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Abstract 32 

Knowledge on the kinetics of gas hydrate dissociation in microporous sediments is very important for 33 

developing safe and efficient approaches to gas recovery from natural gas hydrate (NGH) deposits. Herein, 34 

molecular dynamics (MD) simulations are used to study the dissociation kinetics in microporous sediments. 35 

The hydrate phase occupies a confined sandy nanopore formed by two hydroxylated silica surfaces with a 36 

buffering water layer between the hydrate and silica phase, meanwhile, this system is in contact with the 37 

bulk phase outside the pore. The hydrates in this sediment system dissociate layer-by-layer in a shrinking 38 

core manner. The released methane molecules aggregate and eventually evolve into nanobubbles, most of 39 

which are spherical cap-shaped on the hydroxylated silica surfaces. At high initial temperatures, a faster 40 

decomposition of the hydrate phase is observed, however, fewer methane molecules migrate to the bulk 41 

phase from the pore phase. These phenomena may occur because more methane molecules are released from 42 

the hydrate phase and facilitate the formation of nanobubbles with large heat injection; these nanobubbles 43 

can stably adsorb on the surface of silica and capture the surrounding methane molecules, thereby 44 

decreasing the number of methane molecules in the water phase. In addition, the injection speed of heat flow 45 

should be significantly increased at high dissociation temperatures when using the thermal stimulation 46 

method to extract gas from hydrates in tight sediments. This study provides molecular level insight into the 47 

kinetic mechanism of hydrate dissociation and theoretical guidance for gas production by thermal injection 48 

from sediments with low permeabilities. 49 

 50 
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1. Introduction 64 

Clathrate hydrates are crystalline ice-like solids in which certain compounds (hydrate formers) stabilize 65 

the polyhedral cages formed by hydrogen-bonded (H-bonded) concomitant water molecules [1]. If a hydrate 66 

former exists in the state of a gas, such as methane, the clathrate hydrates are called gas (methane) hydrates. 67 

This unconventional source of methane in natural gas hydrates (NGHs) can potentially serve as an energy 68 

source for the future, instead of fossil fuels approaching depletion with gradually increasing energy 69 

consumption. NGHs have been identified as presently containing twice the energy stored in all other fossil 70 

fuel deposits [2, 3]. NGHs play an important role in energy production as a methane resource stored in 71 

hydrates and as a safety and environmental problem in hydrocarbon production. Currently, natural gas 72 

production from NGHs has attracted much attention, and certain countries have been testing production 73 

from permafrost regions and deep oceans where NGHs often occur [3]. It is well known that marine gas 74 

hydrates account for more than 90% of the global NGHs; thus far, depressurization, thermal stimulation, 75 

chemical inhibitor injection, guest molecule exchange and combination technologies have been proposed as 76 

gas extraction techniques from marine sediments [4]. To accelerate the process of industrial production, 77 

knowledge of the kinetics of hydrate dissociation is of crucial importance to understanding gas/water 78 

production across a range of conditions, especially in marine sediments. 79 

Marine NGHs are thought to mainly exist in natural porous environments, especially occurring in 80 

low-permeability, unconsolidated muds reaching the micro- or nano level [5]. Nevertheless, gas production 81 

in these reservoirs is a complex process involving kinetics, thermodynamics, geoengineering, etc. It is 82 

essential to simulate natural gas production from different reservoirs systematically in the laboratory before 83 

natural gas production field tests. However, one of the key factors for this approach is that the kinetics of 84 

dissociation in sediments with low permeabilities can hardly be observed directly via macroscopic numerical 85 

and experimental simulation tests. 86 

Although many studies have focused on the dissociation processes of hydrates [6-8], the fundamental 87 

kinetics of hydrate dissociation in a low-permeability porous environment are still unclear, which is one of 88 

the core issues of the safe and efficient gas hydrate extraction in marine sediments. To identify and quantify 89 

such molecular mechanisms, molecular dynamics (MD) simulations have been used to investigate the static 90 

and dynamic properties of gas hydrates in sediments. Previous studies focused on hydrate phase behavior 91 

[9-11], nucleation and growth [12-24], transport properties [25, 26], and chemical inhibition [27-37]. In 92 

addition, the kinetics of methane hydrates dissociation within the water phase have been widely studied 93 

using MD simulation and discussed in detail in previous studies [38-53]. The dissociation processes of 94 

