K by the cooling stage for 8 h, and then the Raman structure scanning
began. Samples with different moisture contents (33%, 67%, and 100%) were tested.

2.2.3. Hydrate Formation

A 6 g sample of silica gel with 100% water content was added into the reaction vessel, and a
vacuum was applied. The reaction vessel was washed by methane gas several times to ensure that
there was no air in the reaction vessel. The air bath was set to a temperature of 273.15 K. After the
temperature in the vessel and the temperature of the buffer tank were stabilized, the inside of the
reaction vessel was pressurized to 11.9 MPa. The pore water confined inside the pores of silica gel was
synthesized methane hydrate with methane gas. After about 3 days, the pressure in the reaction vessel
was stabilized at about 9.5 MPa, and the synthesis of methane hydrate was complete.

2.2.4. Micro Decomposition of Hydrate

The decomposition of methane hydrate sample confined inside silica gel pores at different
temperatures and under atmospheric pressure was tested by Raman spectrometry. Hydrate samples
were removed from the reactor and finely ground in liquid nitrogen; finally, they were stored in
liquid nitrogen. During the Raman measurement, hydrate samples were shifted to the sample stages
precooled at about 193 K. The Raman structure test of the methane hydrate sample was performed at
193 K before the decomposition of the sample started. During the decomposition, the methane hydrate
sample was controlled at 263 K, 253 K, and 245 K by the cooling stage. Scanning Raman spectroscopy
for one pass took about 4 min. During the decomposition, the Raman spectrometer scanned the
sample Raman spectroscopy, and then the next Raman structure scanning began. When the hydrate
characteristic Raman peak disappeared, the Raman spectroscopy scanning experiment was complete.

2.2.5. Macro Decomposition of Hydrate

We conducted experiments of decomposition of methane hydrate at a constant volume vessel
after dropping the pre-decomposition pressures (9.11 MPa, 2.41 MPa) to atmospheric pressure before
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decomposition to investigate the effect of the pre-decomposition pressure of methane hydrate on its
decomposition characteristics.

After the methane hydrate sample was synthesized, the pressure of the methane hydrate in the
reaction vessel was adjusted by releasing part of the gas, and the pressure was brought to a desired
pressure value. Finally, the methane hydrate sample was in a metastable or steady region. After 5 h,
the temperature and pre-decomposition pressure in the reaction vessel were stabilized. The gas in
the reaction vessel was released so that the instantaneous pressure in the vessel was atmospheric
pressure, and the gas valve was immediately closed. Consequently, the methane hydrate sample began
to decompose in the reaction vessel.

3. Results and Discussion

3.1. Raman Spectra of Pore Water

In general, the Raman spectra of O–H vibrations in liquid water under ambient condition have
been assigned as a bending vibration peak located at ~1640 cm−1 and a stretching vibration peak at
2800–3800 cm−1. The Raman O–H stretching bands can be classified as four or five Gaussian peaks with
different donor (D) and acceptor (A) hydrogen bonds. The corresponding structures (local hydrogen
bond network structure of water molecules) are DAA (single donor–double acceptor), DDAA (double
donor–double acceptor), DA (single donor–single acceptor), DDA (double donor–single acceptor), and
free O–H structure [44,45]. Of these, DDAA and DA are sensitive to temperature change [44]; within a
certain temperature range, as the temperature decreases, DA is partially converted into DDAA [44].

Raman O–H stretching bands of pore water samples and free water are shown in Figure 2.
The Raman shifts corresponding to the stretching vibration peaks of the pore water with a water content
of 100% are shown in Table 2. For convenience of comparison, the values from the literature [44,45]
are also listed in Table 2. In the Raman spectrum of pore water confined inside silica gel pores with a
water content of 100% at 293 K, the DDAA and DA are 3087 cm−1 and 3288 cm−1, shifting towards
lower wave numbers compared with the DDAA and DA structures of free water at 293 K. The bending
vibration peak of free water at 293 K appears near 1640 cm−1. The O–H bending vibration peak of
pore water is located at 1587 cm−1, shifting to a lower wave number compared with free water at
293 K. Accordingly, it can be seen that the attraction between the pore water molecules confined inside
the nanoscale pores increases, which weakens the effect of the O–H chemical bond. Strong hydrogen
bonds between water molecules change the physico-chemical properties of the water confined inside
the pores of silica gel.
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Table 2. Raman shift of DDAA (double donor–double acceptor) and DA (single donor–single acceptor)
in pore water with 100% pore filling.

