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a b s t r a c t

It has been recognized that a small amount of propane mixed with methane can change greatly in not
only the thermodynamics but also the structural properties of gas hydrate. However, its mechanism is
still not well understood yet. In this research, structure-II (sII) hydrate is synthesized using a methane-
propane gas mixture with an initial mole ratio of 99:1, and it is found that large (51264) cages are co-
occupied by multiple gases based on the rigid structure analysis of neutron diffraction data. The first prin-
ciples calculation and molecular dynamics simulation are conducted to uncover the molecular mecha-
nism for sII methane-propane hydrate formation, revealing that the presence of propane inhibits the
formation of structure-I (sI) hydrate but promotes sII hydrate formation. The results help to understand
the accumulation mechanism of natural gas hydrate and benefit to optimize the condition for gas storage
and transportation in hydrate form.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Natural gas hydrate (NGH) is a kind of non-stoichiometric crys-
talline material, in which hydrogen-bonded water molecules form
cages to host guest gas molecules [1]. NGHs have been found in
permafrost and sediments on continental slope worldwide. It is
estimated that the global carbon reserve of methane in NGH is over
all other discovered oil and gas together [2,3], indicative of its
potential to serve as an energy resource in the future. Because of
its high energy density [4] (�170 volume gas per volume hydrate),
gas hydrate can also be used as a medium for natural gas storage
and transportation. However, due to the complexity of local condi-
tion (such as pore sediment type, water salinity and interaction
between guest molecules and ions) [5–8] and the fragile stability

of hydrate [1,9], it is still difficult in developing and utilizing
hydrates safely and effectively with current technologies. As gas
hydrate is stable only under relatively high pressure and low tem-
perature, optimized gas transportation condition in hydrate form
would be also beneficial to cost reduction. Therefore, a better
understanding of the formation mechanism and thermodynamic
properties of NGHs is indispensable.

NGHs inevitably contain certain amounts of heavy hydrocar-
bons, such as ethane and propane. Compared with pure methane
hydrate, the properties of mixed gas hydrate are more complex
[10–17]. It is well-known that pure methane hydrate is with the
structure of structure-I (sI). However, the addition of a small
amount of ethane will lead to the transformation of hydrate struc-
ture from sI to structure-II (sII), as recognized by both theoretical
studies and experimental investigations [10,11]. In addition to
ethane in natural gas, propane as a common heavier hydrocarbon
gas, can also affect the thermodynamic and kinetic properties of
mixed-gas hydrate. It is found that, even a small amount of
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propane mixed with methane the hydrate structure formed will
not be sI but sII, and the hydrate will be much more stable, indicat-
ing that propane can serve as a promoter and stabilizer of gas
hydrate [12,13]. The inclusion of 3%�5% propane in methane can
improve the formation kinetics of mixed gas hydrate. Propane
enrichment was also found in the hydrate formed from a
methane-propane gas mixture, revealing the preferential
enclathration of propane into sII hydrates [18]. Although it has
been recognized that minor amount of propane in natural gas is
with a profound impact on the thermodynamic and kinetic proper-
ties of NGH, the mechanism of mixed gas hydrate formation pro-
cess is still not well understood on the molecular scale. As the
result, further investigations are needed to elucidate the molecular
mechanism of hydrate formation from mixed minor propane and
methane.

However, it is difficult to study mixed gas hydrate with natural
samples due to the challenge in natural sample recovery. In such a
situation, synthesizing hydrate, with a gas composition simulating
natural hydrates, is a widely adopted strategy. The fact that
methane-propane gas mixture is one of the simpler systems makes
it an appealing model system to study gas hydrate formation.

To understand the formation mechanism of sII hydrate on the
molecular scale, both experimental investigation and molecular
simulation studies are conducted in this study. The gas hydrate
sample is synthesized by the reaction of powdered ice with a
methane-propane gas mixture, and the atomistic structure of the
sample is determined based on the results of high-resolution neu-
tron powder diffraction (NPD) experiments. The density functional
theory (DFT) calculations and molecular dynamics (MD) simula-
tions are also carried out to specify the molecular mechanism of
sII hydrate formation from a mixed methane-propane gas.