NGHs  is described as a two-step process: first, the enhanced diffusive behaviors of the host water 95 



molecules in the hydrate crystals lead to unit cell size increases and distortions that ultimately break down 96 

the lattices, and second, methane molecules escape from these incomplete cages and aggregate.[38-40] The 97 

investigation of the effects of external factors on the hydrate dissociation kinetics process, such as the heat 98 

transfer [43, 52], sediment skeleton type [41, 46], hydrate type [44, 45, 49], and electrolyte solution [42, 47], 99 

is ongoing. The formation and evolution of nanobubbles during hydrate decomposition are important in 100 

determining the decomposition rate and understanding the gas-liquid phase flow behaviors, and it may be 101 

possible to control the dissociation process by suppressing or enhancing bubble formation caused by the 102 

solvation of other materials or surface structures of the container or other external factors [42, 48, 50, 51]. 103 

These dissociation simulations are usually performed by applying an MD thermostat at an overtemperature 104 

higher than the hydrate−water−gas equilibrium points in the water phase, while seldomly performed in the 105 

quartz sand nanopore phase. Therefore, the characteristics of flow, heat and mass transfer of the dissociation 106 

behaviors in these reservoirs are still not comprehensively recognized. 107 

Based on the previous research results, we construct molecular models to describe gas hydrate 108 

dissociation in low-permeability sediments with different initial temperatures using MD simulations at 109 

adiabatic, constant energy, volume (NVE) conditions. In this work, the focus is on the understanding of the 110 

microscopic mechanisms and kinetics of dissociation by conventional heat stimulation at natural sediments 111 

conditions. In contrast to previous dissociation systems, in addition to the hydrate phase within the pore 112 

phase the bulk phase is considered in our simulations, which can provide heat consumption for hydrate 113 

dissociation and diffusion regions for mass transfer. The MD model is closer to the NGH dissociation 114 

environments in sediments. This work provides molecular insight into the mechanism of different initial 115 

temperatures influencing gas hydrate dissociation in low-permeability sediments. Our work lays a solid 116 

foundation for gas productivity evaluation and reservoir reconstruction based on dissociation knowledge; 117 

meanwhile, this research may also have strategic importance for alleviating energy shortages, controlling 118 

climate variations, and sustainable development. 119 

2. Computational method 120 

2.1 Simulation details 121 

Here, we focus on the kinetic process of hydrate dissociation within the nanopores, which approximate 122 

to the geological setting where hydrate-bearing sediments are saturated with water and no free gas phase 123 

exists. The molecular model for the kinetics of hydrate dissociation in microporous sediments is shown in 124 

Fig. 1. The initial conformation can be divided into left and right moieties. The left moiety is the bulk water 125 

phase, and the other moiety is the hydrate phase between the two hydroxylated silica phases that act as 126 

two-dimensional pore walls. Additionally, a buffering water layer with a thickness of 5 Å is deployed 127 



between the hydrate and silica due to the fact that the bound water on the surfaces of semimetal grains 128 

cannot be 100% converted into hydrate both in simulations and experiments, and this thin water layer could 129 

relieve the mismatch between hydrate and silica two solid lattices [54-60]. Therefore, the initial structure 130 

consists of 4 layers of hydrate/water/hydroxylated silica/ bulk water. To the best of our knowledge, this 131 

hydrate dissociation model at the molecular level is the closest to natural sedimentation environment. 132 

Molecular simulations were performed using the Gromacs package version 2018 [61, 62]. The hydrate 133 

phase consisted of 3×6×14 cubic unit cells, and each unit cell was built as follows: the water oxygen atoms 134 

positions of the initial hydrate unit cell were obtained from X-ray crystallography, and the hydrogen atoms 135 

of water were inserted by adjusting the orientations to obey the Bernal-Fowler rule and minimize the 136 

potential energy and net unit cell dipole moment [63]. The methane molecules were placed at the center of 137 

the water polyhedral cages made up by the water hydrogen-bond networks, assuming that the methane 138 

molecules fully occupied the water cages; the lattice parameter of a unit cell is 12.03 Å [63]. We extracted 139 

the orthorhombic supercell for silica (quartz) from the crystallographic hexagonal unit cell of this substance 140 

available from the American Mineralogist Crystal Structure Database, which is the same as Bagherzadeh’s 141 

work [64]. The constructed parameters were as follows: each wall of silica consisted of 7×1×31 unit cells, 142 

and the silicon atoms of edge sites are saturated with OH groups, which is in adjacent to the methane hydrate 143 

phase separated by a water layer. To remove the mismatch between the silica and hydrate crystal, we 144 

expanded the length in the x-direction of the silica crystal slab to be in accordance with that of hydrate 145 

crystal. The atoms of the silica slabs were kept frozen and constituted the immobile substrate throughout the 146 

simulations and therefore did not participate in heat transfer except the atoms of the OH group. 147 