Temperature (K) DDAA DA Reference

293 3220 3430 Water [44]
276 3223 3434 Water [45]
293 3231 3441 Water [45]
298 3227 3430 Water [This work]
293 3087 3288 Pore water [This work]
223 3063 3267 Pore water [This work]

At 293 K, DDAA and DA of pore water account for more than 90% of the Raman stretching
spectrum. Compared with free water at 293 K, the Gaussian peak of DDAA in the pore water is
clearly enhanced, while that of DA in the pore water is weakened; from this relationship, we see
that DA is partially converted into DDAA in the pore water. Compared with DA, the formation of
DDAA hydrogen bonding results in lower density, lower entropy, and higher enthalpy [44]. Therefore,
pore water has a lower density, lower entropy, and higher enthalpy than free water under ambient
conditions. With water contents of 33% and 67%, the Raman spectra of pore water exhibit Raman
spectral characteristics similar to those with water content of 100%. At 293 K, the Raman spectral
characteristics of pore water are independent of the levels of pore filling.

In pore water with water content of 100% at 223 K, DDAA and DA account for more than 90% of
the Raman stretching spectrum. The Raman spectra of pore water maintain a structure similar to those
of pore water at 293 K, but the Gaussian peaks shift to lower wave numbers. This result indicates that
the pore water at 223 K is still liquid water, and the attraction between the pore water molecules is
increased. Solid ice is not found. With water contents of 33% and 67%, the Raman spectra of pore water
exhibit Raman spectral characteristics similar to those in the pores with water content of 100% at 223 K.
It is thus shown that pore water exists in a unique structure independent of the levels of pore filling.

The Raman spectra of pore water are somewhat similar to those of super-cooled water, albeit with
Gaussian peaks shifted to lower wave numbers compared with super-cooled water. Consequently,
pore water has stronger hydrogen bonds between the pore water molecules and longer O–H chemical
bonds than that of the pore water molecules. In the absence of impurities, the homogeneous nucleation
of small ice nuclei requires the surmounting of a free-energy barrier. However, stronger hydrogen
bonds between the pore water molecules enlarge the energy barrier. In fact, the pore water at 223 K
may still be liquid. Therefore, nanopores can be potentially used as an inhibitor of ice formation.
Both neutron diffraction and NMR relaxation measurements have shown similar depressed freezing
and melting points of water/ice in mesoporous SBA-15 silica with ordered structures of cylindrical
mesopores with a pore diameter 8.6 nm [46].

In liquid water, a water molecule interacts with neighbouring water molecules through various
local hydrogen bonds. In pore water, DDAA and DA are the predominant hydrogen bonding networks
and the hydrogen bonding networks of DDAA of the pore water are enlarged. In the structure I of
gas hydrate, each water molecule is tetrahedrally surrounded by four neighbours through hydrogen
bonds. This raises the probability that the water molecule will be trapped in a tetrahedral hydrogen
bond network structure composed of water molecules. Therefore, the unique structure of pore water is
very conducive to the nucleation of gas hydrate. Nanopores can also be potentially used as a promoter
of gas hydrate formation.

3.2. Micro Decomposition of Hydrate

Figure 3 shows the Raman spectrum of methane hydrate during the decomposition process at
263 K and under atmospheric pressure. We can see the characteristic peak of the C–H Raman vibration
spectrum of a methane molecule at 2905 cm−1 and 2915 cm−1, respectively [47,48], which reflects
the different vibration of C–H of the methane molecule in cage 51262 and cage 512. It shows that
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the structure of the CH4 hydrates formed in porous silica gels is the same as that of the bulk CH4

hydrate (structure I) without structure transition. From 13C NMR results in the literature, it can also be
concluded that the structure of CH4 hydrates formed in porous silica gels (6.0, 15.0, and 30.0 nm) is the
same as that of the bulk CH4 hydrate (structure I) without structure transition [26].Crystals 2019, 9, x FOR PEER  7 of 17 
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The characteristic Raman peak of the O–H bond of the large-sized methane hydrate appears at
about 3076 cm−1 [48]. The characteristic Raman peak of the O–H bond of the methane hydrate formed
inside the silica nanoscale pores appears at 3121 cm−1, shifting to a higher wave number in contrast
to the large-sized methane hydrate. This reflects the change in the lattice parameters of the methane
hydrate formed inside the nanoscale pores. From this, it can be judged that the synthesized sample is a
structure I methane hydrate crystal.

