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Natural gas hydrates widely accumulate in submarine sediments composed of clay minerals. However,
due to the complex physiochemistry and micron-sized particles of clay minerals, their effects on
methane hydrate (MH) formation and dissociation are still in controversy. In this study, montmorillonite
and illite were separately mixed with quartz sand to investigate their effects on MH formation and
dissociation. The microstructure of synthesized samples was observed by cryo-SEM innovatively to
understand the effects of montmorillonite and illite on MH phase transition in micron scale. Results
show that montmorillonite and illite both show the inhibition on MH formation kinetics and water-to-
hydrate conversion, and illite shows a stronger inhibition. The 10 wt% montmorillonite addition signif-
icantly retards MH formation rate, and the 20 wt% montmorillonite has a less inhibition on the rate. The
increase of illite mass ratio (0—20 wt%) retards the rate of MH formation. As the content of clay minerals
increase, the water-to-hydrate conversion decreases. Cryo-SEM images presented that montmorillonite
aggregates separate as individual clusters while illite particles pack as face-to-face configuration under
the interaction with water. The surface-overlapped illite aggregates would make sediments pack tightly,
hinder the contact between gas and water, and result in the more significant inhibition on MH formation
kinetics. Under the depressurization method, the addition of clay minerals facilitates MH dissociation
rate. Physicochemical properties of clay minerals and MH distribution in the pore space lead to the faster
dissociation rate in clay-containing sediments. The results of this study would provide beneficial guides
on geological investigations and optimizing strategies of natural gas production in marine hydrate-
bearing sediments.
© 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Natural gas hydrates are nonstoichiometric crystalline solids
composed of gas molecules trapped in lattices formed by water
molecules (Sloan and Koh, 2007). They widely distribute in the
global submarine and permafrost sediments and remain stable
within certain high pressure and low temperature conditions
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(Kvenvolden, 2002). Methane hydrate (MH) is the predominant
type of naturally occurring gas hydrates (Boswell and Collett, 2011).
The global estimate of carbon stored in natural gas hydrates is
about 500—2300 gigatons (Pinero et al., 2013; Ruppel and Kessler,
2017), making them as a potential energy (Ruppel, 2007).

Marine sediments contain about 99% of the global natural gas
hydrate accumulations and most natural gas hydrates occur in the
fine-grain sediments (Boswell and Collett, 2006; Ruppel, 2015;
Waite et al., 2009). In addition to quartz, clay minerals are the major
composition of gas hydrate-bearing sediments (GHBS) in subma-
rine (Li et al, 2019; Meazell et al,, 2020). Clay-rich submarine
sediments have low permeability, weak consolidation and higher
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risk of seafloor subsidence occurrence (Liu et al., 2023; Moridis
et al, 2013; Shaibu et al, 2021; Yang et al, 2018). The in-
vestigations of MH formation and dissociation in the clay-
containing GHBS are essential for estimating energy storage,
developing safe and economic strategies and protecting submarine
infrastructures during natural gas hydrate exploitation (Canals
et al., 2004; Constant Agnissan et al.,, 2024; Yin et al., 2016).

Montmorillonite (smectite) and illite are the dominant clay
minerals in GHBS in Indian continental margin, the Blake Ridge and
the South China Sea (Collett and Wendlandt, 2000; Phillips et al.,
2014; Wang et al.,, 2022). Due to the various crystal structures
and physicochemical properties, the roles of clay minerals on MH
formation and dissociation are complex. Montmorillonite has been
widely investigated and its effect on MH formation and dissociation
is still controversial. Montmorillonite has been found to promote
MH nucleation and formation due to its large surface area for
providing more nucleation sites (Cha et al., 1988; Cygan et al., 2004;
Park and Sposito, 2003) and its negative-charged surface for
creating an electric field (Ren et al., 2022). The induction time of
MH formation has been reported to decrease with montmorillonite
content increase (10—25 wt%) in silica sands (Zeng et al., 2022). In
addition, montmorillonite facilitates MH dissociation in clay-
containing silts (Ma et al., 2022). However, other studies have
also found that montmorillonite increases the induction time and
retards the rate of MH growth and dissociation, resulting from
reducing the porosity and decreasing the diffusion of methane gas
and water (Kumar et al., 2015; Nair et al., 2018; Ren et al., 2022;
Zhang et al., 2017).