A total of 112089 atoms, including 33856 water and 2016 methane molecules, were present in the 148 

initial simulation box (with initial dimensions of 3.61x10.12x33.51 nm). The initial size of the simulation 149 

box along the x direction is the same for both the hydrate and silica crystal, consequently, it can produce 150 

about 0.17 nm difference in x direction length of the silica crystal. This small difference can be safely 151 

ignored in the simulation when compared with that of silica crystal (3.44 nm). The optimized potential for 152 

liquid simulations (OPLS) united-atom force field was used for methane [65]. Water was described by the 153 

SPC/E model [66]. and the potential developed by Lopes et al. was used for the silica atomic interactions 154 

[67]. The particle-mesh Ewald (PME) summation method was used to handle the long range electrostatic 155 

interactions [68]. The van der Waals interactions were calculated using the Lennard-Jones potential (for the 156 

unlike pairs of atoms, standard combination rules are utilized) with a cut-off distance of 1.2 nm. Newton’s 157 

equation of motion was described by the leap-frog algorithm for integrating with a 1 fs time step [69]. To 158 

minimize the system energy and relax the molecules especially the water at the silica/water and 159 

hydrate/water interface, a conjugate gradient algorithm was used for energy minimization [70], Simulation 160 



runs of 200 ps (NVT ensemble) were carried out for temperature equilibrium followed by 200 ps NPT 161 

simulations for the relaxation of the pressure. During the NPT simulation, the configuration volume is 162 

fluctuating due to the relaxed simulation cell. In practice, this fluctuation is small. The equilibrium 163 

temperatures were 292 K, 302 K, and 312 K, and the equilibrate pressure was 3 MPa. Temperature and 164 

pressure controls were implemented using velocity rescaling with a stochastic term [71] and 165 

Parrinello-Rahman extended-ensemble pressure coupling [72], respectively. Thermostat and barostat 166 

constants of 0.1 and 1.0 ps, respectively, were used in these simulations. A simulation time of 50 ns was used 167 

under the NVE ensemble with initial temperatures of 292 K, 302 K, and 312 K.  168 

 169 

Fig. 1. Initial simulation configuration. Four phases are shown, including the bulk phase, silica pore 170 

phase and hydrate phase as well as the water layer. The right part presents the process of silica crystal 171 

construction and the cubic unit cell of silica, as well as the sI methane hydrate lattice. Si (yellow); O (red); H 172 

(white); C (cyan). The (0110) basal plane is hydroxylated. 173 

2.2 Distinguished criteria 174 

To determine which water and methane molecules belong to the hydrate phase during the dissociation, 175 

selection criteria are necessary. Generally, the water oxygen atoms can form the vertexes of tetrahedral 176 

element with four oxygen atoms of neighboring water in ice and hydrate phase, and the F3 parameter is 177 

based on the 104.25°O-O-O angle arrangement which is quite different in liquid phase [73]. Therefore, the 178 

local states of the water molecules can be characterized by the F3 order parameter proposed by Baez and 179 

Clancy [38] during the hydrate dissociation simulations. This algorithm can provide a deviation of the 180 

H-bonded network of water molecules in the solid state from standard tetrahedral structures: 181 

       (1) 182 

where θjik is the angle between triplets of oxygen atoms, and the ith atom is in the center, the j and k 183 

oxygen atoms are on either hand of atom i within a spherical shell with a radius of 3.5 Å (the first minimum 184 

in the radial distribution function of the O−O pairs of the water molecules in the liquid water phase). The 185 
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values of F3 for disordered structures are larger than those for tetrahedral structures, such as clathrate 186 

hydrates. In our simulations, water molecules belong to the hydrate phase if F3 is smaller than 0.05. Methane 187 

molecules can easily escape from the incomplete hydrate H-bonded cage when several host water molecules 188 

of this cage shed the intermolecular H-bond constrain. Therefore, we assume that a methane molecule 189 

remains in a polyhedral H-bonded cage of hydrate if the number of surrounding hydrate-phase (F3 < 0.05 190 

defined as above) water molecules within the first hydrate shell for the methane molecule (5.5 Å) is larger 191 

than 15 [74, 75]. 192 

 193 

3. Results and discussion 194 

3.1 Kinetics of hydrate dissociation within the sandy nanopore 195 

The methane hydrates in the simulations are fully occupied within the silica nanopore, and the methane 196 

hydrate dissociation process and nanobubble evolution over time, with the system at an initial temperature of 197 

