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Abstract 25 

The thermal stability and surface adhesion of natural gas hydrate are critical for the 26 

safety of oil and gas pipelines. The roughness and hydrophobicity of the pipe surface 27 

often vary during long-distance transportation, but it remains unclear about how these 28 

variances influence the hydrate stability. In this study, twelve molecular models of solid 29 

steel pipeline surfaces with random morphology were evaluated and molecular 30 

dynamics simulations were performed to gain insights into the kinetics of methane 31 

hydrate dissociation, the nucleation and growth of gas bubbles during hydrate 32 

decomposition, and the free energy of hydrate adhesion to the solid steel surface. 33 

Results demonstrated that the stability of methane hydrate could be decreased by up to 34 

85% by increasing the hydrophobicity of the pipe surface by 52%. The bubble 35 

nucleation site of the gas released from hydrate decomposition shifted from bulk water 36 

to the solid surface by increasing the surface hydrophobicity (𝜀𝜀𝑠𝑠𝑠𝑠: 3.73 ~ 5.74 kJ mol-37 

1), but a highly hydrophobic surface (𝜀𝜀𝑠𝑠𝑠𝑠: 2.73 kJ mol-1) made it hard to form gas bubble 38 

on either smooth or rough surface. Moreover, the free energy of hydrate adhesion also 39 

depended on the roughness and hydrophobicity of the solid surface, while the largest 40 

energy barrier for the adhesion of methane hydrate was found on the hydrophobic 41 

surface with high roughness. The findings from this study provided theoretical support 42 

for better understanding the methane hydrate evolution principles when the surface 43 

properties of the pipe wall changed from naturally occurred events (e.g., metal 44 

corrosion) or artificial treatment (e.g. chemical coating). 45 

Keywords: methane hydrate; roughness; hydrophobicity; thermal stability; adhesion  46 
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1. Introduction 47 

Natural gas hydrate formation during oil-gas transportation have plagued the petroleum 48 

industry for several decades, because it can decrease the circulation area and increase 49 

the flow resistance or even lead to the blockage and destruction of the well bore, 50 

pipeline and equipment (Shi et al., 2021). The hydrate plugging in the pipeline is a 51 

complex dynamic process including the nucleation and growth of hydrate crystals to 52 

particles, the continuous aggregation of hydrate particles, and the adhesion and gravity 53 

settlement of hydrate particles to the pipe wall (Zhang et al., 2021). Hydrate blockage 54 

must be removed in time to ensure flow security during oil-gas production and 55 

transportation. The heating and in-situ heat generation techniques with the advantages 56 

of low cost and high flexibility of practice have been widely applied in the petroleum 57 

industry to reduce the viscosity of heavy oil, which have also been introduced to remove 58 

gas hydrate (Wei et al., 2022). Natural gas hydrate are non-stoichiometric crystalline 59 

compounds in which methane molecules are trapped in the water cages formed by 60 

hydrogen bonds (Sloan and Koh, 2007). The hydrate will lose stability and the cages 61 

decompose into water and gas upon temperature rising. It is possible for the released 62 

gas to reform hydrate as the reformation of hydrate cages frequently occurs during 63 

hydrate dissociation (Yagasaki et al., 2014). If the gas concentration approaches the 64 

limit of super-saturation during hydrate decomposition, gas bubbles will form which 65 

play critical role on the dissociation or the secondary nucleation of hydrate. For 66 

example, Kuang et al. (2019) demonstrated that the hydrate tended to nucleate firstly at 67 

the bubble surface. Uddin and Coombe (2014) demonstrated that gas bubbles decreased 68 
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the hydrate decomposition rate by influencing the heat transfer, but other studies 69 

indicated that gas bubbles accelerated hydrate decomposition by absorbing the 70 

surrounding methane molecules and reducing the resistance for methane release or 71 

destabilizing the hydrate nuclei by disordering water structure (Yagasaki et al., 2014; 72 

Ji et al., 2018; Chen et al., 2021). There is no consistent conclusion on this issue which 73 

required more efforts to gain insights into the evolution of gas bubbles during hydrate 74 

dissociation.  75 

One of the key factors influencing the gas hydrate stability and the gas bubble evolution 76 

is the physical and chemical characteristics of the pipeline surface, which do not keep 77 

constant but vary with time in the complex fluid flow environment during oil-gas 78 

pipeline transportation. For example, the chemical and microbiological corrosion will 79 

change the physical morphology of the pipeline surface. We found that the methane 80 

hydrate nucleation was strongly facilitated when the carbon steel surface was corroded, 81 

which was mainly resulted from the formation of convex and concave structure on the 82 

metal surface (Hu et al., 2018). Other recent studies also demonstrated that the changes 83 

in the roughness of the pipeline steels surface and the composite structured surface 84 

significantly altered the hydrate adhesion and decomposition properties (Zhang et al., 85 