2. Experimental and Simulation Methods

2.1. Synthesis of structure-II (sII) hydrate

The experimental apparatus used for sII hydrate synthesis is
shown in Fig. 1. The sample is synthesized with �1.4 g of pow-

dered ice prepared by pulverizing the deuterium water (D2O;
Aldrich; 99.9% D) frozen in liquid nitrogen, as shown in Fig. 1(a).
In this way, incoherent scattering caused by hydrogen and pre-
ferred orientation could be mostly avoided. Then, the D2O ice pow-
der is loaded into an aluminum cell, which is placed and sealed in a
pre-cooled high-pressure reactor (250 ml), as shown in Fig. 1(b)
and (c). Subsequently, the sealed reactor is flushed with feed gas
(methane-propane gas mixture) four times to exhaust the air
before the system is pressured to the desired initial pressure (�8
MPa) at 268.15 K, as shown in Fig. 1(d). The feed gas is obtained
from Beijing AP BAIF Gases Industry Co., Ltd. with weighing
method, with a gas component of 99% (mol) methane and 1%
(mol) propane. After about 10 days, the synthesized methane-
propane hydrate is ready for neutron diffraction when no further
obvious pressure drop is observed. The aluminum cell is taken
out from the reactor and sealed again under liquid nitrogen condi-
tion, as shown in Fig. 1(e) and (f). Finally, it is pressured with feed
gas (�8 MPa) and stored in the fresh zone of a refrigerator
(273.15�275.15 K) before measurement. It should be noted that
because deuterium is easily replaced by hydrogen in air, the expo-
sure time of ice or hydrate has to be minimized.

2.2. Determination of the pressure–temperature (P-T) equilibrium
condition of hydrate

To evaluate the stability of the synthesized methane-propane
deuterated hydrate, the hydrate-liquid-vapor (HLV) equilibria of
the methane hydrate and methane-propane deuterated hydrate
are determined. The methane hydrate is synthesized with ice pow-
der and methane gas (99.9%). The methane-propane deuterated
hydrate is synthesized from deuterated ice powder (99.9% D) and
a gas mixture with an initial gas composition of 99% (mol) methane
and 1% (mol) propane. The hydrate is first synthesized at a high
pressure and circulating temperature (268.15�277.15 K) in the
high-pressure reactor shown in Fig. 1, which is equipped with
two temperature sensors and a pressure transducer (Brighty
Instrument Co., Ltd.) with a range of 0�20 MPa and an accuracy
of �0.05 MPa. When the pressure essentially keeps constant, the

Fig. 1. Methane-propane hydrate synthesis in a stainless-steel reactor for NPD measurements. (a) D2O ice is pulverized with a grinder after being frozen in liquid nitrogen. (b)
D2O powder is added into an aluminum cell, which is then placed in a pre-cooled high-pressure reactor. (c) The aluminum cell is sealed in the reactor. (d) The reactor is placed
in a circulator bath, and then flushed with methane-propane gas mixture four times. Finally, it is pressurized to 8MPa. After several days, methane-propane hydrate forms. (e)
The reactor is opened under liquid nitrogen condition and the aluminum cell, which contains hydrate, is removed. (f) The hydrate is sealed in the aluminum cell, which is
placed in liquid nitrogen. The cell is then transferred into the fresh zone of a refrigerator for storage before the NPD experiment.
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hydrate synthesis is considered finished. At this point, the gas in
the reactor is released stepwise (0.05 MPa each time) at constant
temperature until the observation of internal pressure recovery
after gas release, indicating the dissociation of gas hydrate. The dis-
sociation will continue until there is barely no change in system
pressure for over 6 h, at which point a new equilibrium is consid-
ered to have been reached. The pressure and temperature values
are recorded to obtain the equilibrium condition under the corre-
sponding gas phase composition. Then, the previous steps are
repeated for more equilibrium points.

2.3. Neutron powder diffraction (NPD) experiment

The structure of the mixed methane-propane hydrate is investi-
gated using high-resolution NPD at China Institute of Atomic
Energy. Fig. 2(a) and (b) shows a schematic layout of the high-
resolution NPD and the experimental setup for neutron diffraction
of hydrate at low temperature and high pressure, respectively. The
scattering covers a range from 7� to 146� (corresponding d-space
range), for the determination of lattice parameters and configura-
tion of atomic positions of the hydrate studied. Based on the detec-
tor geometry and refinement using multi-bank data, the structure
type, structural parameters, and refinement details of the
methane-propane mixed gas hydrate are obtained, including the
cage occupancies of methane and propane molecules.

