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Abstract: Deep-water gas well testing is a key technology for obtaining reservoir production and
physical property parameters. However, gas hydrates could easily form and cause blockage in the
low-temperature and high-pressure environment on the seafloor. Therefore, it is extremely important
to inhibit hydrate growth in deep-water operations. Ionic liquid is a type of hydrate inhibitor with
both thermodynamic and kinetic effects. However, its intrinsic inhibiting mechanism is still unclear.
By using molecular dynamics simulation, the growth process of methane hydrate in the 1-ethyl-3-
methylimidazole chloride (EMIM-Cl)-containing system at the pressure of 15 MPa and temperature
of 273.15 K was studied. The system energy and angular order parameters (AOP) were extracted as
the evaluation indicators. It was found that the time for the complete growth of methane hydrate in
the EMIM-Cl-containing system was about 10 ns, longer than that in the pure water, indicating that
EMIM-Cl showed an obvious inhibition effect to hydrate growth. The results also implied that the
joint action of hydrogen bond and steric hindrance might be the inhibition mechanism of EMIM-Cl.
Some six-membered rings in hydrate crystal large cage structures evolved from five-membered rings
under the effect of EMIM, which partly contributed to the delay of hydrate formation.

Keywords: gas hydrate; EMIM-Cl; molecular dynamics simulation; hydrogen bonding; steric hindrance

1. Introduction

Deep-water testing is necessary for offshore oil and gas development [1]. Under the
high pressure and low temperature of deep-water wellbore, natural gas hydrate can easily
form in large quantities during the gas well testing process, which may directly block
important positions such as underwater wellheads and safety valves [2]. Generally, the
principle of the thermodynamic inhibitor is to change the thermodynamic equilibrium of
the hydrate phase, so that the pressure required for hydrate formation is higher or the
temperature is lower, which makes it more difficult for hydrate formation and thus achieves
the purpose of hydrate inhibition. Common thermodynamic inhibitors, such as methanol,
are injected excessively to achieve hydrate prevention, and the inhibitor amount sometimes
even exceeds 60% of wellbore water content [3,4]. The great quantity of inhibitor injection is
accompanied by problems including high cost, great difficulty, and many restrictive factors
may also destroy the original marine environment. Another common hydrate inhibitor
is kinetic inhibitor; kinetic inhibitors do not change the phase equilibrium conditions of
hydrate formation, but avoid hydrate blockage mainly by prolonging the induction time
of hydrate nucleus formation and reducing the growth rate of gas hydrate. The kinetic
inhibitors, also known as low-dosage inhibitors (LDHIs), have the advantages of a small
dosage (0.1–1.0 wt%) and good effect [5,6], but it is extremely easy to fail in the deep-water
wellbore and low-temperature environment [7]. Therefore, it is of great significance to
optimize the type and injection scheme of the hydrate inhibitor economically, efficiently
and environmentally, to ensure smooth promotion of deep-water oil and gas testing.
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In recent years, ionic liquid has been regarded as a new kind of hydrate inhibitor [8].
Generally, the cation is an organic ion, and the anion is an ion with greater electronegativity,
such as [N(CN)2]−, BF4−, NO3−, Cl−, etc. Ionic liquid not only has thermodynamic
inhibition characteristics that can change the phase equilibrium of gas hydrate and make
hydrate formation more difficult, but also has kinetic inhibition properties that can delay
the growth of natural gas hydrate crystal. In order to explore its comprehensive inhibitory
effect, a series of experimental tests were carried out for a variety of ionic liquids. Bavoh [9]
summarized the effects of ionic liquids used as gas hydrate inhibitors and discussed all
the modeling studies and prediction accuracy of hydrate phase behavior related to ionic
liquids. Studies showed that the cation, anion and chain length characteristics of ionic
liquids had inhibitory effects on gas hydrate. The inhibition effect on hydrate is more
obvious when the liquid ion concentration is 10 wt%. Ul Haq [10] studied that N-ethyl-
n-methylmorpholinium bromide, 1-ethyl-3-methyl imidazolium, and 1-ethyl-3-methyl-
imidazolium Chloride plasma liquid inhibit methane hydrate and carbon dioxide hydrate.
Imidazole ionic liquid has a good inhibitory effect on carbon dioxide and methane hydrate.
Asiah [11] was used to evaluate the methane hydrate inhibition performance of three amino
acid ionic liquids by differential scanning calorimetry at pressures ranging from 5 to 15 MPa.
In addition, amino acid-based ionic liquids can be used as a thermodynamic (THI) and ki-
netic (KHI) hydrate inhibitor. Menezes [12] studied the 1-butyl-3-methylimidazolium-based
ionic liquids inhibiting gas hydrates under different concentrations with an experimental
pressure as high as 100 MPa. It is found that [BMIM][Cl] is more effective than [BMIM][Br]
and methanol in equimolar aqueous solution. Yasmine [13] studied the influence of EMIM-
Cl as an additive on drilling fluid performance, and confirmed the feasibility of applying
ionic liquid water-based mud to reduce drilling risks for hydrate deposits in certain degrees.
Zare [14] measured methane hydrate phase equilibrium curves of five ionic liquid solutions
and compared the inhibitory impression of different ionic liquids on hydrates. Khan [15]
studied the interfacial behavior of carbon dioxide hydrate in three ammonium salt-type
ionic liquids of 1 wt%, 5 wt% and 10 wt%, respectively, and measured the phase equilibrium
conditions under corresponding situations, finding that inhibitory performance on CO2
hydrate was enhanced with increasing concentration of ionic liquids. Richard [16] studied
EMIM-Cl inhibitory performance on methane hydrate under the pressure range of 10–20
MPa, finding that inhibitory influence of EMIM-Cl single-component solution might exceed
the suppression effect of MEG at high concentrations.