After 4 min of decomposition, in contrast to the initial moment (0 min), the Raman intensities of
the C–H bond at 2905 cm−1 and 2915 cm−1 decrease and the Raman peak of the O–H bond of the water
molecule is synchronously weakened. This indicates that the methane hydrate sample is decomposing.
After 8 min, the intensities of the C–H spectrum increase at both 2905 cm−1 and 2915 cm−1, and the
Raman peak of the O–H bond of the water molecule increases synchronously, indicating that methane
hydrate is reforming. At 8 min, the peak intensity is higher than that at 0 min. At the same time,
the peak intensity of the O–H bond is higher than that at 0 min, illustrating that the total amount of
methane hydrate is higher than the initial amount. It is inferred that the new methane hydrate phase is
derived not only from the reformation reaction of the water originating from the decomposition but
also from the reformation of the water residual from the sample synthesis reaction. It is assumed that
the residual water is completely converted into hydrate during the reformation, and the conversion
rate of pore water in the synthesis of the sample is estimated to be about 53.9%. After 12 min, the
peak intensities of the C–H spectrum at 2905 cm−1 and 2915 cm−1 decrease and the Raman peak
of the O–H bond of the water molecule decreases synchronously, compared with the results after
8 min. This indicates that the methane hydrate is continuing to decompose. Then, the Raman peaks of
the C–H and O–H bonds continue to decrease until they disappear, demonstrating that the methane
hydrate decomposes until the methane hydrate crystal disappears. Throughout the process, methane
hydrate undergoes decomposition–reformation–continuing decomposition until the crystal disappears
without ice peaks without self-preservation [49–51].

Figure 4 shows the Raman spectra of methane hydrate during decomposition at 253 K and
atmospheric pressure. After 4 min, the Raman peak intensities of the O–H and C–H bonds
are simultaneously weakened relative to 0 min, indicating that the methane hydrate sample is
decomposing. After 8 min, the Raman peaks of the O–H and C–H bonds increase synchronously,
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indicating that methane hydrate is reforming, and the peak intensity is higher than the 0 min peak
intensity. The newly formed methane hydrate is derived not only from the reformation reaction of the
water formed by the decomposition but also from the reformation of the water that is residual from the
sample formation. Then, the Raman peaks of the C–H and O–H bonds are weakened synchronously
until the Raman peaks disappear after 32 min, indicating the decomposition process of the methane
hydrate at this stage. After 36 min, the Raman peaks of the C–H and O–H bonds are enhanced,
indicating that the hydrate is reforming. Only a very small amount of methane hydrate forms, possibly
due to insufficient pressure in the pores of the silica gel. Thereafter, the methane hydrate decomposes
until the methane hydrate crystal disappears. Throughout, methane hydrate undergoes a process of
decomposition–reformation–continuing decomposition–reformation–decomposition. Until the Raman
peak of the C–H bond disappears, the O–H bond Raman peak remains strong, indicating that even
if the methane hydrate crystal disappears, a large amount of hydrate cage structure remains [52,53].
There is no ice peak in the whole process and there is no self-preservation effect.
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Figure 5 shows the Raman spectra of the decomposition of methane hydrate at 245 K and under
atmospheric pressure. During the whole decomposition process, multiple reformation processes occur.
This decomposition takes longer than at 253 K or 263 K under atmospheric pressure. It can be seen
that the lower is the temperature, the more favourable it is for reformation. There is no ice peak in
the whole process. At the end of the entire decomposition process, a large amount of hydrated cage
structure remains.

Temperature has an important influence on the hydrogen bond structure of the local network of
water molecules after the decomposition. Figure 6 shows the Raman peak of the O–H bond of water
molecules at the end of the decomposition. Methane hydrate decomposes into methane gas and a
broken cage structure. The methane gas slowly resolves from the nanoscale pores. The lower is the
decomposition temperature, the more intact is the cage structure that remains.