2021, 2022). However, to date there is limited information available on how the surface 86 

roughness of steel pipes would influence the thermal stability of gas hydrate. Molecular 87 

dynamics (MD) simulation is a versatile tool to gain insights into such microscopic 88 

mechanisms. A number of studies have been carried out to investigate hydrate 89 

formation and dissociation process using MD simulation, but the solid surface was 90 



6 
 

often modelled using a smooth surface or a rough surface with very regular groove 91 

structure (Ji et al., 2016; Hu et al., 2018; Ji et al., 2018; Zi et al., 2018; Das et al., 2022). 92 

These models were oversimplified as the morphology of the solid surface in the reality 93 

are often irregular. It requires future works to shed light on the molecular mechanisms 94 

for hydrate stability changes against temperature on the rough solid steel surface with 95 

random morphology. Furthermore, to the best of the authors’ knowledge, there are no 96 

studies that have investigated how steel surface roughness of pipes influences gas 97 

bubble formation during hydrate decomposition and how it affects the energy barrier 98 

for the adhesion of hydrate particles onto the pipe surface. 99 

Another critical property governing the gas hydrate evolution during the oil-gas 100 

transportation is the hydrophobicity of the solid surface (Nguyen et al., 2020). In the 101 

oil-gas pipeline, a variety of solid surfaces coexist such as the pipe wall, asphaltene 102 

particles, wax crystal particles and sand particles entrained in the production fluids. 103 

These solid surfaces have different hydrophobicity and provided complex environment 104 

for the dynamic evolution of methane hydrate. There are increasing interest on the 105 

dependence of gas hydrate formation on the surface hydrophobicity, but contradictory 106 

results have been reported so far. For example, some studies showed that the 107 

hydrophobic surfaces were able to promote gas hydrate formation due to the tetrahedral 108 

ordering of water structure and the increased gas density at the solid-water interfaces 109 

(Li and Wang, 2015; Wang et al., 2015; Nguyen et al., 2017; Filarsky et al., 2019a). By 110 

contrast, the hydrophilic surfaces tend to inhibit hydrate formation due to the distorted 111 

water structure and the decreased gas density at the solid-water interface (Wang et al., 112 
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2019). However, Filarsky et al. (2019b) demonstrated that a high-water-to-hydrate 113 

conversion was only obtained when slightly hydrophobic solids were present while 114 

both strongly hydrophilic or strongly hydrophobic solids inhibited methane hydrate 115 

formation. Moreover, Cox et al. (2018) indicated that methane hydrate information was 116 

insensitive to the presence of hydrophobic or hydrophilic solid surfaces. One of the 117 

possible reasons for the varied findings might be the different experimental conditions, 118 

such as the size of the solid particle and chemical groups of the surface coatings which 119 

also influence hydrate growth, used in different studies. The molecular mechanisms 120 

underlying the experimental observations is not thoroughly understood, which demands 121 

future works to elucidate the role of the intrinsic hydrophobicity of the solid surface on 122 

the growth and disassociation kinetics of methane hydrate.  123 

Accordingly, the thermal stability of methane hydrates at various temperatures was 124 

investigated in the present study using MD simulation. Random solid surfaces with 125 

various roughness and hydrophobicity were constructed in order to gain insights into 126 

the effects of roughness and hydrophobicity on the methane hydrate dissociation 127 

kinetics, the gas bubble nucleation during hydrate dissociation and the free energy of 128 

hydrate adhesion to the rough solid surface.   129 

 130 

2. Methodology  131 

2.1 Molecular models  132 

Force field: Molecular dynamics simulation is a method based on force field which 133 

contains mathematical functions predicting the structural, vibrational and thermo-134 
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(6.897 nm × 5.160 nm × 1.003 nm). Based on the smooth surface, particle pillars were 157 

moved equidistantly with the z coordinate of the top particle equaled to the calculated 158 

result of the W-M function at the same (𝑥𝑥,𝑦𝑦) position. Subsequently, we adjusted the 159 

non-bonded solid-water interaction parameter (𝜀𝜀𝑠𝑠𝑠𝑠 ) from 2.73 to 5.74 kJ mol-1 to 160 

modify the hydrophobicity of the solid surfaces. Basically, the maximum value of 𝜀𝜀𝑠𝑠𝑠𝑠 161 

of was set as 5.74 kJ mol-1 according to the hydrophilicity of iron (Morita et al., 2008). 162 