Illite is another dominant clay mineral in marine GHBS. Few
studies have analyzed the effect of illite on formation of MH and
there is no consistent conclusion. Illite has been found to increase
the rate of MH formation in sand at low content (10 wt%), but
decrease MH formation rate as illite increases from 20 to 40 wt%
(Chen et al., 2024). However, illite has been observed to inhibit MH
formation kinetics in sediments with the lower illite content of
10 wt% and the induction time remains relatively constant at the
higher illite content from 20 to 60 wt% (Constant Agnissan et al.,
2024).

It is noted that most investigations about the effect of clay
minerals on the kinetic behaviors of MH phase transition are
analyzed mainly on the basis of the evolution of temperature and
pressure during the experiments, which could not fully understand
the effect of clay minerals. Visualization method has been applied
to investigate the kinetics of MH formation and dissociation in
presence of clay minerals. Nuclear Magnetic Resonance system was
used to observe the water distribution to study MH formation and
dissociation in porous media filled with montmorillonite/illite
suspension, and found that clay minerals increase water conversion
rate and retards MH initial dissociation rate (Feng et al., 2023). The
high-resolution camera has been employed to observe MH layer
and clay layer in different clay suspensions to analyze the factors of
MH formation and dissociation kinetics (Ren et al., 2022, 2024).
Nevertheless, clay minerals are the micron-sized particles and
methane hydrate nucleation typically occurs at the nanometer
scale (Guo and Zhang, 2021). Due to the limitation of resolution, it is
still essential to apply higher-resolution imaging techniques to
observe the effect of clay minerals on MH phase transition.

Cryogenic scanning electron microscopy (cryo-SEM) has shown
great potential to investigate the microstructure of hydrate-bearing
sediments from geological reservoir and artificially synthesized
sample (e.g. Stern and Lorenson, 2014; Wang et al., 2024). With the
advantage of high resolution in micron and sub-micron scale, the
microstructure of hydrate-bearing sediments could be beneficial to
analyze the effect of clay minerals on MH.

In this study, the kinetic behaviors of MH phase transition in
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quartz sands with and without montmorillonite/illite were studied
and the microstructure of the synthesized samples were investi-
gated by cryo-SEM observation. This study innovatively applied
cryo-SEM to directly observe the microstructural difference be-
tween the aggregates of montmorillonite and illite and the hydrate
distribution in synthesized sediments, and explained the effects of
clay minerals on kinetic behaviors of MH phase transition in micron
scale. The experimental results of this study would provide insights
for understanding the accumulation and exploration of natural gas
hydrate in clay-containing marine sediments.

2. Materials and methods
2.1. Materials and experimental apparatus

In this study, methane gas (99.999% purity) and distilled water
were used for MH synthesis. Quartz sands (Hunyuanjunhongxin
Material Co. Ltd., China) range from 100 to 600 um and the grain
size distribution shows in Fig. 1. Na-montmorillonite and illite were
obtained from Shanlinshiyu Mineral Product Co. Ltd. China.
Microstructure and EDS analysis of montmorillonite and illite are
shown in Fig. 2.

MH formation and dissociation experiments were conducted in
Core Labs, Institute of Geology and Geophysics, Chinese Academy of
Sciences. Fig. 3 shows the schematic of experimental apparatus in
this study. A high-pressure vessel made of nickel alloy GH132 is
6 cm in diameter with 17 cm in height and the maximum working
pressure is up to 30 MPa. Water jacket coating the high-pressure
vessel is used to control the temperature inner the vessel by a
low temperature thermostat with an accuracy of +0.1 K and the
lowest temperature could reach 253.2 K. Two Pt100 thermocouples
(measurement accuracy +0.1 K) are placed in the distance of 8 cm
and 4 cm respectively from the bottom of the vessel to measure the
experimental temperature. A pressure transducer (measurement
range 0—30 MPa) is connected with the top of the vessel to measure
the experimental pressure with accuracy of 0.25% full scale (FS). A
back-pressure valve set by a hand-in pump is used to control the
outlet pressure of a mass flow controller (D07-11C, Beijing Seven-
star Flow Co., Ltd., accuracy of 1% FS) and regulates the flow rate of
methane gas into the high-pressure vessel. A syringe pump (260 D,
Teledyne Isco, USA) is connected with the outlet of the high-
pressure vessel and controls the rate of methane gas released
from the vessel. A mass flowmeter (D07-7CM, Beijing Sevenstar
Flow Co., Ltd., accuracy of 1.5% FS) is used to measure the amount of
gas released from the vessel during hydrate dissociation experi-
ments. The temperature and pressure data are collected by data
collection system and were recorded every 15 s for all of the ex-
periments in this study.

