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ABSTRACT

The rapid secondary formation of gas hydrate is a potential cause of flowline blockage in deepwater oil
and gas production systems, posing serious flow assurance challenges. However, its microscopic for-
mation mechanism remains an area of active research. Recently, the residual structure hypothesis has
gained significant attention in explaining the rapid secondary formation of hydrates. In this study,
massive molecular dynamics simulations are conducted to investigate the secondary formation of
methane hydrates in solutions containing hydrate residual structures of varying sizes. The results
indicated that residual structures, owing to their hydrate-like characteristics, facilitate the adsorption
and capture of methane molecules, leading to the formation of local gas supersaturation regions. Re-
sidual structures promote hydrate formation through two key mechanisms: acting as nucleation sites
and supplementing methane concentrations. Particularly, a synergy between residual structures and gas
concentration was identified: high gas concentrations stabilize small residual structures, allowing them
to serve as nucleation sites, while large stable structures can enrich methane even under low gas
concentration.

This work not only provided a detailed understanding of the mechanisms of hydrate secondary for-
mation but also provided valuable insight for hydrate blockage prediction and control in subsea oil and
gas pipelines, contributing to improved flow assurance strategies.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

decline in transportation capacity or even complete blockage,
which may cause production interruptions and safety incidents

With the rapid development of technology and the economy,
global energy demand continues to increase, and petroleum and
natural gas remain the primary energy sources (Cook, 2021;
Dyatlov et al.,, 2020; Haider, 2020). However, the exploitation of
deep-sea oil, gas and hydrate resources faces numerous chal-
lenges, among which hydrate-induced pipeline blockage is the key
issue that affects the safety and economic viability of subsea oil
and gas transportation (Li et al., 2023; Wang et al., 2023a; Zhang
et al, 2024a). Due to the high-pressure and low-temperature
environment of deep-sea pipelines, natural gas hydrates can
rapidly form and accumulate within the pipelines, leading to a
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(Zhang et al., 2024a, 2024b). To address the hydrate blockage issue,
the industry has adopted several flow assurance strategies,
including the injection of additives, pipeline heating, and me-
chanical removal (Shi et al., 2021; Wang et al., 2023a). However,
these approaches have limitations, such as high costs, environ-
mental impact, and operational challenges, making it difficult to
fundamentally prevent hydrate formation and accumulation in
pipelines. Therefore, a comprehensive understanding of the hy-
drate formation mechanism in subsea pipelines is essential for
developing more efficient and sustainable mitigation strategies.
Gas hydrate is a crystalline structure in which water molecules
form cage-like structures through hydrogen bonding, encapsu-
lating gas molecules (such as methane, carbon dioxide, and
hydrogen) as guest molecules in the cavities
(Hassanpouryouzband et al.,, 2020). Gas hydrates are widely
distributed in marine sediments and permafrost and are consid-
ered an alternative energy source with great potential, as one cubic
meter of gas hydrate can store approximately 180 cubic meters of
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carbon dioxide (Sadeh et al., 2024) or 164 cubic meters of methane
(Sadeh et al., 2024). Based on the type and size of guest molecules,
hydrate can be classified into Structure I (SI), Structure II (SII), and
Structure H (SH) (Karaaslan et al., 2002), with SI methane hydrate
being the primary type in the deep-sea transport pipeline domi-
nated by methane-rich gas compositions (Ying et al., 2019). In
recent years, significant progress has been made in gas hydrate
research, leading to the accumulation of extensive theoretical and
experimental data on hydrate formation behavior (Moon et al.,
2003; You et al., 2019). Hydrate formation is constrained by both
thermodynamic and kinetic factors, requiring high-pressure and
low-temperature conditions (Sloan Jr and Koh, 2007). Studies have
shown that the hydrate formation rate is determined by factors
such as supercooling and gas mass transfer rates (Liang et al.,
2022; Maeda et al., 2012). Moreover, the formation of hydrates
involves a lengthy growth period due to a complex phase transi-
tion process (Kvamme et al., 2020). However, in actual pipeline
environments, the observed hydrate formation rate is significantly
faster than that reported in laboratory studies, exhibiting atypical
kinetic characteristics (Mo et al., 2022; Sayani et al., 2020; Wang
et al., 2020). This phenomenon indicates that the hydrate forma-
tion within the pipeline may involve more complex microscopic
interaction mechanisms, such as oil-phase composition and the
presence of impurities (Liu et al., 2022; Lv et al., 2024).