This value was then decreased to decrease the affinity of the solid surface to water, 163 

because the smaller value represents stronger hydrophobicity (Chowdhury et al., 2017). 164 

Overall twelve simulation scenarios with different solid surface roughness (R = 0, 0.36 165 

and 0.48 nm) and surface hydrophobicity (𝜀𝜀𝑠𝑠𝑠𝑠= 5.74, 4.73, 3.73, 2.73 kJ mol-1) were 166 

designed to investigate the stability of hydrate cages. 167 

Methane hydrate cluster model: Gas hydrate have many structure types and the three 168 

most common types exist in nature are sI, sII and SH hydrates (Sloan and Koh, 2007). 169 

Since the methane prefers to form sI hydrate, the geometry-optimized sI structure 170 

methane hydrate unit cell was obtained from Lenz and Ojamaë (2011) and used in this 171 

study. The unit cell was replicated along the x, y and z directions to form a 3 × 3 × 3 172 

super cell to represent a cubic hydrate cluster according to Wu et al. (2019).  173 

Model system: The initial model system was established by locating the methane 174 

hydrate cluster on the top of the rough solid surface (Fig. 1). In order to simulate an 175 

aqueous environment, the methane hydrate cluster was immersed in the liquid box 176 

containing methane (molecular number: 180) and water (molecular number: 4286 ~ 177 
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4493). The corresponding methane concentration in the aqueous phase was about 0.04 178 

mol mol-1.  179 

2.2 Molecular dynamics simulation 180 

The initial model systems were energy minimized using the steepest descent algorithm, 181 

which was equilibrated at NVT (constant number of atoms, volume and temperature) 182 

and NPT (constant number of atom, pressure and temperature) ensemble, respectively, 183 

in order to allow the system to reach the desired temperature (245, 250, 255 and 260K) 184 

and pressure (500 bar). Subsequently, MD simulations were performed for 100 185 

nanoseconds (ns) at NPT ensemble. The positions of the solid surface atoms were kept 186 

restrained during the simulations. Leap-frog algorithm with a time-step of 1 fs was used 187 

as the integrator to calculate the stochastic dynamics of molecules (Van Gunsteren and 188 

Berendsen, 1988). The temperature and pressure were controlled by the V-rescale 189 

thermostat and Berendsen barostat, respectively (Berendsen and Van Gunsteren, 1984; 190 

Bussi et al., 2007). The cut-off of short-range interactions was set at 1.2 nm, whereas 191 

the Particle Mesh Ewald (PME) algorithm was used to calculate the long-range 192 

electrostatics interactions (Darden et al., 1993). Three-dimensional periodic boundary 193 

condition (PBC) was applied throughout the simulations, which defined that when one 194 

molecule diffused across the boundary of the simulation box it reappeared on the 195 

opposite side (Sharma, 2019). By implementing PBC, the edge effects could be avoided 196 

as each molecule always interacted with its neighbor molecules even though they were 197 

close to the edge of the simulation box. All the simulations were performed using the 198 

open source software Gromacs 5.0.5 (Van Der Spoel et al., 2005). 199 
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2.3 Data analysis 200 

The face-saturated incomplete cage analysis method was used for data analysis (Guo et 201 

al., 2011). The hydrate cages were classified as complete cage (CC) or incomplete cage 202 

(IC) according to edge-saturated index (𝜁𝜁𝑉𝑉) and face-saturated index (𝜁𝜁𝐸𝐸): 203 

𝜁𝜁𝑉𝑉𝜁𝜁𝐸𝐸 = 𝑛𝑛𝑉𝑉
𝐸𝐸3+

𝑛𝑛𝑉𝑉

𝑛𝑛𝐸𝐸
𝐹𝐹2

𝑛𝑛𝐸𝐸
                                                      (3) 204 

where 𝑛𝑛𝑉𝑉 is the number of water molecules enclosing the void of water cages, 𝑛𝑛𝑉𝑉𝐸𝐸3+ 205 

is the number of cage waters shared with at least three cage edges, 𝑛𝑛𝐸𝐸  is the number 206 

of edges and 𝑛𝑛𝐸𝐸𝐹𝐹2  is the number of edges shared with two cage faces. 𝜁𝜁𝑉𝑉𝜁𝜁𝐸𝐸 = 1 207 

represents a complete cage with both edge-saturated and face-saturated. 𝜁𝜁𝑉𝑉 ≠ 1 and 208 