2.2. Methane hydrate formation experiments

It is noted that clay mineral in sediments in the production test
in Shenhu Area, the South China Sea is 26—31 wt% and the smectite
content ranges from 4.7 to 18.6 wt% in sediments from the pro-
duction test site at East Nankai Trough, Japan (Egawa et al., 2015; Li
et al., 2018; Ren et al., 2024). Therefore, a clay content up to 20 wt%
was chosen in this study.

Before all of the experiments, quartz, Na-montmorillonite and
illite were respectively dried in the oven under 383.2 K for more
than 12 h. To prepare the clay-containing sediments, Na-
montmorillonite and illite were separately mixed with quartz
sands. The water content, namely the mass ratio of water and
sediments, is the same for all of the MH formation experiments.
Sediments were mixed with distilled water uniformly, packed into
the high-pressure vessel and compacted with a rob. After the vessel
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Fig. 1. SEM image (a) and grain size distribution (b) of quartz sands.
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Fig. 2. SEM images and EDS analysis of montmorillonite (a) and illite (b) used for experiments. Grain size distributions of montmorillonite (c) and illite (d).

was sealed and vacuumed, methane gas was slowly injected into were closed until the pressure in the vessel was up to about 8 MPa.
the vessel from the bottom to pressurize the vessel. All of the valves After the experimental pressure was stable, the high-pressure
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Fig. 3. The schematic diagram of the experimental apparatus.

vessel was then cooled to about 275.2 K. During the synthesis ex-
periments, the appearance of thermal spike indicates the onset of
MH growth. When the rate of pressure reduction was less than
0.02 MPa/h, the synthesis of MH could be considered as comple-
tion. The detail conditions of MH formation experiments are listed
in Table 1.

2.3. Cryo-SEM imaging observation

After MH formation experiments, the synthesized hydrate-
bearing sediments in Experiments 3 and 5 were recovered from
the high-pressure vessel quickly and stored in the liquid nitrogen.
For the pure quartz sediments in Experiment 1, after MH synthe-
sized and the pressure kept at the equilibrium pressure, 0.129 mol
gas was injected into the vessel again to make more MH synthe-
sized. The pure quartz sediments were then recovered and stored in
the liquid nitrogen. Samples were trimmed and polished in the
liquid nitrogen pool of the Baygon Cryo MCP 100 (Baygon Scientific
(Suzhou) Co., Ltd., China). The detail preparation of cryo-SEM im-
aging refers to Wang et al. (2024). The microstructure of the sedi-
ments was imaged under cryo-SEM (Zeiss Merlin in Core Labs,
Institute of Geology and Geophysics, Chinese Academy of Sciences).
The accelerating voltage was 1—2 kV for microstructure imaging.
Energy dispersive X-ray spectroscopy (EDS) with SEM was applied
to analyze the material phase and the working accelerating voltage
was 5 kV.

Table 1
Experimental conditions of methane hydrate formation.

2.4. Methane hydrate dissociation experiments

Before MH dissociation experiments started, MH was first syn-
thesized in pure quartz sand with/without mixed with clay min-
erals. The sediment preparation is the same as that in Section 2.2
for MH formation experiments. After the vessel was sealed and
vacuumed, the vessel was pressurized by injecting methane gas
and kept at about 8 MPa to providing sufficient gas during the
whole process of MH synthesis. The vessel was then cooled to
274.9 K to start MH formation. When the pressure and temperature
of the vessel were stable and no more methane gas was injected
into the vessel, MH synthesis was considered to be completed. The
valves connected with the bottom of the vessel were closed to stop
methane gas injection. To prevent ice formation and MH secondary
formation, the rate of gas release was set as 15 mL/min at the
standard temperature and pressure condition to start the hydrate
dissociation experiments. Mass flowmeter was used to measure the
amount of methane gas released from the vessel during the whole
depressurization process. The detail conditions of MH dissociation
experiments are listed in Table 2.