2.4. Binding energy calculation and molecular dynamics (MD)
simulation

The first principles calculations, in which the interactions
between molecules are accurately described, are carried out in
the framework of DFT using the CP2K [19] package. The Becke-
Lee-Yang-Parr (BLYP) functional [20,21] combined with the
Grimme dispersion correction (DFT-D3) [22], DZVP basis set and
the Goedecker-Teter-Hutter (GTH) norm-conserved pseudopoten-
tials [23,24] are implemented to calculate the interactions between
different kinds of guest molecules and large and small water cages.
A cutoff energy of 3.8 � 103 eV is applied for all calculation pro-
cesses. For each simulated system, a methane molecule or a pro-
pane molecule is placed in the large (51262 and 51264) and small
(512) cages in the primitive cells of sI or sII hydrate for simulations.
The strength of interaction is expressed by the binding energy
(Ebinding), and the calculation formula is as following:

Ebinding ¼ Etotal � Eguest � Ecage

where Etotal represents the total energy of the system, Eguest repre-
sents the energy of the guest molecules, and Ecage represents the
total energy of hydrate with empty cages.

The MD simulations are performed using the GROMACS pack-
age [25]. The rigid (TIP4P-Ew) model [26] and the optimized poten-
tials for liquid simulations all-atom (OPLS-AA) forcefield [27] are
applied to describe the water and hydrocarbon molecules, respec-
tively. The Lorentz-Berthelot mixing rule is employed to calculate
the Lennard-Jones potentials between different molecules. Short-
range van der Waals interactions are truncated at 1 nm, and the
particles-mesh Ewald algorithm with a Fourier grid spacing of
0.12 nm is used to calculate the long-range electrostatic interac-
tions. The MD simulations are conducted in both the constant-
volume-and-temperature (NVT) and the constant-pressure-and-te
mperature (NPT) ensembles. The Nose-Hoover thermostat [28] is
employed to control the temperature of the simulation system
with a time constant of 2 fs, and the anisotropic Parrinello-
Rahman barostat [29] is employed to control the pressure of the
simulation system with a time constant of 4 fs and a compression
coefficient of 4.58 � 10�4 MPa�1. The time step in all simulation
processes is 1 fs.

A two-phase equilibrium model is employed for the initial
atomic configuration of simulation to reduce thermodynamic hys-
teresis, with half of the hydrate and half of the water/methane-
propane liquid solution in contact with each other. To generate
reasonable hydrate/solution configuration, we build up the boxes
of perfect sI [30] and sII [31] hydrates, in which the methane: pro-
pane ratios are 1:0, 11:1 and 2:1. The initial simulation systems
containing 9 � 2 � 2 and 6 � 2 � 2 unit cells of sI and sII hydrates,
respectively, are called System sI-1, System sI-2, System sI-3, Sys-
tem sII-1, System sII-2, and System sII-3. With the atomic positions
of 1/9 of System sI-1, System sI-2, and System sI-3, and 1/6 of Sys-
tem sII-1, System sII-2, and System sII-3 being kept frozen along
the x direction, the rest regions of hydrate systems are melted at
the temperature of 350 K for 10 ns to ensure no residual structure
remained. The obtained hydrate/solution mixed configurations are
used as the starting points in MD simulations in the NPT ensemble,
and a simulated pressure of 80 MPa, much higher than the exper-
imental pressure, is employed to speed up the simulation
processes.

3. Results and Discussion

3.1. Atomistic structure of methane-propane hydrate

Neutron diffraction is an important method for analysing and
studying the structure of samples especially in light elements-
containing systems. Neutrons have a strong penetration, are sensi-
tive to light elements, and can measure samples with a volume
of �1 cm3. Therefore, neutron diffraction has obvious advantages
in hydrate research systems compared with X-ray diffraction and

Fig. 2. High-resolution NPD setup at China Institute of Atomic Energy. (a) Schematic layout of the high-resolution NPD. (b) 3D illustration of the experimental facility of
neutron diffraction of hydrate.
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Raman spectroscopy. Fig. 3(a) shows the neutron diffraction pat-
tern of the synthesized methane-propane hydrate, and it is pro-
cessed with rietveld refinements using GSAS (general structure
analysis system) software. The hydrate is identified with a crystal

space group of Fd 3
�
mwith a unit cell parameter of 1.73 nm, known

as cubic sII [1]. It means, the framework of this hydrate structure is
composed of 512 and 51264 cages formed by hydrogen-bonded D2O
molecules.