292 K, are used as examples. Six yz snapshots corresponding to different dissociation times are shown in 198 

Fig. 2. By computing the local order parameter F3, we can distinguish the water molecules belonging to the 199 

hydrate phase or not. The hydrate cluster is almost cuboid at t=0 ns due to the initial system configuration, 200 

almost all methane molecules stay in the hydrate H-bonded cage except for that on the hydrate/water phase 201 

diffuse into the water phase. Subsequently, the hydrate cluster changes its shape from a rectangle to a core 202 

because the acute parts of the hydrate cluster between the silica walls dissociate faster than the planar parts 203 

due to the Gibbs−Thomson effect [76]. The manner of methane hydrate dissociation is stepwise, the inner 204 

layers decompose after the outer layers in a confined space constructed by two silica slabs, and this kinetics 205 

is very similar to that for hydrate dissociation without a presence of silica surface [38, 77]. The hydrate 206 

dissociation process is complicated, involving the collective motion of water and methane molecules [78]. 207 

Although the temperature of simulation system is higher than the hydrate equilibrium temperature, the 208 

existence of guest molecules can stabilize the hydrate cage [79, 80] and the inner hydrate phase can be 209 

preserved by the mass migration resistance compared with that at the interface layer where the dissociated 210 

fluid can be transported easily. Therefore, the hydrate phase dissociates from the outer to the inner in a 211 

stepwise manner (Limited by the configuration size and initial system temperature, there is no temperature 212 

gradient in the hydrate particle during its dissociation in our simulations (shown in Fig. S1)). Meanwhile, the 213 

residual hydrate cluster within the silica nanopore step-by-step dissociate in a shrinking core manner with a 214 

curved decomposition front until the thermal decomposition behavior is complete, which also observed in 215 

the Bagherzadeh’s simulation [41].  216 



 217 

Fig. 2. Snapshots of the dissociation process of the hydrate cluster in the nanopore at initial temperature 218 

T = 292 K. Si (yellow); O (red); H (white); C (cyan). The evolution of hydrate phase and nanobubble can be 219 

observed clearly in those pictures. 220 

 221 

The time variations of the temperature profiles of the entire simulation cell are shown in Fig. 3a. The 222 

average temperature in the NVE simulation drops as the simulations progress until the dissociation process 223 

is completed. This is because the decomposition of methane hydrates is an endothermic process. For the 224 

three simulations at initial temperatures of 292, 302 and 312 K, the dissociation processes continue for 225 

approximately 31.83, 8.98, and 2.85 ns, respectively, and the temperature drops for the three simulations are 226 

approximately 19.53, 17.1 and 12.8 K, respectively. In general, the dissociation process depends on the 227 

initial temperature of the reservoir, and the temperature drop is only related to the gas hydrate quantity. In 228 

our simulations, dissociation process of hydrate phase takes place during the equilibration period. Therefore, 229 

the quantity of undecomposed hydrate is different at the beginning of the NVE simulation at a series of 230 

initial temperatures. The higher the system temperature is, the faster the dissociation rate is, leading to less 231 

hydrate phase presence in the system (see Fig. S2). In the actual production, the utilized of depressurization 232 

technology to extract methane from hydrate occurring reservoirs is the most effective method. However, this 233 

method cannot supply the large amount of heat required for the endothermic reaction of hydrate 234 

decomposition. Fig. 3b indicates that the number of methane molecules belonging to the hydrate phase 235 

decrease due to the methane released during the dissociation process, and the number of unreleased methane 236 

profiles of the dissociation system are in accordance with the temperature profiles. 237 

 238 



   239 

Fig. 3 Time evolution of the temperature profile (a) and the number of methane molecules remaining 240 

trapped in the hydrate phase (b). The legend is the simulation system initial temperature. 241 

 242 

The number of methane molecules in the hydrate cluster at the different initial temperatures were fitted 243 

by an exponential decay function as follows: 244 

              (2) 245 

where N(t) and N0 are the number of methane molecules corresponding to times t and 0, respectively, and α 246 

is the exponential decay time constant. The values of α are 0.11 ns−1, 0.33 ns−1 and 1.04 ns−1 for the three 247 

simulations at initial temperatures of 292 K, 302 K, and 312 K, respectively. The hydrate dissociation rates 248 

occurring in the silica pores are obtained by taking the time derivative with respect to the number of 249 

methane molecules in the hydrate phase, as shown in Fig. 4. As expected, the rate of decomposition is not 250 

constant, as it is higher at a higher initial simulation temperature and at the beginning of the dissociation 251 

process. Over time, the rate decreases rapidly because the hydrate phase also decreases rapidly within the 252 

silica pore, and the higher the initial temperature is, the higher the rate of decrease is until the process is 253 

completed. 254 

 255 

Fig. 4. Dissociation rate of the hydrate calculated by the negative derivative of the fitting equation (Eq 256 