𝜁𝜁𝐸𝐸 = 1 indicates a face-saturated incomplete cage (FSIC). The number of total cages 209 

is the sum of the amount of CC and FSIC. The separating distance between the absorbed 210 

methane and the adsorption site of a hydrate cage face is less than 3 Å, whereas the free 211 

methane is more than 3 Å away of an adsorption site (Guo et al., 2011). The cage 212 

structure was displayed using the algorithm provided by Jacobson et al. (2009). The 213 

stability of methane hydrate above the solid surface with different hydrophobicity under 214 

different temperatures was characterized by calculating the total number of hydrate 215 

cage, the ratio of adsorbed methane and the free methane. The final values of these 216 

parameters were determined by the average of the last 10 ns of the simulations. 217 

The potential mean force (PMF) profiles of the adhesion of hydrate to solid surface 218 

were obtained using the umbrella sampling method (Kästner, 2011). The oxygen atoms 219 

of water and the methane molecules in the methane hydrate cage were position 220 
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restrained to avoid the collapse of the cage structure with a force constant of 1000. 221 

Around 50 windows for each system were selected for umbrella sampling. All the 222 

configurations were equilibrated under the NPT ensemble, after which MD production 223 

simulations were performed using the same settings. The PMF was calculated from 224 

unbiased probability distributions of the systems with the weighted histogram analysis 225 

method (Kumar et al., 1992).  226 

 227 

3. Results and Discussion 228 

3.1 Stability of hydrate cages on smooth surface with different hydrophilicity 229 

The evolution of the number of methane hydrate cages above the smooth surface with 230 

varied hydrophobicity under different temperature is shown in Fig. 2. When the surface 231 

was highly hydrophilic (𝜀𝜀𝑠𝑠𝑠𝑠 : 5.74 kJ mol-1), the number of methane hydrate cages 232 

almost doubled during the initial 40 ns and then kept stable with minor fluctuation under 233 

low temperature (245 K). The overall tendency was similar when the temperature 234 

increased to 255 K, but the hydrate growth rate became much slower. As shown in Fig. 235 

2a, the number of methane hydrate cages only increased from 86 to 129 during the 236 

initial 40 ns which then slowly increased to 150 at the end of simulation at 255 K. The 237 

hindered growth rate at 255 K might be attributed to the thermal interference on the 238 

aggregation of cage-like water clusters or the ordered arrangement of gas molecules. 239 

The latter one might not be the predominant mechanism in context of the present study, 240 

which could be supported by the evolution of the number of the adsorbed methane 241 

throughout the simulation. According to the cage adsorption hypothesis, the strong 242 
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attractive interaction between dodecahedral water cages and methane molecules was 243 

the intrinsic driving force controlling methane hydrate formation (Guo et al., 2009). 244 

Our results demonstrated that the percentage of the methane adsorbed on the cage 245 

surface differed little when the temperature increased from 245 K to 255 K, suggesting 246 

that such temperature did not significantly influence the collective arrangement of 247 

methane molecules for hydrate formation (Fig. 3a). Accordingly, the observed slow 248 

rate of hydrate growth at 255 K was more likely attributed to the hindered adjustment 249 

of water molecules around the ordered arranged gas molecules according to the local 250 

structuring hypothesis (Radhakrishnan and Trout, 2002). The hydrate cluster became 251 

unstable once the temperature exceeded 255 K. As shown in Fig. 2a, the number of 252 

methane hydrate cages spontaneously decreased by 85% within 23 ns at 260 K, 253 

indicating the fast collapse of the hydrate structure and the break-up of cage linkages. 254 

The overall tendency of hydrate cage evolution was similar when 𝜀𝜀𝑠𝑠𝑠𝑠 decreased from 255 