Studies have shown that the addition of only 1% (mol) propane
to methane is sufficient to transform the structure of hydrate from
sI to sII [1,32]. In this work, we synthesize hydrate from the ice
powder and a mixed gas initially containing 1% (mol) propane,
which is enough for the formation of sII hydrate. The hydrate for-
mation will first happen around ice surfaces, where the amounts of
formed hydrates are relatively limited and the fractionation in gas
composition is also limited. According to the experimental condi-
tions (the amount of ice powder, the composition and pressure
of the mixed gas, the volume of the cell and the reactor), even if
the ice powder is completely reacted, propane in the mixed gas
should be still remained. Actually, the ice powder is not completely
converted, and propane molecules would not have been com-
pletely consumed at the end of the experiment. Consequently,
the formation of sI methane hydrate after the fully consumption
of propane as in Uchida’s work [33] does not occur in this article
and only sII hydrate is formed. There are also studies shown that
the hydrate structure formed by a methane-propane gas mixture
with a ratio of 98:2 can transform from single phase (sII) to multi-
phase (sI and sII) if the temperature is lowered to a certain level
under constant pressure [34]. When the experimental conditions
are close or in the stable region of sI methane hydrate, sI hydrate
may be formed. Even so, as the sII hydrate is more thermodynam-
ically stable, the employment of circulating temperature during
the hydrate formation may lead to the gradual transformation of
sI hydrate into the sII hydrate, which can explain the only forma-
tion of sII hydrate. It can also be learned from refinement (Fig. 3
(a)) that the ratio of the synthesized sII hydrate to the remaining
ice is approximately 0.4 (29:71), close to the ratio of the highest

peak intensities of the two phases (0.37). Accordingly, the value
is reasonable.

The synthesized methane-propane hydrate in our work has the
same sII-hydrate structure as the propane hydrate, whose atomic
coordinates and gas occupancy have been obtained through neu-
tron diffraction [35]. However, the hydrate in our experiment is
synthesized with methane-propane gas mixture. To get its fine
structure information, some modifications need to be made based
on the known propane hydrate model. Before refinement, the car-
bon atoms of the methane molecules are added at the centres of
the small (S) and large (L) cages, occupying the 16c site (1/8, 1/8,
1/8) and the 8b site (1/2, 1/2, 1/2), respectively. The position coor-
dinates of the related hydrogen atoms can be obtained from a rigid
body model of a methane molecule. In the unit cell of sII hydrates,
there are 8 L cages and 16 S cages. The hydrogen and carbon atoms
in the propane are all located at 192i sites. The filling rate of pro-
pane molecules in the L cage is calculated to be 24 (192/8) times
the occupancy of C10, whereas the filling rate of methane mole-
cules in L and S cages are consistent with the occupancies of C21
at 8b site and C26 at 16c site, respectively. Every hydrogen atom
of methane is also located at a 192i site.

Fig. 3(b) shows the structural model of sII methane-propane
hydrate from the Rietveld refinement. Fig. 3(c) shows the methane
molecules with full symmetry in S and L cages and propane mole-
cules with full symmetry in L cages in hydrate. The ratios of colours
on the balls give an intuitive indication of the atomic occupancies.
For example, carbon atoms (purple balls) in propane have a very
small percentage of purple, corresponding to the occupancy of
0.0247. The experimental parameters, crystal data, and refinement
details for the methane-propane hydrate are listed in Table 1. The
results shown in Table 2 indicate that both propane and methane
molecules can occupy the L cages, while only methane molecules
occupy the S cages. The filling rates of methane and propane mole-
cules in the L cages are 36.38% and 59.28%, respectively, whereas
the filling rate of methane molecules in S cages is 72.99%. As seen
from the refinement results, the occupancies of carbon atoms are
24 (0.3638/0.0152) times those of the hydrogen atoms in the L
cages which are equal to 192/8. Similarly, the occupancies of car-