After decades of research, the phenomenon of hydrate sec-
ondary formation, first discovered in 1884 (Roozeboom, 1884), is
considered one of the primary factors contributing to rapid hy-
drate formation in pipelines (Kim et al., 2020; Liu et al., 2021b; Seo
and Kang, 2012). Strikingly, the rate of hydrate formation in a
water-gas mixed system of freshly melted hydrate is generally
orders of magnitude faster than in newly-prepared water-gas so-
lutions (Chen et al., 2020; Wei and Maeda, 2023). Due to the low
temperature, high pressure, and high gas concentration, hydrate
can readily form within the transportation pipelines. The corre-
sponding hydrate blockage phenomenon exhibits similar charac-
teristics to secondary formation, such as rapid formation rate,
short induction time. As a result, the shortened induction time in
hydrate secondary formation has drawn significant attention in
hydrate-related research relevant to pipeline flow assurance
(Buchanan et al., 2005; Kou et al., 2022; Zheng et al., 2022),
especially about flow assurance and hydrate blockage risks in
subsea pipelines. Therefore, the mechanism underlying the sec-
ondary formation of hydrates remains a critical topic of investi-
gation (Gao et al., 2023; Kou et al., 2022).

Owing to the extensive research conducted over the past few
decades, three main hypotheses have been proposed to explain the
secondary formation of hydrate: the gas supersaturation hypoth-
esis (Bagherzadeh et al., 2013), the impurity imprinting hypothesis
(Zeng et al., 2006), and the residual structure hypothesis (Wu and
Zhang, 2010), each originating from a distinct perspective. The gas
supersaturation hypothesis suggests that the nanobubbles formed
after hydrate decomposition can enhance gas transfer, thereby
promoting secondary formation. The impurity imprinting hy-
pothesis proposes that hydrate preferentially form on impurity
surfaces, leaving imprints that act as nucleation sites for secondary
formation by lowering the energy barrier. Compared to the above
two hypotheses, the residual structure hypothesis, which is the
oldest one, continues to attract great interest. The residual struc-
ture hypothesis suggests that the major cause of hydrate second-
ary formation in freshly melted water-gas mixture is the presence
of partially decomposed residual hydrate structures. These resid-
ual structures, exhibiting hydrate-like properties, serve as nucle-
ation sites and significantly reduce the induction time of hydrate
formation. Over the past decade, researchers have obtained crucial
new insights into the residual structure hypothesis. Study has
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shown that the residual cup-cage structures with gas molecules
can effectively promote hydrate formation (Cheng et al., 2024). In
addition, the decomposition temperature and duration have been
found to significantly affect the induction time of hydrate forma-
tion (Zheng et al., 2022). However, to fully understand the role of
residual structures in secondary hydrate formation, many unre-
solved issues still need to be addressed. For example, the micro-
scopic interactions between methane molecules and residual
hydrate structures remain unclear. Additionally, how residual
structures accelerate hydrate formation is still not fully under-
stood at the molecular level. Previous studies have shown that the
structural stability of hydrates is strongly influenced by gas con-
centration (Cheng et al., 2026; Wang et al., 2023b). In the presence
of residual structures, the promotion mechanism of gas concen-
tration on the hydrate secondary formation remains unclear. The
potential synergistic effect between residual structures and gas
concentration during secondary formation has not yet been
explored. Addressing these unresolved questions is crucial for
advancing the mechanisms of secondary formation of hydrate and
its potential applications in improving flow assurance strategies in
subsea oil and gas production.