Ionic liquids (ILs) have attracted the substantial attention of researchers owing to high
thermal stability, high chemical stability and negligible vapour pressure, which can resolve
the volatile and flammable problem of conventional solvent [11]. An increasing number of
scholars have proved that ionic liquids have a good inhibitory effect on the growth of gas
hydrates through experiments due to their characteristics of thermodynamic and kinetic
inhibitors. However, the corresponding inhibition mechanism is still unclear. Molecular
dynamics simulation (MD) is a common method to study the microscopic mechanism
of interaction between molecules, which is incomparable to conventional experimental
methods. Meanwhile, the effects of ionic liquids on hydrate growth by molecular dynamics
simulation are rarely studied. Understanding the microscopic mechanism of ILs and
hydrate crystal growth by MD is essential for developing desirable ionic liquids hydrate
inhibitors. Understanding the microscopic mechanism of inhibitors can provide a necessary
reference for the commercial design or selection of hydrate inhibitors. Taking a typical ionic
liquid, 1-ethyl-3-methylimidazole chloride (EMIM-Cl), as the research subject, methane
hydrate growth process in the pure water and EMIM-Cl-containing system were simulated,
respectively, by means of a LAMMPS (Large-scale Atomic/Molecular Massively Parallel
Simulator). The mechanism by which EMIM-Cl restrained hydrate growth was revealed
through comparison and analysis of system energy, angular order parameters (AOP), and
the number of five-membered and six-membered rings.
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2. Molecular Model and Simulation Method

Dividing initial configuration into hydrate layer, liquid water layer and methane gas
layer during modeling could achieve ideal simulation results [17]. The hydrate phase
consists of SI crystal structure. The model contained 1296 molecules, including 1104 water
molecules that were described by the TIP4P-EW model [18,19], and 192 methane molecules
that were described by the OPLA-AA model [20,21]. The ratio of the two numbers was
5.75, conformed to methane hydrate of SI with full-filling cavities. An EMIM-Cl molecular
structure could also be described by the OPLA-AA model, as shown in Figure 1.
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Figure 1. Molecular structure of EMIM-Cl.

We applied the Lennard-Jones potential [22–24] to describe interaction between water
molecules and methane molecules, as well as the Lorentz–Berthelot mixing rule [25] for
interaction parameters. The specific interaction parameters between the molecules [26] are
shown in Table 1.

Table 1. Lennard–Jones potential and charge parameters.

Element Molecular ε (kcal/mol) σ (Å) Electric Charge

O
H2O

0.16275 3.16435 -
H 0.000 0.000 0.5242
M - - −1.0484
C CH4

0.066 3.500 −0.2400
H 0.030 2.500 0.0600

Among them, the reseda ball represented chloride, dark blue represented nitrogen,
dark grey represented Carbon, and white represented hydrogen atom.

When the hydrate unit cell structure was constructed, the initial position of the oxygen
atom was determined according to X-ray single-crystal diffraction experiment data [27–29],
and automatically added hydrogen atoms conforming to the rule of Bernal–Fowler [30].
The Velocity–Verlet algorithm was employed to integrate molecule movement [31–34].
Meanwhile, the water molecule bond length and angle were controlled as 0.9512 Å and
104.52◦ through the SHAKE algorithm [35]. The truncation radius was set as 9.5 Å [36], and
periodic boundary conditions were applied [37,38]. There is one EMIM-Cl molecular unit
in the simulation cell.