Fig. 3. (a) High-resolution NPD patterns of methane-propane hydrate (synthesized from a methane-propane gas mixture with an initial propane concentration of 1% (mol)).
The blue dot solid (Obs.) and red solid (Cal.) lines represent the observed intensity normalized using the incident beam and the pattern calculated using the rietveld method,
respectively. The purple and black marks indicate the peak positions of methane-propane hydrate and ice Ih, respectively. The green line (Diff.) under the tick marks is the
difference curve between Obs. and Cal. (b) Structural model of methane-propane hydrate. Each cage is formed by water molecules, and the S (512) and L (51264) cages combine
to form sII. The vertices of the cages are oxygen atoms, and the deuterium atoms are connected to the oxygen. Methane molecules are located in the centres of the S and L
cages, while propane molecules are located only in the centres of the L cages. (c) Propane in sII-L cages and methane in sII-S and sII-L cages with full symmetry, different
colour ratios represent different atomic occupancies.
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bon atoms are 12 (0.7299/0.0612) times those of the hydrogen
atoms in the S cages, which are equal to 192/16. Consequently,
there are four hydrogen and one carbon in a methane molecule.

The distribution of methane and propane over hydrate cages is
an important but controversial property of synthesized methane-
propane hydrate [36–39]. For example, Ripmeester and Ratcliffe
[38] synthesized sII hydrate using a gas mixture of 70% methane
and 30% propane and found that methane occupied the cages of
both types. Susilo et al. [37] predicted through a theoretical ther-
modynamic model that the filling rates of methane were 72% and
25% in the S and L cages, respectively, at 273 K with an initial pro-
pane concentration of 1% in the feed gas. However, by refining the
neutron results, Hoshikawa et al. [36] found that the filling rate of
propane in L cages was 100% (the methane: propane ratio in the
feed gas was 2:1). Since the methane concentration in the feed
gas used in our experiments is much higher than that in previously
used feed gas, leading to a higher probability of methane occupy-
ing the L cages. The L cages are occupied by both methane and pro-

pane, while the S cages are occupied only by methane. This also
confirms the thermodynamic model proposed by Susilo et al.
[37]. As naturally occurring gas hydrates contain complex gas com-
positions with methane as the main gas, their L cages are not occu-
pied by a single gas but instead by multiple gases [40,41].
Therefore, our results have important practical significance for fur-
ther exploration of hydrate properties.

As listed in Table 2, the filling rates of methane and propane in
the L cages of methane-propane hydrate are 36.38% and 59.28%,
respectively, suggesting the almost complete filling rate of the L
cages. This is essential for the hydrate stability. However, the gas
occupancy of the S cage in the hydrate is only 72.99%, far less than
100%. Therefore, some empty cages exist in hydrate especially the
small cages, as shown schematically in Fig. 3(b). This is a normal
phenomenon in gas hydrates, which are known to be non-
stoichiometric and have partially occupied cages [42–45].

As learned from the cage occupancies of methane and propane,
the content of propane in the hydrate is �25%, approximately 25
times its initial content in the feed gas (�1%), indicating the com-
position of gas in hydrate is much different from initial feed gas.
This result is similar to that obtained by Medvedev et al. [46],
who found that sII gas hydrate synthesized with 95.7% (mol)
methane and 4.3% (mol) propane at 3 MPa contained 36.3%
(mol) propane. The preferential enclathration of propane in gas
hydrate may be attributed to the higher stability of propane in
the L cage.

3.2. Pressure-Temperature (P-T) equilibrium curve of methane-
propane hydrate

To investigate the role of propane in the formation of mixed gas
hydrate and the preferential enclathration of propane in hydrate,
the HLV equilibrium curves of pure methane hydrate (red circles
in Fig. 4) and methane-propane deuterated hydrate (black rhom-
buses in Fig. 4) are determined. The HLV equilibrium curve of
methane-propane hydrate with a constant mole ratio (methane:
propane = 99:1) is also calculated by CSMHYD program (olive solid

Table 1
Experimental conditions of NPD analysis, crystal parameters and refinement details
for the methane-propane mixed gas hydrate

Powder diffraction data collection Crystal data

Wavelength/nm 0.1888 Crystal system Cubic
Scan range 2h/(�) 7�146 Space group Fd 3

�
m

Step size 2h/(�) 0.07 a/nm 1.73
Temperature/K 273.15 Volume/nm3 5.178
Instrument HRPD — —

Note: wRp = 0.0313, R(exp) = 0.0224, R(F**2) = 0.1494. R-factor represents the differ-
ence between experimental and theoretical values, the smaller the value difference
is, the better the data quality and credibility are. Among them, the full name of wRp

is weighted-R pattern and refers to weighted graph variance factor; the full name of
R(exp) is R-expected and refers to expected variance factor; R(F**2) is related to
reflection data statistics.