Due to the small size of residual structure, investigating the
microscopic mechanism of the residual structure hypothesis is
generally beyond the resolution limits of length scale in traditional
experiments in studying hydrate formation. In contrast, Molecular
Dynamics (MD) simulations have been proven to be a useful tool
for exploring these nanoscale processes (Bagherzadeh et al., 2013;
Kondori et al., 2019; Zhang et al., 2022). Here, MD simulations
were employed to study the secondary formation of methane with
varied condition parameters, including residual structure size,
temperature, and gas concentrations. The aims of this study are:
(1) to investigate the interaction between methane molecules and
hydrate residual structures; (2) to verify the microscopic mecha-
nisms by which residual structures promote hydrate secondary
formation by using methane hydrate; (3) to explore the synergy
between residual structures and gas concentration during sec-
ondary formation. This study systematically analyzed the role of
residual structures in hydrate secondary formation, which is
essential for advancing the understanding of rapid hydrate refor-
mation mechanisms and developing strategies to mitigate
hydrate-induced pipeline blockage, thereby ensuring safe and
efficient transportation.

2. Methodology
2.1. Model system and force-field parameters

Model systems consisting of gas, water, and residual structures
with periodic boundary conditions were constructed to simulate
the hydrate secondary formation, as an example shown in Fig. 1.
The simulation box had a volume of 7.6 x 7.6 x 7.6 nm>. A typical
system contained residual structures of different sizes, 6500 water
molecules, and varied numbers of gas molecules. In this study,
residual structures are defined as metastable hydrate-like clusters
smaller than the critical size required for hydrate growth
(Vysniauskas and Bishnoi, 1983). To obtain residual structures of
different sizes, hydrate decomposition simulations were per-
formed in advance using a pure methane hydrate system con-
sisting of 2346 water molecules and 408 methane molecules. In
this study, residual structures are defined as metastable hydrate-
like structures smaller than the hydrate critical size, with the
size represented by the number of comprising water molecules (Li
et al., 2020). The critical size under 260 K and 300 bar is approx-
imately 262 water molecules (as shown in Fig. S1). As a result, the
residual structures of sizes ranging from 75 to 228 water
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Residual
Structure

Fig. 1. The initial structure of an example methane-water well-mixed system. The
system contains 6500 water molecules (red and white sticks for oxygen and hydrogen,
respectively), 270 methane molecules (cyan spheres), and the residual structures
(blue framework). The same color scheme was used in all figures if not otherwise
specified.

molecules were used, and a hydrate structure containing 306
water molecules was used as the control group. The number of gas
molecules contained in the residual structure is provided in
Table S1. F4 order parameters of these clusters are shown in
Fig. S2. The number of methane molecules used in this study
ranged from 100 to 650 for the mole ratio of methane to water
from 0.018 to 0.1. It is worth noting that the methane/water mole
ratio of 0.035 was the maximum concentration at which no
nanobubbles were observed in the system (shown in Fig. S3), and
this ratio was considered as the saturation solubility of methane in
the solution. All hydrate formation observed in the systems were
secondary hydrate formation, as the water and gas had already
been mixed and did not involve the lengthy mass transfer pro-
cesses of primary hydrate formation. (Liang et al., 2022; Wen et al.,
2021). Given that the pure methane hydrate systems used in this
study mainly contain 5'2 and 5'?62 cages, the competition be-
tween different cage types is negligible. The number of water
molecules identified as the hydrate structures was applied as the
key parameter to characterize the hydrate formation process. This
parameter directly indicates the size evolution of the hydrate
structure and has been widely used to quantify hydrate nucleation
and growth behaviors in previous research (Li et al., 2020; Zhang
et al.,, 2025). The TIP4P-ICE model (Abascal et al., 2005) was used
to describe the water molecules, and the OPLS-UA was employed
to describe methane molecules (Jorgensen et al., 1984), respec-
tively. Both models have been proven reliable in previous research
(Blazquez et al., 2022; Linse and Hub, 2021; Martin, 2006).