5.74 to 4.73 and 3.73 kJ mol-1, respectively. In these cases, the hydrate cages maintained 256 

stable below 255 K and started to disassociate at 260 K although the total number of 257 

hydrate cages varied with the hydrophobicity (Figs. 2b and 2c). When 𝜀𝜀𝑠𝑠𝑠𝑠 was 4.73 258 

kJ mol-1, the final number of hydrate cages decreased by 23% when the temperature 259 

increased from 245 K to 255 K (Fig. 2b), but little difference was found in the ratio of 260 

the adsorbed methane at such temperature range (Fig. 3b). Similar tendency was 261 

observe when 𝜀𝜀𝑠𝑠𝑠𝑠  decreased to 3.73 kJ mol-1. As shown in Figs. 2c and 3c, the 262 

temperature rising from 245 K to 255 K resulted in 31% decrease in the total hydrate 263 

cages but did not change the fraction of the adsorbed methane. As aforementioned, this 264 
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finding demonstrated that a weak temperature driving force was unfavorable for the 265 

water molecules to adjust into cage-like water clusters, but allowed the adsorption of 266 

methane on the surfaces of hydrate cages. This could prolong the lifetime of hydrate 267 

cluster and allow the gradual formation of hydrate cages (Walsh et al., 2009). Under 268 

relatively higher temperature, the effect of surface hydrophobicity on the hydrate 269 

stability remained slight. The final number of hydrate cages at 255 K decreased by only 270 

9% when 𝜀𝜀𝑠𝑠𝑠𝑠  decreased from 5.74 to 3.73 kJ mol-1 (Figs. 2a and 2c). The surface 271 

hydrophobicity could potentially affect the rate of hydrate dissociation at 260 K but 272 

such change was non-monotonic. The hydrate cage dissociation time at 260 K was 273 

shortened from 20 to 13 ns when 𝜀𝜀𝑠𝑠𝑠𝑠  decreased from 5.74 to 4.73 kJ mol-1 but 274 

rebounded to 20 ns when it further decreased to 3.73 kJ mol-1 (Figs. 2a, 2b and 2c). 275 

The tendency of hydrate cage evolution changed significantly when 𝜀𝜀𝑠𝑠𝑠𝑠  further 276 

decreased to 2.73 kJ mol-1. As shown in Fig. 2d, the hydrate cluster was unable to 277 

remain stable even at 245 K. Although the number of hydrate cages doubled in the first 278 

25 ns, it was followed by a continuously decrease until the end of simulation. The final 279 

number of hydrate cages was only 48% of that on the highly hydrophilic surface at 245 280 

K (Figs. 2a and 2d). The destabilization effect became more obvious when the 281 

temperature exceeded 250 K. The hydrate cluster decomposed spontaneously and 282 

disappeared at 44 ns, 20 ns and 15 ns when the temperature increased to 250 K, 255 K 283 

and 260 K, respectively (Fig. 2d). Meanwhile, the ratio of the adsorbed methane 284 

declined fast even at very low temperature (Fig. 3d). For instance, the adsorbed methane 285 

almost disappeared within 40 ns at 250 K, indicating that all the methane escaped from 286 
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the hydrate surface. This might be attributed to the stronger interaction between the 287 

methane and the solid surface when the latter became highly hydrophobic, because Ma 288 

et al. (2020) demonstrated that a stronger guest-surface affinity would induce 289 

competitive adsorption for guest molecules between the surface and the hydrate which 290 

led to the decomposition of hydrate. Accordingly, it might be such competitive 291 

adsorption that decreased the ratio of methane adsorbed to hydrate cage faces and 292 

eventually destabilized the hydrate cluster on the hydrophobic surface. 293 

3.2 Stability of hydrate cages on rough surface with different hydrophilicity 294 

The final number of hydrate cages on hydrophilic (𝜀𝜀𝑠𝑠𝑠𝑠: 5.74 kJ mol-1) rough surface at 295 

low temperature differed slightly from that on smooth surface, but the hydrate growth 296 

rate significantly decreased with the surface roughness. For example, it took about 30 297 

ns for the hydrate cluster to reach the size of 200 cages on a smooth surface at 245 K 298 

(Fig. 2a). However, it took 45 ns and 95 ns to achieve the same size on a surface of 0.36 299 

nm and 0.48 nm roughness, respectively (Fig. 2e and 2i). Nevertheless, the number of 300 

the adsorbed methane did not reduce with the increase of surface roughness at 245 K 301 

(Fig. 4a). Moreover, the methane hydrate cages became much less stable on rough 302 

surface than on smooth surface when the temperature exceeded 245 K. For instance, 303 

the number of methane hydrate cages decreased by 10% and 22%, respectively, when 304 

the roughness of the solid surface increased from 0 to 0.36 nm and 0.48 nm at 255 K 305 