Table 2
Atomic coordinates of methane-propane hydrate from the rietveld refinement of NPD
data collected at 273.15 K (space group: Fd 3

�
m; origin at center (3

�
m), at 1/8, 1/8, 1/8

from 4
�
3 m)

Atom Occupancy Muit. x y z

O1 1.0000 96 g 0.180819 0.180819 0.364076
O2 1.0000 32e 0.217219 0.217219 0.217219
O3 1.0000 8a 0.125000 0.125000 0.125000
D4 0.5000 192i –0.017781 –0.165085 0.143776
D5 0.5000 96 g 0.143819 0.143819 0.363776
D6 0.5000 96 g 0.190519 0.190519 0.310776
D7 0.5000 96 g 0.206519 0.206519 0.264776
D8 0.5000 32e 0.158519 0.158519 0.158519
D9 0.5000 32e 0.181519 0.181519 0.181519
C10 0.0247 192i 0.398340 0.371817 0.438942
C11 0.0247 192i 0.372840 0.441918 0.392642
C12 0.0247 192i 0.298240 0.432718 0.349342
H13 0.0247 192i 0.450140 0.379517 0.470642
H14 0.0247 192i 0.347140 0.359518 0.480642
H15 0.0247 192i 0.399140 0.321517 0.399642
H16 0.0247 192i 0.369140 0.493518 0.431642
H17 0.0247 192i 0.420140 0.455518 0.350642
H18 0.0247 192i 0.251140 0.419518 0.391642
H19 0.0247 192i 0.303140 0.382518 0.309642
H20 0.0247 192i 0.283140 0.485518 0.048342
C21 0.3638 8b 0.375000 0.375000 0.375000
H22 0.0152 192i 0.339163 0.766400 0.512698
H23 0.0152 192i 0.399863 0.692000 0.491198
H24 0.0152 192i 0.308763 0.665700 0.515298
H25 0.0152 192i 0.308763 0.478600 0.536798
C26 0.7299 16c 0 0 0
H27 0.0612 192i –0.019228 0.084817 –0.010691
H28 0.0612 192i 0.041472 0.010417 –0.032191
H29 0.0612 192i –0.049628 –0.015883 –0.008091
H30 0.0612 192i –0.049628 0.036717 0.013409

Fig. 4. P-T equilibrium curves of methane hydrate and methane-propane hydrate
synthesized from a gas mixture with an initial content of 1% (mol) propane. Red
circles and black rhombuses represent the methane hydrate and methane-propane
deuterated hydrate obtained experimentally in our work, respectively. Olive solid
line and cyan solid squares represent the methane-propane hydrate calculated by
CSMHYD program in this work and methane-propane deuterated hydrate in
literature [48], both of which have constant mole ratios (methane: propane = 99:1).
Blue and magenta triangles represent methane hydrate in literatures [1,47].
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line in Fig. 4). It can be observed that the phase equilibrium curve
of methane hydrate is consistent with the data in the literature
[1,47] (blue and magenta triangles in Fig. 4), indicating that our
method is reliable. The calculated phase equilibrium curve of
methane-propane hydrate is slightly different from the experimen-
tal data in literature [48] (cyan solid squares in Fig. 4), but the error
(less than 7%) is within the range of experimental accuracy.