2.2. Simulations

All the MD simulations were performed using Gromacs 2023.5
(Van Der Spoel et al.,, 2005). The initial system with periodic
boundary conditions was first energy minimized using the
steepest descent method and further relaxed by a short equili-
bration of 2 ns under the NVT ensemble at a temperature of 300 K.
Position restraints were only applied to the residual structures
during system preparation, namely during the energy minimized
and pre-equilibration under the NVT ensemble to maintain their
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stability. The Newtonian equations of motion were integrated with
the Velocity-Verlet algorithm (Molinero and Moore, 2009) with a
time step of 2 fs. A cut-off distance of 1 nm was used to truncate
the non-bonded interactions, with the long-range electrostatics
treated by the Particle Mesh Ewald method (York et al., 1993) in all
the simulations. The system was then subjected to simulations
under the NPT ensemble, with the hydrate formation conditions of
temperature in the range of 255-265 K and constant pressure of
300 bar (for methane). The Nosé-Hoover thermostat (Hoover,
1986) with a relaxation time of 0.4 ps was used to control the
temperature and the Parrinello-Rahman (Parrinello and Rahman,
1980) algorithm with a relaxation time of 4 ps was employed to
control the pressure. The individual simulation time ranged from
0.4 to 1.2 ps, depending on the complete formation of hydrates in
the systems. Between 5 and 20 independent simulations were
carried out to ensure each system for the statistical reproducibility
and reliability of the results.

2.3. Umbrella sampling method

Umbrella sampling (Kastner, 2011) along the migration path of
a methane molecule from the methane phase to the hydrate phase
was conducted to analyze the free energy profile of methane
diffusion. An extra system comprising approximately 5704 water
atoms and 992 methane molecules for hydrate, 12000 atoms for
water and 3000 atoms for methane phase was set up. The system
is composed of gas, water, and hydrate structures with periodic
boundary conditions, as shown in Fig. S4. An umbrella potential
was applied to a selected methane molecule to probe its migration
path through the methane phase towards the hydrate phase. The
methane molecule positions along the Z-axis of the simulation box
from 10 to 5 nm were chosen for umbrella sampling (as indicated
in Fig. S4), with intervals of 0.2 nm. The umbrella potential used
had a force constant of 500 kj-mol~'-nm~2, following previous
studies (Beckmann et al., 2015; Xiao et al., 2009). The sampling
time was 30 ns for all the intervals. The potential of mean force was
calculated using the weighted histogram analysis method (Kumar
et al,, 1992).

3. Result and discussion
3.1. “Adsorption-capture” of methane on hydrate structures

Methane molecules tend to adsorb onto and then be captured
by hydrate structures, confirming its important role in the previ-
ously identified “memory effect” of quick hydrate reformation
(Gao et al., 2023; Kou et al., 2022; Wen et al., 2021). As illustrated
by the potential of mean force (PMF) by umbrella sampling in
Fig. 2(a), methane molecules experience two dramatic free en-
ergy fluctuations on the path of mass transfer from the gas phase,
through the water phase, to the hydrate growth interface. First,
methane molecules need to cross the water-methane interface,
overcoming an obvious energy barrier posted by the surface ten-
sion of water. Not only is the height of the energy significant
(roughly 8 kJ/mol observed in the umbrella sampling system in
Fig. 2(a)), but also the wall of the energy barrier at the gas-water
interface is also highly steep (red region of Fig. 2(a)). Such en-
ergy barrier on the migration path of methane results in the
limiting step of the long waiting time of the primary formation of
hydrate (Veluswamy et al., 2020). In the aqueous phase, methane
molecules diffuse on a rough free energy plateau, encountering
minor fluctuations owing to colliding with water molecules (PMF
in Fig. 2(a)). Interestingly, methane molecules experience an
absorbing force in the vicinity of the hydrate surface, as depicted
by the drastic decreasing trend of free energy in Fig. 2(a) (green
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Fig. 2. Potential of Mean Force (PMF) on the migration path of methane molecules across the gas, water, and hydrate phases. (a) A typical PMF profile monitored during the
migration of methane molecules from the methane phase through the aqueous phase to the hydrate crystal, with the corresponding system snapshots aligned with the observed
energy barrier. The green and red shaded regions highlight the hydrate-water and water-gas interfaces, respectively. (b) Representative PMF profile and snapshots, corresponding
to the circled numbers in (a), (1) represents the hydrate-water interface, with the “Venus flytrap” of water molecules capturing methane indicated by orange color. The blue circle
indicates the bottom of the free energy well of the PMF profile (left panel), (2) represents the water-gas interface.
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region). The region of decreasing free energy for methane mole-
cules coincides with the quasi-liquid layer (QLL) on the hydrate
surface, as confirmed by the instant displacement of water mole-
cules shown in Fig. S5 (Zhang et al., 2024c). Methane molecules
reaching the solid hydrate are captured at the hydrate surface as
denoted by a deep free energy well (the green region of the PMF by
umbrella sampling, Fig. 2(a)). To understand the energy well
experienced by methane molecules, the microscopic structure of
the hydrate-water interface was further analyzed.