(𝜀𝜀𝑠𝑠𝑠𝑠: 5.74 kJ mol-1). When the temperature further increased to 260 K, the lifetime of 306 

methane hydrate cluster reduced from 23 ns to 15 ns by replacing the smooth surface 307 

with rough surfaces (Figs. 2a, 2e and 2i).  308 
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On the rough solid surface with weaker hydrophilicity (𝜀𝜀𝑠𝑠𝑠𝑠: 3.73 ~ 4.73 kJ mol-1), the 309 

hydrate was much less stable than on the smooth surface. For instance, the hydrate 310 

remained stable on the smooth surface when the temperature increased up to 255 K 311 

(Figs. 2b and 2c), but 60% of the hydrate cages broke up at 255 K when the roughness 312 

increased to 0.36 nm (Fig. 2f). The lower hydrophilicity, the faster the hydrate 313 

disassociated. The lifetime of the hydrate cluster at 255 K was shortened from 80 ns 314 

(Fig. 2f) to 25 ns (Fig. 2g) when 𝜀𝜀𝑠𝑠𝑠𝑠 decreased from 4.73 to 3.73 kJ mol-1.  315 

However, the hydrate stability differed little during the increase of the roughness if the 316 

surface became hydrophobic (𝜀𝜀𝑠𝑠𝑠𝑠: 2.73 kJ mol-1). It could be evidenced by the overall 317 

evolution of the total number of hydrate cages, which demonstrated that the hydrate 318 

cages almost broke up in all these case at 250 K (Figs. 2d, 2h and 2l). 319 

3.3 Gas bubble nucleation during hydrate cage decomposition on rough surface  320 

Selected snapshots of gas bubble nucleation after the decomposition of methane hydrate 321 

cages on the solid surface with different hydrophobicity and roughness are provided 322 

(Fig. 6). When a smooth surface with relatively high hydrophilicity (𝜀𝜀𝑠𝑠𝑠𝑠: 5.74 kJ mol-323 

1) was present, a distinct methane bubble nucleus was observed in the water above the 324 

surface at about 24 ns (Fig. 6a). The bubble’s size increased by gathering the free 325 

methane molecules dispersed in the water and maintained a spherical shape at the end 326 

of simulation (Figs. 6c). The gas bubble did not contact with the solid surface 327 

throughout the simulation since there was always a water film between the bubble and 328 

solid surface. The thickness of the water film decreased with time and kept stable at 329 

about ~ 0.7 nm at the end of simulation (Fig. 6c). The overall evolution of methane 330 



17 
 

bubble was similar when the surface roughness increased to 0.36 nm (Figs. 6d-6f) and 331 

0.48 nm (Figs. 6g-6i), respectively, if 𝜀𝜀𝑠𝑠𝑠𝑠 was fixed at 5.74 kJ mol-1. In these cases, 332 

the methane bubble started to nucleate in the water phase and then grew and swam in 333 

the water. Although the methane bubble was very close to the solid surface with high 334 

roughness at the end of simulation, it remained spherical in shape with a diameter of ~ 335 

3.0 nm without adsorption on the rough surface (Figs. 6g-6i). The aforementioned water 336 

layer still existed below the lowest edge of the bubble (Fig. 6i). 337 

The nucleation site of the gas bubble varied with the surface roughness when the surface 338 

hydrophilicity decreased (𝜀𝜀𝑠𝑠𝑠𝑠= 3.73 ~ 4.73 kJ mol-1). For instance, the gas bubble also 339 

started to nucleate in the water when the roughness was no more than 0.36 nm (data not 340 

shown). However, it preferred to nucleate on the solid surface when the surface was 341 

highly rough (R: 0.48 nm), which adsorbed and grew on the convex area of the solid 342 

surface without moving into the groove or suspended in the water phase (Figs. 6j-6O). 343 