There is insufficient time for methane gas to overflow from the pores of silica gel during
the decomposition of methane hydrate (see Section 3.3). Thereby, methane gas generated from
decomposition enhances the pressure in the pores of silica gel. The structure of pore water is very
conducive to the nucleation of gas hydrate and is not conducive to the nucleation of ice (see Section 3.1).
When the pressure exceeds the equilibrium pressure of the phase, the formation reaction begins,
resulting in the phenomenon of reformation of the hydrate phase. The lower is the temperature, the
lower will be the phase equilibrium pressure, and the more times the reformation phenomenon occurs,
the longer the process of decomposition will take. The final product during the decomposition of
methane hydrate is a broken hydrated cage structure. The low temperature is favourable for the
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existence of the hydrated cage structure below 273.15 K. Thus, reformation is the main factor in
methane hydrate decomposition in the nanoscale pores of silica gel below 273.15 K at atmospheric
pressure, and the controlling factor causing reformation is the temperature.
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Figure 7 shows the favourable cavity occupancy curve of methane hydrate during the
decomposition process at 263 K, 253 K, and 245 K, and under atmospheric pressure. The calculation
method is based on [54–56]. Figure 7 indicates that there is a weaker sensitivity on the large cavity
occupancy, and a relatively stronger sensitivity on the small cavity occupancy and total cavity
occupancy. The results are in reasonable agreement with calculations and experimental data [56,57].
The hydrate total cavity occupancy and small cavity occupancy increase after multiple decompositions
and reformation.
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3.3. Macro Decomposition of Hydrate

We investigated the effect of the pre-decomposition pressure on decomposition characteristics of
methane hydrate at a constant volume vessel. The decomposition conditions and results are shown in
Table 3 and Figures 8 and 9.

3.3.1. Decomposition from High Rre-Decomposition Pressure

After methane hydrate was synthesized, the temperature of the vessel was ~265.64 K and the
pre-decomposition pressure in the vessel was ~9.11 MPa. The pre-decomposition pressure in the vessel
was instantly reduced to atmospheric pressure. The methane hydrate sample in the pores of silica gel
decomposed in the vessel. The decomposition temperature and the pre-decomposition pressure in
the vessel during the process are shown in Figure 8. We see that the methane hydrate decomposition
process can be roughly divided into the three stages of rapid desorption of gas from the surface of
silica gel (stage A), hydrate decomposition (stage B), and internal slow desorption of adsorbed gas
from the pores (stage C). When the pressure is released to atmospheric pressure, it is the beginning
of stage A. The temperature inside the vessel is greatly reduced due to the throttling effect [58].
The desorption effect of methane gas from the surface of the nanoscale pores causes the pressure inside
the vessel to increase rapidly and is accompanied by a rapid rise in temperature caused by the rapid
desorption from the surface of the silica gel (stage A). This stage is the process of expansion of free gas.
When the temperature curve starts to rise slowly, it is the end of stage A and the beginning of stage B.
The decomposition reaction is usually endothermic, as heat is required to break the chemical bonds in
the methane hydrate undergoing decomposition. Therefore, at the decomposition stage of methane
hydrate, the temperature in the vessel is lower than the initial temperature before decomposition,
and the decomposed methane gas is released from the pores of silica gel so that the pressure in the
vessel increases. When the temperature curve shows an inflection point, it is the end of stage B and
the beginning of stage C. It takes ~56 min from start to finish of hydrate decomposition (stage B).
Because the water in the pores of silica gel cannot form ice (see Section 3.1), in stage B, methane
hydrate in the decomposition process has no self-preservation phenomenon. After the decomposition
of methane hydrate is complete, methane gas in the pores of silica gel is released. When the pressure
almost no longer increases and the pressure curve shows an inflection point, it is the end of stage C.
This desorption process of methane gas from the pores of silica gel takes ~149 min. Free methane gas
is produced more rapidly in stage A. Adsorbed methane gas is produced considerably more slowly
but lasts for a longer period in the final stage. Similar results have been reported for desorption of gas
from shale [59].
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Table 3. Description of decompositions.