The equilibrium pressures of the deuterated hydrate synthe-
sized by the mixed gas with an initial concentration of 1% (mol)
propane and 99% (mol) methane are between the equilibrium pres-
sures of methane hydrate and the ones of the hydrate formed with
the constant gas composition (calculated values). This demon-
strates that the presence of propane can stabilize hydrate, despite
its low concentration. The stabilizing effect of propane makes its
preferential enclathration in hydrate formation, and the propane
in the feed gas decreases rapidly (far below 1% (mol)) and accumu-
lates in the hydrate phase. In the process of equilibrium points
measurements, even propane can increase in gas phase to some
extent caused by the decomposition of hydrate, its concentration
is still well less than 1% (mol). Studies have shown that at low pro-
pane concentration, the stability of hydrate is very sensitive to pro-
pane concentration and a slight decrease of propane concentration
in the gas phase can significantly reduce the stability of the hydrate
[37,49]. Therefore, the formed mixed gas hydrate in our experi-
ments is less stable than that of the hydrate synthesized from a
constant gas mixture, with a stability between those of methane
hydrate and the calculated methane-propane hydrate. The slope
of equilibrium line of methane-propane mixed gas hydrate
(0.047) is almost parallel to that of methane hydrate (0.046), con-
sistent with the results of Holder et al. [50]. However, there is a

very slight difference between the slope obtained from experiment
(0.047) and the calculated one (0.052), probably due to the differ-
ent gas composition in hydrate phase and the uncertainty of theo-
retical simulation.

3.3. Binding energy and microscopic growth kinetics of methane-
propane hydrate

Limited by the experimental methods, only the results after
hydrate formation are analysed. Although it can be seen that a
small amount of propane plays an important role in determining
the crystal structure of hydrate, its specific role in microscopic for-
mation process of sII hydrate is still not clear. Therefore, simulation
calculations are combined with experiment to explore the mecha-
nism of low-content propane-induced sII structural formation of
the gas hydrate. First, DFT calculation is employed to determine
the binding preference of gas molecules to hydrate cages. As shown
in Table 3, the binding energy of the methane in the S cages is sig-
nificantly higher than that in the L cages for both sI and sII
hydrates, indicative of the strong preference of methane for the S
cages. Similarly, the much larger binding energy of propane in
the L cages reveal that propane is with a strong preference for
the L cages in hydrates. Further, the binding energies of methane
in S cages (�36.86 kJ�mol�1) and propane in L cages (�55.27 kJ�m
ol�1) in sII hydrate are higher than those in sI hydrate (methane
in S cages: �33.89 kJ�mol�1; propane in L cages: �34.06 kJ�mol�1),
confirming the higher stability of sII hydrate over sI hydrate in the
mixed feed gas. The highest binding energy of propane in L cages
suggests that the interaction between propane and L cages is cru-
cial to stabilize hydrate lattice. The calculated results consistent
with the trend from the previous calculation work [16] can well
explain the formation of sII hydrate and the preferential enclathra-
tion of propane in terms of thermodynamic stability. Simultane-
ously, although methane is with a lower binding energy for the L
cages, its high content in the feed gas still leads to some
methane-occupying L cages in sII hydrate.

In addition to the binding energy calculation, to further investi-
gate the molecular mechanism of methane-propane hydrate for-
mation, the growth kinetics of the sI/sII hydrates is also
investigated for the first time with MD simulation, which uses a

Table 3
Binding energy of individual methane and propane molecules in different water cages
from DFT-D calculations and dispersion correction. S and L stand for small and large
water cages, respectively

sI-S/kJ�mol�1 sI-L/kJ�mol�1 sII-S/kJ�mol�1 sII-L/kJ�mol�1

CH4 –33.89 –22.09 –36.86 –14.98
C3H8 –9.12 –34.06 –19.96 –55.27

Fig. 5. Snapshots of MD simulation of sI hydrate growth from gases with different methane/propane ratios at the beginning and end of the simulation (simulation condition:
80 MPa, 260 K and 1 ls). Green balls represent carbon atoms in propane and pink balls represent carbon atoms in methane. Blue solid lines represent water cages and cyan
dotted lines represent H-bonds.
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direct coexistence system of the solid–liquid interfaces [51] with
pure methane gas and mixed gases (methane: propane ratios are
1:0, 11:1, and 2:1). As referring to the melting points of hydrates
(Tm = 271�279 K, with an error range of �2 K), 260 K (slightly
below Tm) is selected as the simulation temperature for all systems
to predict the hydrate growth rates. The snapshots of final hydrate
growth rates are shown in Fig. 5 and Fig. 6 for hydrate/solution
coexisting systems with different initial methane/propane ratios
(at 80 MPa, 260 K, and 1 ls), and more details can be found in
Fig. S1 and Fig. S2 from Supplementary Material, depicting the
structures intercepted at different simulation times for different
crystals.