As shown in Fig. 2(b)(1), as methane molecules approach the
hydrate-water interface (blue circle in Fig. 2(b)(1)), they are stably
captured within the cavity of a hydrate semi-cage featuring a
“Venus flytrap” shape. The captured methane molecules do not
migrate further into the solid hydrate, as a steep rising free energy
barrier exists, as shown in Fig. 2(a), which is consistent with the
accepted mass transfer limit of guest molecules into solid hydrates
(Liang et al., 2022; You et al., 2019). To ensure that these findings
were not limited to the structure shown in Fig. 2(a), free energy
profiles across various hydrate sizes and positions were analyzed.
The results, as depicted in Fig. S6, show consistent free energy
profiles in each independent simulation. Given that hydrate re-
sidual structures are hydrates that are not fully melted and often
contain key semi-cage or cup-like structures with strong affinity
for methane molecules (Cheng et al., 2024; Oshima et al., 2010),
the similar adsorption-capture behavior is expected at the residual
structure interface.

3.2. Effect of residual structure size on hydrate secondary
formation

The size of residual structures notably impacts the three stages
of hydrate induction, nucleation, and growth during secondary
formation (Zheng et al., 2022), leading to four different hydrate
formation patterns as shown in Fig. 3(a). Firstly, without residual
structures in the system, no hydrate formation was observed
during the extended simulation time (Brown profile in exemplified
800 ns simulation time, Fig. 3(a)), mainly due to the low gas
concentration and the absence of nucleation sites. With relatively
small residual structures (75 water molecules, pink profiles shown
in Fig. 3(a)), a long induction time was required for hydrate
nucleation to occur (>520 ns). Small residual structures are
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L
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expected to decompose within an extremely short duration (<1 ns
observed in the simulations). The decomposition of small residual
structures in return releases methane into the solution, which
increases the gas concentration in the aqueous phase and raises
the likelihood of collisions between methane and water molecules.
For example, in the system with a residual structure containing
101 water molecules, the methane/water mole ratio increases to
0.0451 after the residual structure decomposes, which is higher
than that of the system without residual structure (0.0423). The
corresponding induction time decreased from over 800-250 ns,
representing a reduction of up to 68.75%. Overall, the instability of
small residual structures hinders the rapid secondary formation
for hydrates.

In comparison, larger residual structures result in shorter in-
duction times, as evidenced by the significantly reduced induction
time (250 ns) for a residual structure with a size of 101 water
molecules in Fig. 3(a) (blue profile). With even larger sizes (>157
water molecules), the residual structures do not decompose dur-
ing the hydrate formation process but trigger hydrate formation
already at the beginning of the simulations, as in Fig. 3(a). These
large residual structures serve as nucleation sites, allowing hy-
drate to grow directly on their surfaces. The large residual struc-
tures are also sufficiently stable for the ‘adsorption-capture’ of
methane molecules, as discussed above. In the vicinity of the large
residual structures, a local supersaturation region of methane was
observed during the simulation, which agrees with the results
previously reported (Zhang et al., 2025). The large residual struc-
tures result in a short nucleation stage, and the larger the residual
structure size, the shorter the nucleation duration (green and red
profiles in Fig. 3(a)). With the residual structure size exceeds the
critical size (black profile in Fig. 3(a)), hydrate growth in the sys-
tem skips the nucleation stage and directly enters the growth
stage. The results thus confirm that residual structures promote
secondary formation via two key approaches: (1) by adsorbing and
capturing methane molecules, acting as the nucleation sites, and
(2) by releasing methane molecules through decomposition,
thereby increasing the gas concentration in the system.