Items
Decomposition

Temperature
K

Pre-Decomposition
Pressure

MPa

Stage B Time
Consumption

min

Stage C Time
Consumption

min

Total Time
Consumption

min

Run 1 265.64 9.11 56 149 205
Run 2 265.76 2.41 5 210 215Crystals 2019, 9, x FOR PEER  11 of 17 
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It can be seen that the desorption process of methane gas (stage C) takes a longer time relative to
the decomposition stage (stage B). Figure 8 indicates that there is high pressure in the pores of silica
gel over a relatively long period of time. After the desorption (stage C) is complete, the pressure in
the vessel is ~2.0 MPa and the pressure in the pores of silica gel is ~2.0 MPa. From Figure 8, we can
assume that in the initial stage of desorption (early stage C), the gas pressure in the pores of silica
gel exceeds 2.6 MPa; at the initial stage of decomposition (early stage B), the pressure in the pores
of silica gel exceeds 3.6 MPa. Therefore, in the initial stage B, the pressure and temperature in the
vessel are conducive to the formation of methane hydrate; thus, the decomposition of methane hydrate
is accompanied by the reformation of methane hydrate in this initial stage. After reformation, the
pressure in the pores decreases, and the methane hydrate in the pores begins to decompose again.
The methane gas formed by the decomposition is slowly released so that the methane hydrate in the
pores decomposes again after a period of time. The methane gas formed by the decomposition is
slowly released. After a period of decomposition, the pressure in the pores rises again, satisfying the
condition of formation, and the methane hydrate reforms. Stage B takes ~56 min, and it can be seen
that the decomposition of methane hydrate is accompanied by multiple reformations in this stage.

3.3.2. Decomposition from Low Pre-Decomposition Pressure

After the temperature and the pressure were stabilized, part of the gas was released and the
pressure in the vessel was lowered to ~2.75 MPa. The temperature of the air bath was adjusted so that
the temperature in the vessel was ~265.76 K. After 5 h, the pre-decomposition pressure in the vessel
was ~2.41 MPa. All the gas in the vessel was instantly released, and the pre-decomposition pressure in
the vessel was instantly reduced to atmospheric pressure. The methane hydrate in the pores of silica
gel decomposed in the vessel.

The decomposition temperature and pressure in the decomposition process are shown in Figure 9.
Similarly, the methane hydrate decomposition process can be roughly divided into the three stages of
rapid desorption of gas from the surface of the silica gel (stage A), hydrate decomposition (stage B),
and internal slow desorption of gas from the pores of silica gel (stage C).
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Since the initial pre-decomposition pressure in the vessel is only 2.41 MPa, the desorption effect
from the surface is not strong compared with the desorption effect of stage A in which the methane
hydrate drops pressure from 9.11 MPa to atmospheric pressure. Hydrate decomposition takes ~5 min
from the beginning to the end of the process (stage B). Thus, in stage B, methane hydrate decomposes
very rapidly. After the decomposition of methane hydrate, the desorption process of methane gas
from the pores of silica gel (stage C) takes ~210 min, which is quite a long time compared with stage B.
After desorption (stage C) is complete, the pressure in the vessel is ~1.0 MPa, and it can be inferred
from Figure 8 that the pressure in the pores of silica gel is ~1.0 MPa. It is preliminarily estimated that
in the initial stage C, the gas pressure in the pores of silica gel exceeds 1.24 MPa, and the pressure in
the pores of silica gel in the initial stage B exceeds 1.32 MPa. Therefore, in the initial stage B, there is
no condition for hydrate reformation. Since the water in the pores of silica gel cannot form ice (see
Section 3.1), there is no self-preservation effect at stage B. Residual water maintains a unique structure.

Therefore, the main factors of methane hydrate decomposition in the nanoscale pores of silica
gel below 273.15 K at a constant volume vessel are reformation, and the controlling factor causing
reformation is the pre-decomposition pressure of the silica gel before depressurization.

3.4. Mechanism of Hydrate Decomposition

The nano-silica gel particle constituting the silica gel skeleton has a silicon oxytetrahedral structure,
and the Si atoms on the surface form a silanol group with the structural water contained in the colloid.
In this study, the adsorption of silica gel pores on water molecules was used to obtain pore water
confined inside silica gel pores. After the hydrate is formed in the pores of the silica gel, a residual water
film remains on the surface of the hydrate (Figure 10). Jung et al. [60] reported similar observations
for the methane hydrate reformation in capillary tubes. Hydrate formation in capillary tubes reveals
complex formation/dissociation processes.