2) at a series of initial temperatures (292 K, 302 K and 312 K). 257 
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3.2 Evolution of the nanobubbles 259 

As hydrate dissociation proceeds, methane molecules are released into the aqueous phase and the 260 

concentration of methane molecules in the vicinity of hydrate/water interface increases rapidly. Driven by 261 

the concentration gradient, methane molecules diffuse from hydrate block vicinity (high concentration) to 262 

bulk phase and water layer between silica slab and hydrate phase (both are with low concentration at initial 263 

simulation). When a significant amount of the hydrate block is dissociated, the diffusion rate of methane in 264 

the aqueous phase is less than the decomposition rate. Therefore, there is a local supersaturation of methane 265 

molecules, leading to gas molecules aggregation into a methane-rich region (nanobubble embryo) and phase 266 

separation between water and methane. The bubble embryos of methane molecules continue to grow as 267 

more of the hydrate is dissociated, eventually aggregate into clusters under this temperature-pressure 268 

condition. We identify these clusters as nanobubbles. Gas bubbles can be naturally generated or intentionally 269 

introduced in sediments, and it has been shown that this nanobubble formation, which presents a strong 270 

adsorption of methane in the aqueous phase, significantly affects the methane hydrate dissociation kinetics 271 

[74, 81]. Interestingly, the interfaces of the silica/water phase and hydrate/water phase in Fig. 2 and 5, 272 

respectively, indicate that methane molecules preferentially accumulate at this interface. Due to the 273 

Gibbs−Thomson effect [76], the acute parts of the hydrate cluster dissociate first (shown in Fig. 2), the 274 

methane molecules release from this part of the hydrate cage and adsorb on the silica surface [82]. Several 275 

factors may contribute to the formation of methane nanobubbles on hydrophilic silica surfaces. The first is 276 

that the adsorption behavior of CH4 on the solid surface with silanol groups in CH4-H2O-SiO2 three phase 277 

system is more complicated than CH4-SiO2 or H2O-SiO2 two phase systems; this process is affected by 278 

temperature, pressure and water content. Recently experimental work shows that at a certain water content, 279 

confined water molecules (water within the pores) can promoted the adsorption of CH4 by forming deeper 280 

adsorption potential energy wells on hydrophilic silica surfaces, making the system more stable [83]. The 281 

simulation results by He et al. also show that methane nanobubbles can occur on the hydrophilic silica 282 

surface for a long time [56]. The second effect is that the kinetics factor may be important. During the 283 

decomposition of hydrates, methane molecules did not immediately release from the silica nanopore to the 284 

bulk phase, instead, they aggregate in the silica nanopore and form bubbles on the surface. The adsorption 285 

and confinement effects limit methane diffusion and facilitate methane aggregation upon the silica surfaces, 286 

eventually forming nanobubbles, which is quite different from dissociation without silica pores [48, 50, 84, 287 

85]. The methane bubbles form to minimize the surface contacts of the methane molecules with water and 288 

hydrophilic hydroxylated silica surfaces. Yagasaki’s work [74] shows that bubble formation can enhance the 289 

dissociation process. In our simulations, we also observed that the hydrate phase near the nanobubbles 290 

dissociates faster than that near the other surface area, as shown in Fig. 2. 291 



The formation and migration of nanobubbles are strongly dependent on the temperature, in addition to 292 

the confinement space. We observed that nanobubbles formed on the hydroxylated silica surfaces, while 293 

nanobubbles also formed at the initial interface of the bulk/hydrate phase during dissociation at a relatively 294 

high initial temperature (302 K and 312 K), as shown in Fig. 5a. These results are caused by the different 295 

initial temperatures. The dissociation rate is excessively higher than the diffusion rate, and the bubble 296 

embryo formation in the vicinity of the hydrate/liquid interface at a higher temperature. Based on the MD 297 

simulations, the deformation and moving behaviors of the nanobubbles and the coalescence of the 298 

nanobubbles in the dissociation system can be directly observed. It is important to note that long simulation 299 