Because the stability of residual structures is determined by
temperature, one of the most critical factors known for impacting
hydrate growth (Yin et al., 2018), the secondary hydrate formation
patterns observed above are also affected by temperature. Despite

Fig. 3. Effect of residual structure size on the hydrate secondary formation. (a) Hydrate size profiles during secondary formation under different residual structure sizes with
0.042 methane/water mole ratio under 265 K and 300 bar. The number of water molecules in the residue structure is taken as the size of the residual structure (Li et al., 2020). The
residual structure sizes in the initial systems are given as legends. Each profile is the average of 5-10 independent simulations. (b) Representative system snapshots during
secondary formation with different sizes of residual structure of 0, 101 and 157 water molecules. The hydrate structures are indicated by blue rods.
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that the four formation patterns observed at 265 K (Fig. 3(a)) also
appear at different temperature as shown in Fig. S7, the same re-
sidual structure, yet can lead to varied hydrate growth patterns
under different temperature. For example, the residual structure
with a size of 157 water molecules enables hydrate formation
directly at 255K first decomposes and releases methane, then
triggers hydrate formation by increasing methane concentration at
265 K (Fig. S8). The result suggests that the absolute size of the
residual structure is not the only decisive factor of the hydrate
secondary formation. It is worth noting that the residual structures
here are chosen to have sizes smaller than the critical size of hy-
drate structures that can trigger hydrate growth (Liu et al., 2021a;
Zhang et al., 2025), the critical size however varies significantly
with temperature as shown by Fig. 4(a) and Fig. S1. The definition
of hydrate critical size refers to the hydrate size that enables the
system to enter the growth stage. As such, the R/C value is defined
as the ratio of the residual structure size to the critical size
required for hydrate nucleation. It is used to identify how residual
structures may promote secondary hydrate formation, given that
their stability is strongly size-dependent, as shown in Fig. 4(b).
Notably, residual structures with R/C ratio greater than 60% are
found to serve as a nucleation site, while those with R/C below 25%
decompose in the simulations. With an increasing R/C ratio in the
range of 25%-60%, residual structures demonstrate gradually
raised probability from decomposing to serve as nucleation sites.
Interestingly, the probability of residual structures serving as
nucleation sites rapidly increases as the R/C ratio is close 40%,
(green box, Fig. 5(b)). The results thus indicate that residual
structures with sizes reach 40% of the critical size can strongly
promote the secondary formation act as nucleation sites. Other-
wise, residual structures smaller than 40% of the critical size tend
to decompose, enhancing hydrate secondary formation by
increasing the gas concentration in the system.
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3.3. Effect of gas concentration on residual structure stability and
formation behavior

Being another crucial factor in hydrate formation, gas concen-
tration in the system significantly influences the nucleation
around residual structures. High methane concentration increases
the likelihood of residual structures acting as nucleation sites, as
results shown in Fig. 5(a). Methane concentration determines the
metastable state of residual structures towards either decompos-
ing or serving as nucleation sizes. For example, low methane
concentration leads to residual structure decomposition
(Fig. 5(b)(2)), while high methane concentration results in nucle-
ation and hydrate growth of the same residual structure
(Fig. 5(b)(1)). With the higher methane concentration, the more
methane molecules are absorbed on the residual structures as
shown in Fig. S9. Importantly, a high methane concentration in the
system results in the local gas-supersaturated formation in the
vicinity of the residual structure, which was found highly favored
for hydrate growth as reported in previous studies (Zhang et al.,
2025). Moreover, higher gas concentration results in a smaller
residual structure size required to act as nucleation sites, as shown
in Table S2. For example, in systems with methane concentration
of methane/water mole ratio of 0.018, residual structure of 306
water molecules is needed to trigger hydrate nucleation. In com-
parison, with methane concentration of methane/water mole ratio
reaches 0.058, residual structures with only 75 water molecules
can already promote hydrate nucleation and growth. For stable
large residual structures exceeding the critical size, a relatively low
methane concentration is needed for hydrate growth, thanks to
the “adsorption-capture” effect discussed above. For example, in
systems with residual structures of 306 water molecules, the
methane concentration required for hydrate growth is 0.023
methane/water mole ratio, which is lower than the methane

(®) 8 :, ....... S S S S -
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o$ .................. ’