We can also use the van der Waals–Platteeuw model [54] to explain the methane hydrate
reformation phenomenon during the decomposition. According to this model, the dissociation
condition of methane hydrates confined in pores shifts because of changes in the water activity,
compared with that of the bulk hydrate at a given pressure [28,36,61]. The decrease in dissociation
temperature is inversely proportional to the pore size. The hydrate decomposition process is
equivalent to the process of increasing the effective pore size (Figure 10), due to the partial methane
hydrate crystal transferring into water. Conversely, the hydrate formation process is equivalent
to the process of reducing the effective pore size, due to the partial pore water transferring into
methane hydrate crystal. Therefore, during the decomposition, the dissociation condition of methane
hydrates confined inside the pores of silica gel shifts down (Figure 11). When the temperature
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and pressure are in the hydrate phase equilibrium stable region, hydrate reforms. At this time,
the effective pore size starts to reduce. Then, the dissociation condition of methane hydrates
confined inside the pores shifts up. When the temperature and pressure are under the hydrate
phase equilibrium stable region, the hydrate dissociates. Throughout the process, methane hydrate
undergoes decomposition–reformation–continuing decomposition until the crystal disappears.
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4. Conclusions

This paper investigated the structural characteristics of water confined inside the pores of
silica gel with pore diameter range of 15–20 nm and the decomposition characteristics of methane
hydrate formed from water confined inside silica pores under atmospheric pressure and at a constant
volume vessel.

The micro-laser Raman spectrometer was used to test the Raman spectra of water confined inside
the pores of silica gel at 293 K and 223 K. At a temperature of 293 K, the water confined inside the
pores of the silica gel is liquid, and its Raman structure is very similar to that of super-cooled water,
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compared with which the bending vibration peak and the stretching vibration peak in the water
molecules in the pores of silica gel shift towards lower wave numbers. The results show that pore
water has stronger hydrogen bonds between the pore water molecules. At 223 K, water in the pores
of silica gel is still liquid, and no solid ice forms. The structure of pore water is conducive to the
nucleation of gas hydrate and is not conducive to the nucleation of ice. Nanopores can be potentially
used as a promoter of gas hydrate formation.

The decomposition of methane hydrate confined inside the pores of silica gel and at atmospheric
pressure was tested by Raman spectrometry at 263 K, 253 K, and 245 K. The results show that
the decomposition of methane hydrate is accompanied by multiple reformations of the hydrate
phase. Throughout the process, methane hydrate undergoes decomposition–reformation–continuing
decomposition until the crystal disappears without ice peaks. The lower is the decomposition
temperature, the lower is the phase equilibrium pressure, and the more times reformation occurs.
The final product is in the form of a broken hydrated cage structure. The lower decomposition
temperature is favourable to the existence of the hydrated cage structure.

The effect of the pre-decomposition pressure before the decomposition of methane hydrate
on its decomposition characteristics was investigated. The results show that the methane hydrate
decomposition process can be roughly divided into the three stages of rapid desorption of gas from
the surface (stage A), hydrate decomposition (stage B), and internal slow desorption of gas from
the pores (stage C). When the silica gel before decomposition is under high pre-decomposition
pressure, the decomposed methane gas remains in the pores for a relatively long time, causing
the pressure in the pores to be higher than the phase equilibrium pressure, and a reformation process
occurs. The decomposition of methane hydrate is accompanied by multiple reformations. When the
pre-decomposition pressure in the silica gel before decomposition is lower, almost no reformation
phenomenon is observed.

Thus, the main factor of methane hydrate decomposition in the pores of nanoscale silica gel
below 273.15 K is reformation, and the controlling factors causing reformation are the decomposition
temperature and the pre-decomposition pressure of the silica gel before depressurization.
These experimental characteristics of the decomposition dynamics of methane hydrate confined inside
nanoscale pores are attributed to the structure of pore water, which is conducive to the nucleation
of gas hydrate and slow desorption of methane gas from the pores of the silica gel. The results of
this paper provide experimental data for exploring the control mechanism of hydrate accumulation
and mining.
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