times lead to merging of the nanobubbles in this system. In our simulations, the nanobubble embryo 300 

formation in the initial vicinity of the hydrate/bulk interface moved with the fluid and merged with the larger 301 

nanobubble formation on the silica surface. In addition, the nanobubble formation and growth on silica also 302 

coalesced into a larger gas group, as shown in Fig. 5b. When the temperature of the system is high, the 303 

coalescence processes of nanobubbles will accelerate, which is why no coalescence process occurs at an 304 

initial temperature 292 K within the simulation time (Fig. 2). 305 

During the evolution of the nanobubbles, hydrate methane molecules escape from the incomplete 306 

hydrate cages and dissolve in the surrounding water phase. In our simulations, methane molecules aggregate 307 

on the silica surface due to the adsorption and stereo-hindrance effects. Interestingly, the shapes of the 308 

nanobubbles aggregated on the silica surface do not reflect the hydrophobic properties of methane molecules, 309 

which may be caused by the confined space in the pore being occupied by the undecomposed hydrate phase. 310 

The bubbles of methane molecules continue to grow as more of the hydrate is dissociated. The nanobubbles 311 

transform to half cylinder-shaped bubbles due to the periodic boundary conditions, and hydrophobic 312 

properties are presented but are not completely satisfied, which may be caused by the extension of the silica 313 

crystal to decrease the mismatch between the silica.  314 

                                                                                                                                                                                                                                                                                                                                        315 



 316 

Fig. 5. Nanobubble evolution at a high initial temperature (302 K): time-lapse snapshots at 10 ns (a) 317 

and 50 ns (b). Si (yellow); O (red); H (white); C (cyan). 318 

 319 

3.3 Gas/water migration 320 

From an application point of view, the amount of methane that can be extracted from the sediments is 321 

important. In our simulations, the method of extraction is natural diffusion driven by molecular thermal 322 

motion and molecular concentration gradient. Thermal stimulation can be mainly implemented by the 323 

following manners: hot water or steam injection, microwave radiation, electrical heating,[3] with the 324 

purpose of rising the temperatures of local NGH reservoirs by heating. Once the local temperature increases 325 

above the phase equilibrium temperature at the local pressure, NGHs dissociate with the natural gas and 326 

water release. To quantify how much released methane gas has migrated to the water phase, the numbers of 327 

gas molecules in the different phases were counted, and the methane and water molecules from hydrate 328 

release into the bulk phase are counted, as shown in Fig. 6. 329 

Higher simulation temperatures result in higher molecular kinetic energy levels that facilitate the 330 

migration of molecules. Based on the theory of molecular motion, the number of released methane and water 331 

molecules in the bulk phase diffused from the pore phase should be larger with increasing initial simulation 332 

temperature, whereas the simulation results shown in Fig. 6 do not completely agree with this deduction. 333 

Within the scope of the initial temperature and time, the deduction still applies for methane diffusion; 334 

however, when the initial temperature increases or as the dissociation process proceeds, the amount of 335 

released methane in the bulk phase decreases. This finding implied that the thermal stimulation of hydrate 336 

production from sediments can increase the dissociation rate within the range of the initial temperature, 337 

whereas gas production is an intricate process without depressurization; the number of released methane 338 

molecules in the bulk phase first increases rapidly and then decreases when the initial temperature is higher 339 



than a certain value. In sharp contrast, the number of released water molecules increases as the growth rate 340 

slows as expected. The results are attributed to the kinetics of hydrate dissociation and the evolution of the 341 

nanobubbles of methane on the silica surfaces (formation, movement and mergence). At a high initial 342 

temperature, the dissociation rate is higher, nanobubble embryos are formed rapidly on the surface of the 343 

hydrate as well as the silica surfaces, as shown in Fig. 7. Then, the released methane molecules are adsorbed 344 

onto these nanobubble embryos, and the evolution of nanobubbles works against the gas molecules 345 

migrating out the nanopore. Under the effect of thermal movement, these nanobubbles are adsorbed and 346 

merge into large nanobubbles on the silica surface to decrease the surface energy, while the released water is 347 

free from the effect of the nanobubbles. Overall, thermal stimulation does not result in higher production 348 

from gas hydrates in low-permeability sediments if the methane molecules are not extracted immediately. 349 

 350 

Fig. 6. The number of methane (a) and water (b) molecules in the bulk phase evolving with the 351 

simulation time; both molecules were released from the hydrate phase. 352 

 353 

 354 

Fig. 7. Snapshot of the dissociation process at the 312 K initial temperature at 1 ns. Si (yellow); O (red); 355 