3. Results and Discussion
3.1. Methane Hydrate Formation under Inhibition Effect of EMIM-Cl

The whole simulation cycle of the methane hydrate growth period in the EMIM-Cl-
containing system was 41.2 ns at the pressure of 15 MPa and temperature of 273.15 K. The
whole simulation process is divided into two parts: a methane gas dissolution process and
hydrate growth process. The process of dissolving gas molecules into the interface between
clathrate hydrates and water molecules through liquid water was described in detail, and
the process of methane and water molecules from disorder to order at the solid–liquid
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interface were also recorded, as shown in Figure 2. It was observed that dissolution of
methane gas molecules followed the whole simulation cycle. Driven by the concentration
difference, methane molecules continued to dissolve into water molecules. The methane
molecules that dissolved first were trapped by water molecule cages to form hydrate
crystals. Finally, methane molecules and water molecules diffused into each other until
they were evenly distributed, and the gas–liquid interface disappeared.
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Figure 2. Methane gas hydrate formation in the system with EMIM-Cl.

Among them, red represented hydrogen, yellow represented chloride, dark blue
represented nitrogen, blue represented methane molecule, and the red lines represented
hydrogen bonds. Methane hydrate from 0 ns began to grow. They entered into the rapid
growth period from 33.4 ns and kept forming until 41.2 ns. It was believed that the diffusion
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effect could promote a gradual increase of methane concentration between water molecules,
which blurred the gas–liquid interface at the macro level and enhanced the gas–liquid
contact at the micro level. Combining with the previous findings that guest molecule
concentration was a key factor driving hydrate nucleation and significantly affected the
nucleation rate [39], the mechanism of hydrate rapid growth in this time difference of 7.8 ns
could be explained.

The formation process of methane hydrate was simulated in a pure water system
under the same conditions. The average growth rate of gas hydrate is the total length
of hydrate cell growth divided by the total length of hydrate growth time. It was found
that the average growth rate of gas hydrate was 6.92 Å/ns in the pure water system, and
4.49 Å/ns in the EMIM-Cl-containing system, indicating that the addition of EMIM-Cl
could meaningfully reduce the methane hydrate cell growth rate.

3.2. System Energy Variations

The formation process of gas hydrate released heat to reduce system energy, while
the dissociation process of gas hydrate absorbed heat to increase system energy [40–42].
Therefore, energy system changes could be used to reflect the hydrate phase transition to a
certain extent. Along with the proceeding of simulation, system potential energy gradually
decreased, indicating that gas hydrate continued to form. The greater the reduce slope
was, the faster the hydrate formation was. Eventually, the system energy tended to be
flat, suggesting that the hydrate growth was stagnant and the methane hydrates almost
completely formed [43].

The system energy changed during the growth of methane hydrate in the pure water
system and the EMIM-Cl-containing system, as shown in Figure 3. Two fitting curves
generally tended to decrease, indicating that gas hydrate crystal was formed in both
systems. The system energy in the pure water system declined steadily in 0–23 ns and
then became steep, proving that the hydrate formation rate was relatively small at first but
increased sharply at 23 ns. Similarly, the steep drop time point of system energy in the
EMIM-Cl-containing system was 33 ns, indicating that the starting time of methane hydrate
rapid formation in the EMIM-Cl-containing system was about 10 ns, later than that in the
pure water system under the same conditions. Thus, it was confirmed that the addition of
EMIM-Cl significantly prolonged the beginning time of hydrate rapid formation.
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3.3. AOP Variations of Water Molecular

Hydrate formation was a process of water and methane molecules from disorder
to order, which could be characterized by the order parameter of water molecule. The
AOP [44,45] values (Angular Order Parameter) were used to distinguish the liquid and
solid phases, which is:

AOP = ∑[(|cosθ| cosθ) + cos2 (109.47◦)]2 (1)

where θ refers to the angle formed between the oxygen atom of the central water molecule
and the oxygen atoms of any two nearby water molecules, ◦. The cutoff range from the
center oxygen atom to the other two atoms is 3.5 Å.

The AOP value of water was 0.8 in the liquid phase, 0.1 in the hydrate phase, and about
0.4 at the interface [46,47]. Therefore, we could use AOP to determine the position of the
solid–liquid interface. Generally, hydrate growth rates of two systems could be compared by
monitoring the hydrate–water interface movement rate in the Z-axis direction. Accordingly,
the hydrate growth area was monitored to characterize the hydrate development rate so
as to solve potential problems caused by two hydrate–water interfaces and express the
growth of hydrate more accurately, as shown in Figure 4.
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Figure 4. The area of hydrate change curve.