The water near the solid surface was expelled by the gas bubble, therefore, the 344 

aforementioned water film below the gas bubble was not observed throughout the 345 

hydrate disassociation (Figs. 6j’-6l’).  346 

When 𝜀𝜀𝑠𝑠𝑠𝑠  was further decreased to 2.73 kJ mol-1, the surface became strongly 347 

hydrophobic and inhibited the formation of methane bubble on both the smooth and 348 

rough surfaces. To shed further insights into this finding, the gas aggregation process 349 

was characterized by the profile of the methane density along the distance from the 350 

solid surface at different time during hydrate dissociation (Fig. 7d). The methane 351 

molecules were mainly located at 2.3 to 4.8 nm from the solid surface before the hydrate 352 
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started to dissociate, which represented the methane trapped in the hydrate cages. Only 353 

free and scattered methane molecules existed near the surface as the density of the 354 

methane located at about 1.2 nm from the solid surface was less than 80 kg m-3 (Fig. 355 

7d). However, the density of methane near the surface steeply increased to 252 kg m-3 356 

after the hydrate disassociated for 10 ns and finally rose to 400 kg m-3 at the end of 357 

simulation (100 ns). The methane density was almost zero in the bulk water region at 358 

the end of hydrate dissociation (Fig. 7d). This process of density change clearly 359 

demonstrated the fast adsorption of the released methane to the solid surface after 360 

hydrate dissociation. The methane molecules flatly laid on the solid surface instead of 361 

forming gas bubble (Fig. 7a). The tendency of density evolution was similar when the 362 

surface roughness increased to 0.36 nm and 0.48 nm (Figs. 7e and7f), respectively, 363 

where the methane was spread and deposited in the groove area of the rough surface 364 

without forming gas bubble (Figs. 7b and 7c). This phenomenon might be attributed to 365 

the strong hydrophobic attractions between methane and the solid surface. This was 366 

consistent with Nguyen et al. (2020) which indicated that the dissolved gas molecules 367 

would populate at the interface between water and hydrophobic solid surface.  368 

3.4  Free energy of hydrate cage adhesion onto rough surface 369 

 Rough surface was much more energetically favorable for the hydrate cage adsorption 370 

compared with the smooth surface when the surface was hydrophilic (Fig. 8). The PMF 371 

slightly increased as the distance between the hydrate cage and the smooth surface (𝜀𝜀𝑠𝑠𝑠𝑠: 372 

5.74 kJ mol-1) decreased from 1.3 nm to 0.7 nm, which was followed by the appearance 373 

of two peaks at 0.5 nm and 0.2 nm, respectively, during the approaching process (Fig. 374 
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8a). This suggested the existence of energy barriers (~ 0.8 kJ mol-1) that the hydrate 375 

cage needed to overcome before it could successfully reach the smooth solid surface. 376 

By contrast, the hydrate cage could spontaneously deposit onto the groove of the rough 377 

surface, which was evidenced by the obvious energy drop (~ 3.3 kJ mol-1) when the 378 

distance between the hydrate cage and the rough surface decreased from 0.5 to 0.3 nm 379 

(Fig. 8b).  380 

Another clear finding from the PMF results was that the energy barrier for the 381 

adsorption of hydrate cage onto the smooth surface became less or even disappeared 382 

when the surface became hydrophobic. For example, only one small peak was found in 383 

the PMF curve when the hydrate cage moved from 1.3 to 0.65 nm from the smooth 384 

surface when 𝜀𝜀𝑠𝑠𝑠𝑠 equaled 4.73 kJ mol-1. Subsequently, a continuous drop (~ 2.6 kJ 385 

mol-1) appeared in the PMF curve, indicating a spontaneous hydrate cage deposition 386 

(Fig. 8a). Such peak disappeared when 𝜀𝜀𝑠𝑠𝑠𝑠 further decreased to 3.73 kJ mol-1. Instead, 387 

the PMF kept decreasing when the hydrate cage moved toward the smooth surface until 388 

reaching the minimum value when their distance was about 0.2 nm. It suggested that 389 

the hydrate cage adsorption in this case could spontaneously occur while the overall 390 

free energy for the adsorption process was about 1.8 kJ mol-1.  391 

However, the tendency for the adsorption of hydrate cage on rough surface was 392 

opposite when the surface changed from hydrophilic to hydrophobic. From the energy 393 

point of view, the higher hydrophobicity, the more difficult for the hydrate cage to 394 

approach the rough surface. As shown in Fig. 8b, the overall free energy for hydrate 395 

cage adsorption decreased by ~70% when 𝜀𝜀𝑠𝑠𝑠𝑠 decreased from 5.74 to 4.73 kJ mol-1. 396 
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It even became energy unfavorable for the hydrate cage to deposit onto the rough 397 