In Fig. 7, the formation rates of hydrates from the gases with
different methane: propane ratios are displayed over time based
on the MD simulation results. It can be seen that, the growth rates
of sI are significantly affected by the propane content (Fig. 7(a)),
decreasing greatly with higher propane content; by contrast, the
growth rates of sII remains nearly unchanged (Fig. 7(b)). This

implies that propane inhibits the growth of sI hydrate, but is with
a negligible effect on the growth of sII hydrate. Thus, during the
formation of methane-propane hydrate, the presence of propane
is detrimental to the growth of sI hydrate and beneficial to the
growth of sII hydrate. It can be speculated that a mixture of sI/sII
hydrates might have formed in the initial stage. However, in the
subsequent growth process, the growth of sI hydrate is strongly
inhibited by propane, while the formation of sII hydrate can go
as it is. As the result, the growth rate of sI hydrate is limited, and
the formed sI hydrate gradually transforms into the thermodynam-
ically preferred phase (sII). Consequently, when the reaction is
completed, sI hydrate is nearly disappeared, and only sII hydrate
is observed.

Finally, the occupancies of methane and propane over the cages
of the newly formed hydrate are examined. In Table 4, it is notable
that the S cages are only occupied by methane molecules as they
are not large enough to hold a propane molecule, while the L cages
are occupied by both methane and propane. With increasing pro-

Fig. 6. Snapshots of MD simulation of sII hydrate growth from gases with different methane/propane ratios at the beginning and end of the simulation (simulation condition:
80 MPa, 260 K and 1 ls). Green balls represent carbon atoms in propane and pink balls represent carbon atoms in methane. Blue solid lines represent water cages and cyan
dotted lines represent H-bonds.

Fig. 7. Growth rates of hydrates formed from the gases with different methane: propane ratios at 80 MPa, 260 K and in different simulation times. Lx represents the growth
rates of hydrates. The green, red and blue dotted lines represent the methane-to-propane ratios of 1:0, 11:1 and 2:1, respectively. (a) sI and (b) sII.
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pane concentration, the filling rate of methane in L cages decreases
and that of propane increases. The trends of regarding cage occu-
pancies obtained by simulation are consistent with the experimen-
tal observation (More details can be found in Fig. S3 and Fig. S4 in
Supplementary Material).

4. Conclusions

In this study, high-resolution NPD and theoretical simulations
are applied to study the properties and micro-formation mecha-
nism of mixed methane-propane hydrate. The rietveld analyses
show that the structure of hydrate formed from methane-
propane gas mixture initially containing 1% (mol) propane is sII.
The L cages are occupied by methane and propane molecules and
the filling rates are 36.38% and 59.28%, respectively. The S cages
are occupied by methane and the filling rate is 72.99%. The HLV
results show that the addition of propane can have hydrate formed
at relatively low-pressure conditions. According to DFT calcula-
tions, the binding energy of propane in sII-L cages is greater and
the interaction between propane and sII-L cages is stronger, reveal-
ing why propane can stabilize hydrates better from a thermody-
namic point of view. As the binding energy is much higher for
propane in sII-L cages than that in sI-L cages and the binding
energy of methane in sII-S cages is close to that in the sI-S cages,
the formation of sII hydrate is thermodynamically preferred. Based
on the growth rates under different propane contents in MD simu-
lations, propane is found with strong effect inhibiting the forma-
tion of sI hydrate. It can be speculated that even if sI and sII
hydrates coexist in the initial stage of hydrate formation but, the
growth rates of sI hydrate are strongly inhibited and the formed
sI hydrates might have gradually transformed into the more stable
sII hydrate with reaction progress. Consequently, sII hydrate
becomes dominate. With a comprehensive approach of experiment
and theoretical simulation, the role of low-concentration propane
in the properties (hydrate structure, gas distribution over hydrate
cages and thermodynamic stability) and formation of sII mixed
gas hydrate is investigated. Thus, the properties of natural sII
hydrate can be further understood and a possible microscopic for-
mation mechanism of natural sII hydrate has been proposed. The
results obtained can benefit the study of reservoir formation of
NGH and optimizing the conditions for natural gas storage and
transportation in the form of hydrate.
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