0 50 100

Residual structure size/critical size

Fig. 4. Effect of critical size in determining hydrate formation pattern. (a) Hydrate critical size at different temperatures. The result shown here was obtained from the system with
the methane/water mole ratio of 0.042. The error bars are the standard deviation of 5 independent simulations. (b) The probability of residual structures as nucleation sites at
different R/C ratios. The probability was calculated by normalizing the number of occurrences of residual structures as nucleation sites by the total number of simulations and was
obtained from the 10-20 independent simulations of all the systems with varied R/C ratios under different temperature. The R/C ratio leading to obvious raised probability of
residual structures as nucleation sites is indicated by the green circle and arrow. The same calculation method is used in the results of the following figures if not otherwise

specified.
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Fig. 5. The effect of gas concentration on stability and nucleation behavior of residual structure. (a) The probability of the residual structure of varied sizes acting as nucleation
sites in systems with different methane concentrations under 260 K and 300 bar. The probability is represented by different colors, with color schemes shown in the scale bar. The
nucleation probability of each residual structure was obtained from the 10-20 independent simulations. (b) Representative snapshots of residual structures triggering hydrate
nucleation (left panel) and decomposing (right panel) observed in the simulations, with circled numbers highlighted in (a). The simulation time in both cases is 400 ns, as

indicated by the arrows.

saturation solubility (0.035 as mentioned in section 2.1). Indeed,
low methane concentration in the system does not hinder the
“adsorption-capture” effect on methane molecules by the large
and stable residual structures nor the resulting high local con-
centration (Fig. 6) important for hydrate growth. It is worth noting
that previous molecular dynamics simulation studies have found
gas saturation to be crucial for hydrate growth (Ma et al., 2020).
The results here further suggest that methane-unsaturated solu-
tions can also exhibit hydrate secondary formation as long as the

residual structures are sufficiently large, which extends the cur-
rent understanding of hydrate formation.

Interestingly, a stably high local methane concentration is
observed in the vicinity of residual structures of all sizes, as
shown in Fig. 6. Specifically, the local methane concentration
within the nucleation region remains stable at roughly 0.081
methane/water mole ratio (black dashed lines and dots,
Fig. 6(a)), regardless of the residual structure size. The initial
growth region is defined by the first solvation shell of the
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Fig. 6. Stable local gas concentration on residual structures. (a) Local methane/water mole ratio in the vicinity of residual structures of different sizes during hydrate formation
shown in black, with the average shown by the black dashed line. The corresponding system methane concentration is shown in red. The error bars are the standard deviation of 5
independent simulations. (b) Typical snapshots of residual structures of varied sizes with local methane molecules on their surfaces observed in the simulations.

520



Y.-F. Zhang, S.-B. Xiao, Z.-L. Zhang et al.

hydrate structure, the range of which is determined by the radial
distribution function (RDF) between methane and water mole-
cules, with the first peak located at approximately 0.473 nm
(shown in Fig. S10). The stably high local methane concentration
monitored is largely attributed to the ‘adsorption-capture’ effect
in the hydrate nucleation and growth process, despite the overall
system methane concentration decreases with increasing resid-
ual structure sizes (red diamonds, Fig. 6(a)). Again, the suffi-
ciently high local methane concentration is enabled by stable
residual structures providing sites for gas adsorption and capture
on their surfaces Fig. 6(b)), even in systems with the overall gas
concentration significantly below saturation. It is worth noting
that this local methane concentration is influenced by key pa-
rameters such as temperature and pressure and may present
differences in different systems.