H (white); C (cyan). 356 

 357 

 358 

4. Discussion 359 

The capillary pressure is a function of the medium (geometry, interfacial tension and wettability) and 360 

the saturations of all phases (water, gas, hydrate) in the pore space. Previous studies have shown that the 361 
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water and gas flow can be greatly affected by capillary effects [86]. The capillary effects arising from the 362 

nano pore size can be attributed to the adsorption of methane and water molecules on the hydroxylated silica 363 

surface. For an approximate description of gas production from hydrates, the time evolution of the quantity 364 

of the released methane and water molecules from the hydrate phase in three phases (hydrate phase, silica 365 

pore phase and bulk phase) are shown in Fig. 8. The figure clearly shows that most of the released methane 366 

molecules remain in the pore phase, while in our simulations the released water molecules gradually diffuse 367 

to the bulk phase from the nanopore. As discussed above, the released methane molecules aggregate and 368 

gradually form nanobubbles, and the nanobubbles are always adsorbed on the silica surface. The adsorption 369 

is stable during the MD simulations unless there is an external disturbance or depressurization. The released 370 

gas molecules form nanobubbles inside the pore instead of entering the bulk phase, which is negative to the 371 

further methane production. At the same time, the nanobubbles also increase the pore pressure, even cause 372 

the excess pore pressure [87, 88], and affect the kinetics of dissociation in turn. In order to increase the gas 373 

production, some novel approaches should be proposed in NGH exploitation, for example, the inorganic 374 

small gas molecules (N2, CO2, H2) injection method [89-91].  375 

 376 

Fig. 8. Dissociated methane (a) and water (b) molecule distributions in the three phases (hydrate phase, 377 

silica pore phase and bulk phase) at the initial temperature of 292K (black), 302K (red), 312K (blue). 378 

 379 

The simulations performed in this work are all in an adiabatic ensemble (NVE) which has no energy 380 

exchange with environment. As shown in Fig. 3(a), the endothermic reaction of hydrate decomposition 381 

reduces the amount of heat of the simulation systems, resulting in a large temperature drops before and after 382 

dissociation process. The heat consumption for this dynamics process can be replenished by the bulk water 383 

and silica phase in our simulations. At the field production condition, besides the latent heat of reservoirs, a 384 

continue heat supply by hot water or steam injection is necessary to sustain constant natural gas extraction 385 

form reservoirs. Therefore, the estimation of the rate of hot water supply is one of the important assurances 386 

for safe and effective production. Based on our simulation configuration, the rate of heat to be supplied is 387 
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equated to the rate of heat lost by the water phase (regarded as the hot water injection), which is given by the 388 

following equation.  389 

            (3) 390 

where mw0 and ms0 are the initial mass of the water phase (including bulk phase and water layer 391 

between silica phase and hydrate phase) and silica phase respectively; mws represents the injection mass of 392 

the hot water to be supplied; CwV and CsV are the specific heat of water (taken as 84 J/(mol K) for the SPC/E 393 

water model[92]) and silica respectively; T0 and Tt represent the initial temperature and temperature of at 394 

time t for the two phase; Tref is the reference temperature (can be taken as 273 K), and Vh is the volume of 395 

the hydrate phase within the silica nanopore; t is the time.  396 

Here, we suppose that the temperature of bulk phase is always the same as the silica phase during the 397 

simulations (silica atoms are free). The reduced heat can be calculated by equation Q=cm△T (c is the 398 

specific heat; m is the mass; △T is the temperature gradient). Thus, we could calculate the heat loss to the 399 

two phases using this equation. The specific heat of water (taken as 4.19×103 J/(kg K) at 300 K[93]) is much 400 

larger than that of silica (7.45×102 J/(kg K) at 300 K[93]); and our configuration contains 22264 liquid water 401 

molecules including the bulk phase and two water buffer layers, the silica phase contains 5194 oxygen 402 

atoms, 2359 silicon atoms and 952 hydrogen atoms; the temperature gradient is the same. The heat loss of 403 

silica phase is about 6.7% to bulk phase. The heat loss of silica phase can be almost ignored, moreover, in 404 

our simulation the silica slabs were frozen during the simulation except the hydroxy group. Therefore, Eq 3 405 

can be written as follow, and the equation is very similar to the Baghel’s work [43].  406 