surface when 𝜀𝜀𝑠𝑠𝑠𝑠 decreased to 3.73 kJ mol-1. Particularly, three peaks were observed 398 

at about 0.9 nm, 0.6 nm, and 0.3 nm, respectively, in the PMF curve during the 399 

approaching of hydrate cage to the rough surface when 𝜀𝜀𝑠𝑠𝑠𝑠 was 3.73 kJ mol-1. The 400 

largest energy barrier that the hydrate cage needed to overcome was up to 2 kJ mol-1 401 

when it moved from 0.5 to 0.3 nm from the rough surface before it could successfully 402 

deposit onto the groove of the rough steel surface (Fig. 8b).  403 

4. Conclusions 404 

This study demonstrated that the thermal stability of methane hydrate was highly 405 

dependent on the roughness and intrinsic hydrophobicity of the solid steel surface. The 406 

gas transportation would become safer if the hydrophobicity of the pipeline wall surface 407 

increased, because the methane hydrate could remain stable at 255 K on a hydrophilic 408 

surface (𝜀𝜀𝑠𝑠𝑠𝑠:  5.74 kJ mol-1) but completely dissociate at 250 K on a hydrophobic 409 

surface (𝜀𝜀𝑠𝑠𝑠𝑠: 2.73 kJ mol-1). The less hydrate stability on hydrophobic surface might 410 

be attributed to the competitive adsorption of methane molecules which drove the 411 

escape of methane from the hydrate surface to the hydrophobic surface and eventually 412 

facilitated the hydrate decomposition. The hydrates also became less stable on rough 413 

surface than on smooth surface, which was evidenced by the faster broke up of hydrate 414 

cages and the shortened lifetime of hydrate cages. Under the stable conditions, the free 415 

energy for the adhesion of hydrates to the solid surface also varied with the roughness 416 

and hydrophobicity. On the hydrophilic surface, the hydrate could spontaneously 417 

deposit onto the rough solid surface, but it needed to overcome about 0.8 kJ mol-1 418 
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energy barrier before adhered to the smooth surface. Such tendency was opposite on 419 

the hydrophobic surface. The smooth surface was more energetically favorable for the 420 

hydrate adsorption while the largest energy barrier for approaching the rough surface 421 

was 2 kJ mol-1. Overall findings suggested that it was possible to decrease the hydrate 422 

stability and increase the resistance for hydrate adhesion by increasing the roughness 423 

and hydrophobicity of the pipe wall to mitigate flow assurance issues. Future works are 424 

required to test the adhesion strength between gas hydrate and pipeline steel with 425 

different surface properties using high-pressure micromechanical force apparatus and 426 

validate the model in the multi-phase flow pipeline.  427 
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Fig. 1 Snapshots showing the evolution of methane hydrate clusters on solid surface with different roughness (T=255 K, 𝜀𝜀𝑠𝑠𝑠𝑠=4.73 kJ mol-1). 
Solid surface: gray, 512 cage: green, 51262 cage: blue, 51263 cage: red. Dispersed methane molecules (cyan balls) are only shown in panel F. 
The free water molecules are hidden in order to show the configurations of water cages more clearly.
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Fig. 2 Evolution of the number of methane hydrate cages on surfaces with different 

roughness and hydrophobicity  
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Fig. 3 Evolution of the ratio of adsorbed methane in the simulation systems containing 

smooth surface with different hydrophobicity 
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Fig. 4 Evolution of the ratio of adsorbed methane in the simulation systems containing rough surface with different hydrophobicity 
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Fig. 5 Evolution of the ratio of free methane in different simulation systems
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Fig. 6 Gas bubble evolution during hydrate dissociation on solid surfaces with various roughness (R: nm) and hydrophobicity (𝜀𝜀𝑠𝑠𝑠𝑠: kJ mol-1) at 260 K. Panel J’-
L’ is the vertical view of the water molecules below the gas bubble corresponding to J-L, respectively. Water film close to the substrate are highlighted in orange. 
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Fig. 7 Configuration of methane molecules on the solid surface with different roughness at the end of hydrate disassociation at 260 K. The 
temporal changes in the methane density are shown in Panels D-F where z represents the distance from the solid surface (𝜀𝜀𝑠𝑠𝑠𝑠: 2.73 kJ mol-1).  
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Fig. 8 Potential mean force during the adsorption of a methane hydrate cage onto the smooth and rough surface (250 K, 500 bar).  

The curves were smoothed using 30-points Savitzky-Colay method. 
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