Figure 4 shows the variation of methane hydrate growth area with time in the pure
water system and the EMIM-Cl-containing system. Both of them gradually increased over
time and finally reached the same level, indicating that the final generation amount of gas
hydrate was uniform. In the pure water system, the methane hydrate area rose slowly
over the period of 6 ns to 23 ns, then quickly over the period of 23 ns to 28 ns, while in the
system with EMIM-Cl, methane hydrate area rose slowly over the period of 6 ns to 33 ns,
then quickly over the period of 33 ns to 40 ns. As can be seen from the hydrate area curve
in Figure 4, the growth process of hydrate in a pure water system is completed within
28 ns, while the growth process of hydrate in a EMIM-Cl-containing system is completed
in around 40 ns. The results implied that whether in the stage of a slowly rising hydrate
area or quickly rising hydrate area, the period length of a EMIM-Cl- containing system was
longer than a pure water system, verifying that EMIM-Cl could extend the methane gas
hydrate growth time.

3.4. Inhibition Mechanism of EMIM-Cl to Hydrate Cage Structure
3.4.1. Destruction of Cages by Hydrogen Bonding

According to the study of Luzar [48], the hydrogen bond is defined as the distance
between two atoms with greater electronegativity less than 3.5 Å, and the hydrogen bond
between nitrogen atoms and water molecules can also be formed by atoms with greater
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equal electronegativity, such as O-H . . . N. As shown in Figure 5, molecular dynamics
simulation revealed that the hydrogen bond between N-O atoms was 3.3 Å (blue-red key).
The N atom on the inhibitor forms a hydrogen bond with the H-O of a water molecule
involved in the constituting cage structure. The formation of the hydrogen bond disrupted
the hydrogen bond network between water molecules that originally constituted the cage
structure, causing local network structure of water and guest molecules to be disordered.
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Meanwhile, after the water molecule developed a O-H . . . N hydrogen bond with an
inhibitor molecule, the water molecule cannot form a hydrogen bond with other water
molecules through a O-H bond due to the hydrogen bond saturation. Therefore, the hydrate
cage would never grow into the complete structure, as shown in Figure 6b. In addition,
because of the existence of a O-H . . . N hydrogen bond, one of the water molecules
consisting of a six-membered ring surface in methane hydrate clathrate structure was
shifted, as shown in Figure 6c. Although the molecule departed from the horizontal plane
of the original six-membered ring at an angle of about 28◦, it could still form a hydrogen
bond network with other water molecules, participating in the composition of a nearby
multiple-cage structure. Since the displacement of this water molecule could lead the
related hydrogen bonds length to irregular shapes, correspondingly, the surrounding cage
structures deformed at the same time. Therefore, it is believed that hydrogen bond could
alter the positions of water molecules and delayed the progress from disorder to order,
suppressing the growth of methane gas hydrate to some extent.

3.4.2. Steric Hindrance Effects of EMIM-Cl

Except from the hydrogen bond destruction mentioned above, EMIM-Cl itself, as a
kind of macromolecule, could not enter into the cavities of hydrate cages due to its large
molecular volume. Zhang [49] studied organic exclusion during CO2 hydrate growth
by molecular dynamics simulation and magnetic resonance imaging observations, and
also demonstrated that organic macromolecules (like sodium dodecyl sulfonate) would
not enter the caged cavity of the hydrate. Therefore, due to the obstruction of EMIM-Cl
molecular volume in the growth process of methane hydrate, the further growth of hydrate
is delayed, and steric hindrance is formed. The corresponding macroscopic effect is shown
in Figure 7. Meanwhile, the site that prevented water molecules from entering the cage
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structure would cause cage structure to be incomplete. The corresponding microstructure
is shown in Figure 8a.
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Figure 8b shows the complete state of the damaged cage structure in Figure 8a. Point
O represents the oxygen atom of a water molecule, and the blue dotted lines represent
hydrogen bonds. Comparing Figure 8a,b, EMIM-Cl molecule was found to occupy the site
(O point) originally belonging to a water molecule. Because of the existence of van der Waals
forces between molecules, it was difficult for water molecules to get close to the EMIM-Cl
molecule, that is, water molecules could never enter the O point and the cage structure
could never be closed due to the presence of EMIM-Cl. In addition, the absence of one water
molecule at O point might result in the incompleteness of the surrounding multiple cage
structures. As the EMIM-Cl molecule was so large that numerous surrounding sites were
occupied like O point, and each deficiency site could simultaneously cause fragmentary
of more cage structures, a three-dimensional cavity would appear near the position of
inhibitor, which reflected the destruction of EMIM-Cl to surrounding hydrate cages. Due
to the large volume of EMIM-Cl, the formation of complete cage-shaped hydrate around
EMIM-Cl is also one of the reasons for the slow growth of hydrate.