                    (4) 407 

Since mws = ρwVws, 408 

                                (5) 409 

where ρw is the density of water and Vws is the volume of water to be injected. The density of water was 410 

taken as 998 kg/m3 for the SPC/E water model [94]. To extend the MD simulation results to the macroscopic 411 

scale, the time and space scale should be considered. As time variable is on both sides of Eq 5, the effect of 412 

the time scale is removed. Meanwhile, the heat supplied is directly proportional to the volume of hydrate in 413 

sediments, to remove the effect of the space scale, the rate of supply of hot water for a sustained dissociation 414 

process should be calculated per unit volume. The water phase temperature at time t (Tt) was equal to the 415 

average value of the last 100 data points of Fig. 3. Combined with the Eq 5 and digits from the simulations, 416 

the calculated values of the rate of supply of hot water at 292 K, 302 K and 312 K were 4.91×107 m3/s m3, 417 

0 0 0 0
0

( ) ( ) ( )w wV t s sV t ws
ref V

h

m C T T m C T T dm T T C
tV dt

- + -
= -

0 0
0

( ) ( )w V t ws
ref V

h

m C T T dm T T C
tV dt

-
= -

0 0

0

( )
( )

ws w t

ref h w

dV m T T
dt T T tV r

-
=

-



9.98×107 m3/s m3 and 1.75×108 m3/s m3, respectively. These results can represent the heat flow of the 418 

hydrate dissociation process in sediments, however, the calculation seems not so accurate because we lose 419 

sight of the latent heat of reservoirs. For example, the average porosity of hydrate reservoirs in Shenhu area 420 

of South China Sea is about 0.4 [95, 96], and the framework of the sediments accounted for 60%. Therefore, 421 

most of heat will be absorbed by the framework. However, in this work, the coordinates of silica atom were 422 

fixed except the OH group, resulting in the silica slab temperature almost unchanged. The heat supplement 423 

from sediment framework latent heat will be considered in our future work. 424 

 425 

5. Conclusion 426 

To investigate the dissociation kinetics closer to the sediment conditions of hydrate occurrences, 427 

methane hydrate dissociation in a confined space constructed by two fully hydroxylated silica surfaces that 428 

are ∼80 Å apart with a bulk phase was simulated with MD at initial temperatures of 292, 302, and 312 K in 429 

an NVE ensemble. As expected, the rates of decomposition are low at low initial simulation temperatures. 430 

During hydrate dissociation, the undecomposed hydrate core shrank in a stepwise manner with a curved 431 

dissociation front. The evolution of methane nanobubbles in the presence of the silica surfaces was found to 432 

be quite different from that in nonconfined water methane hydrate simulations. The methane molecules 433 

released from the hydrate phase migrate to the aqueous phase and gather on the silica surface rapidly, 434 

leading to the formation of small nanobubbles and growth at a relatively low initial temperature (292 K). As 435 

the initial temperature increases, the rate of hydrate dissociation increases; thus, methane molecules rapidly 436 

assemble near the hydrate/bulk phase interface and on the silica surfaces, and the nanobubbles formed in the 437 

former merge into large nanobubbles on the silica surfaces over time to decrease the surface energy. More 438 

interestingly, the nanobubbles formed on the silica surfaces are not stable but also merge during the 439 

simulation process. As a result, a small portion of the released methane was found to actually enter the bulk 440 

phase (outside the pore phase) regardless of the initial temperature. In addition, although a high dissociation 441 

temperature environment can accelerate the process of decomposition, gas production does not always 442 

increase, and heat flow should be significantly supplied if thermal stimulation is used to produce gas from 443 

low-permeability hydrate reservoirs. 444 

The present study reveals the remarkable confinement effect (caused by quartz sand intergranular 445 

nanopores) on the dissociation of methane hydrates. Thermal injection may enhance the hydrate dissociation 446 

process, but is independent of methane extraction; most of the dissociated methane molecules occur in the 447 

form of nanobubbles and are adsorbed on hydroxylated silica surfaces. It should be noticed that the 448 

simulations in this study were performed with respect to a static system. However, in the actual production 449 



of gas hydrate resources, pressure differences are present, which can help the methane bubbles migrate from 450 

sandy sediments and contribute to the gas yields. Our future simulation work will be performed towards this 451 

direction. 452 
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Fig. S1. We divided the hydrate phase into two parts: inner and outer. 

Subsequently, we calculated the temperature corresponding to the two parts as well as 

the simulation system (taken the case with the initial temperature 292K as an 

example). It shows that the temperature of the two parts is almost alike when the 

fluctuation is ignored.  



 

Fig. S2. Snapshots of the dissociation model after equilibrate simulation at the initial 
temperature of 302K and 312K. 
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