3.4. Shortened induction time by the synergy of residual structures
and gas supersaturation

The induction time of hydrate formation is shortened with the
presence of residual structures and an optimal gas concentration,
as well as the synergy between these two. As shown in Fig. 7(a),
the induction time monitored follows a U-shaped trend in systems
without residual structures with increasing methane concentra-
tions (red profile, Fig. 7(a)), in consistence with previous studies
(Zhang et al., 2025). With residual structures in the systems, the
induction time exhibits an L-shaped trend, characterized by a
rapid decrease followed by stable low values at high gas concen-
trations (black profile, Fig. 7(a)). Specifically, long induction time
with large standard deviation was observed in systems with
methane/water mole ratio lower than 0.044. The high fluctuation
in the induction time monitored in these systems can be attributed
to the high probability of residual structures decomposing and
reforming at lower methane concentrations. With the methane/
water mole ratio exceeding 0.044, the induction time maintains at
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a low plateau with high significance (small standard deviation,
black profile, Fig. 7(a)), which sharply contrasts with extended
induction time due to nanobubble formation in systems without
residual structures (Fig. S11 and red profile, Fig. 7(a)). The induc-
tion time is not further reduced with higher gas concentration,
largely because the surface area of the residual structure reaches
its capacity to adsorb methane molecules, despite of increasing gas
concentration.

The difference in the induction time (At) between systems with
and without residual structure presents a reference for the un-
derstanding of the synergy effect of the optimal gas concentration
and residual structures. As illustrated in Fig. 7(b), At also exhibits a
U-shaped trend as methane concentration increases, with a min-
imum at the 0.062 methane/water mole ratio. At lower methane
concentrations, At is considerably large due to the significant ef-
fect of residual structures in promoting hydrate formation. How-
ever, induction time can be reduced both by increased system gas
concentration and the presence of residual structure as results
shown in Fig. 7(a). With system gas concentration in the range of
0.042-0.062, At approaches its minimum (green arrow, Fig. 7(b))
owing to the most obvious effect of gas concentration in reducing
induction time. As the gas concentration continues to rise, At in-
creases, highlighting the synergy of gas concentration and residual
structures. In systems without residual structure, induction time is
extended due to the formation of nanobubbles in systems
(Fig. S11). In contrast, short induction time is maintained in sys-
tems with residual structures, thanks to the synergy effect with
residual structure for the ‘adsorption-capture’ of methane mole-
cules and high gas concentration providing ample methane mol-
ecules for hydrate nucleation and growth. This observation is
consistent with the viewpoint proposed in previous studies (He
et al., 2024). The results here indicate that residual structures
and gas supersaturation can jointly promote the formation of local

gas-supersaturation regions, thereby facilitating hydrate
formation.
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Fig. 7. The synergy of gas concentration and residual structures on the secondary formation of hydrates. (a) Hydrate formation induction time in systems with varied methane/
water mole ratios with (black) and without (red) residual structures. The results shown here are obtained with residual structure with sizes of 157 water molecules. The error bars
show the standard deviation of the results from 5 independent simulations. (b) The difference in induction time between systems of the same gas concentration with and without

residual structures shown in (a). The minimum is indicated by the green arrow.
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4. Conclusions

This study employed molecular dynamics simulations to sys-
tematically investigate the microscopic promotion mechanism of
residual structures on hydrate secondary formation at the nano-
scale. The effects of system temperature and gas concentrations
were also analyzed to explore their potential in flow assurance
strategies. The results show that, due to their ‘Venus flytrap’ shape,
residual structures exhibit an “adsorption-capture” effect on free
gas molecules. This effect significantly increases the local methane
concentration around the residual structures, thereby promoting
the formation of hydrates.

Furthermore, the study revealed that the ratio of residual
structure size to critical size may determine the hydrate forma-
tion patterns. Under the present simulation conditions, this
threshold is about 40%, but this value will be affected by envi-
ronmental factors such as pressure, temperature, and initial
methane concentration. When the R/C value exceeds threshold,
the residual structure can remain stable and act as a nucleation
site, while smaller ones decompose and release gas, thereby
increasing the overall gas concentration. Moreover, a significant
synergistic effect was observed between residual structures and
gas concentrations: high gas concentrations enhance the stability
of small residual structures, enabling them to serve as nucleation
sites, while stable large residual structures can enrich gas mole-
cules even under low overall gas concentrations, forming local
gas supersaturated regions that promote hydrate secondary
formation.

This work offers new microscopic insights into the hydrate
memory effect by revealing the dual role of residual structures in
promoting secondary formation, thereby addressing current lim-
itations in experimental investigations. These findings provide
theoretical support for flow assurance strategies in oil and gas
transportation systems and call for future collaborative experi-
mental validation, to pave the way to the safe and sustainable
development of offshore oil and gas resources.
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