3.4.3. Evolution of Hydrate Incomplete Cage with EMIM-Cl

Methane gas hydrate cell of SI is composed of 512 small cages and 51262 large cages [50,51].
Each large cage structure consists of twelve five-membered rings and two six-membered
rings. Two six-membered rings are located on the opposite side of a large cage structure,
as shown in Figure 9. In the process of molecular dynamics simulation, it was found that
partial six-membered rings of large clathrate structure in the EMIM-Cl-containing system
evolved from five-membered rings. In order to conveniently describe the evolution of
five-membered rings into six-membered rings, we respectively defined two six-membered
rings as S1 and S2, as shown in Figure 9b.
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Figure 9. Large cage structure of SI hydrate.

The incompleteness of a large cage structure was mainly performed in two aspects. On
the one hand, as mentioned above, one side of a large cage structure closer to the inhibitor
was incomplete due to the combined action of hydrogen bond and steric hindrance. On the
other hand, a five-membered ring was found at the opposite side of a six-membered ring in
the methane gas hydrate clathrate cavity of SI. The specific evolution process from 51361 to
51262 is recorded in Figure 10.

Figure 10 is the evolution diagram of an incomplete 51262 cage structure of methane
gas hydrate under the influence of an inhibitor over the corresponding period of 33.2 ns to
37.3 ns, in which A-H are front views and a-h are side views. Theoretically, the opposite
face of a six-membered ring in the large cage structure of SI methane gas hydrate should
also be a six-membered ring. However, through molecular dynamics simulation, it was
found that in the EMIM-Cl-containing system, a five-membered ring was formed at the
opposite side of the six-membered ring, leading to the incomplete structure, as shown
in Figure 10 A with the front view and Figure 10a with the side view. In the first step of
evolution, a hydrogen bond connected by two original five-membered rings broke and
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became an irregular eight-membered ring, as shown in Figure 10B,b. Secondly, a hydrogen
bond of the five-membered ring on plane S1 broke and then connected with one edge of
the irregular eight-membered ring to form a twisted six-membered ring, while the original
irregular eight-membered ring turned into an irregular seven-membered ring, as shown
in Figure 10C,c. By the following period, water molecules constantly adjusted position
and angle in the newly formed six-membered ring on plane S1 with the passage of time.
Hydrogen bonds became more regular, and the irregular seven-membered ring regenerated
hydrogen bonds to form an irregular four-member ring and an irregular five-member
ring. Meanwhile, the four-membered ring is repeatedly formed and broke due to irregular
hydrogen bonds, as shown in Figure 10D,d-G,g. Finally, the six-membered ring on plane
S1 became regular, and the four-membered ring also turned into a regular five-membered
ring, as shown in Figure 10H,h. It totally took 4.1 ns to achieve the whole deformation
process from a five-membered ring to a six-membered ring, which also played a role in
delaying hydrate formation time to some extent.
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4. Conclusions

This research took EMIM-Cl as a typical ionic liquid for gas hydrate inhibition and
respectively simulated the methane hydrate growth process in the pure water system
and EMIM-Cl-containing system by molecular dynamics simulation method. Then, the
following conclusions could be obtained after the analysis and discussion:

(1) By molecular dynamics simulation to calculate the average generation rate in the
presence of hydrate inhibitor system, the results show that gas hydrates in the pure
water system average growth rate of 4.49 Å /ns, and in systems containing inhibitors
gas hydrate growth rate of 6.92 Å /ns, after joining this inhibitor can obviously reduce
the hydrate crystal cell growth rate.

(2) Compared with a pure water system, the growth of hydrate in a EMIM-Cl-containing
system was delayed by about 10 ns by the analysis of total energy of the growth
system, methane hydrate growth area, which confirmed that the EMIM-Cl-containing
system exhibited a significant inhibition effect on hydrate growth and could be used
as a type of potential hydrate inhibitor for offshore oil and gas development.

(3) According to the molecular simulation results, it was believed that the inhibition
mechanism of EMIM-Cl on hydrates was due to the combined effect of hydrogen
bonds and steric hindrance, in which hydrogen bond could cause local disorder of
cage structure formed by water molecules, and steric hindrance could lead to an
incomplete cage structure.

(4) In a EMIM-Cl-containing system, some six-membered rings of SI methane hydrate
cage-like structure evolved from five-membered rings, and the whole evolution
process lasted about 4.1 ns, which delayed the formation time of overall methane
hydrate to a certain extent.
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LDHIs low dosage inhibitors
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