2.5. Calculation

2.5.1. Growth kinetics of methane hydrate

The calculations of MH formation rate and water-to-hydrate
conversion can be referred to the pore-volume balance method in
Chong et al. (2016) and Ren et al. (2023). The dissolution of

Exp.No. Clay mineral Quartz mass, g Water mass, g Water content, % Porosity, % Gas injection, mol Pipjtia, MPa  Prina, MPa  Tipitial, K
Type Mass fraction, wt% Mass, g

Ex1 - - - 530 89.8 17 42.7 0.540 8.52 3.30 293.7

Ex2 MMT 10 46.7 420.1 77.5 17 432 0.652 8.24 4.78 294.8

Ex3 MMT 20 934 3734 77.5 17 51.3 0.661 8.18 4.87 296.5

Ex4 1l 10 46.7 420.1 77.5 17 419 0.634 8.09 5.15 294.4

Ex5 il 20 934 3734 77.5 17 40.4 0.621 7.98 6.25 296.5
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Table 2
Experimental conditions of methane hydrate dissociation.

Petroleum Science 22 (2025) 3029—-3041

Exp. Clay mineral Quartz mass, g Porosity, % Water mass, g Water content, %
No. Type Mass fraction, wt% Mass, g

Ex6 - - - 460 421 92 20

Ex7 MMT 20 92 368 52.5 92 20

Ex8 11 20 92 368 414 92 20

methane gas in water is negligible due to the low solubility of
methane gas (Poling et al., 2001; Sloan and Koh, 2007). During the
formation of MH, the residual methane gas in the vessel at time t is
described from gas law by Eq. (1).

(1)

where ng is the mole number of free gas in the vessel, P; is the
pressure, Vg is the volume of the free gas in the vessel. Z is the
compressibility factor at P; and T; condition by Pitzer's correlation
(Smith et al., 2001), R is the universal gas constant (8.314 J/(mol-K))
and T; is the average temperature from the two thermocouples set
in the vessel.

During the formation experiment, the total volume of free gas,
water and MH in the vessel (Vyoiq) was constant. The volume of free
gas, water and MH (Vg, V¢ and Vh ) in the vessel at time ¢ is given
by:

(nW70 — Anwvt)MW i Anhvch

Vvoid = Vg.,t + Vw‘t + Vh,t = Vg,t + on

Pw

(2)

where ny,o is the mole number of initial water before MH forma-
tion. 4ny, and 4nyp are the mole numbers of consumed water and
synthesized MH at time ¢, respectively. M,y and M, are the molar
masses of water and MH, respectively. py and py are the densities of
water and MH, respectively. The molar volumes of water and MH
are 18 and 136.7 cm?/mol, respectively (Waite et al., 2009).

At time t, the consumption of methane gas and water and the
synthesized MH can be described by Eqgs. (3)—(5):

Ngr=MNgo — Ang

Anw,t =Ce x Nyo

where ngp is the initial number of moles of methane gas in the
vessel, 4ng; is the number of moles of free gas consumed to syn-
thesize MH. N,y is the hydration number which is assumed to be 6
(Sloan and Koh, 2007). C; is the conversion of water to MH.
Combining the above equations, C; is the only unknown and can be
calculated by meeting the P; and T; conditions at time t. The rate of
MH formation is as follows:

ANg, :% (6)
Nw.0
_ ANg¢, — ANgy,
T (7

where ANg is the normalized consumption of free gas (mol of gas/
mol of water). rg is the normalized rate of MH formation at the time
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interval between t, and t;. The MH formation rate is calculated
every 30 min.

2.5.2. Methane hydrate dissociation kinetics

MH dissociation kinetics can be calculated using the method
given by Chong et al. (2016, 2017). During the MH dissociation, the
free gas in the vessel at time j is described by Eq. (8).

Py

Ngj= ZRT; x Vg

(8)
where ng; is the mole number of free gas and Vg is the volume of
free gas in the vessel at time j.

The total volume of free gas, water and MH is constant during
the experiment expressed by Eq. (9). During MH dissociation, the
total number of moles of methane (ngtota) is the sum of mol
number of free gas in the vessel (ng ), residual MH (np ) and the free
gas released out of the vessel (1) at time j. The number of moles of
methane gas in the vessel is expressed by Eq. (10).

(le,i — AnWJ)MW

Pw

Vvoid:ng+VwJ+Vh.j:VgJ+

N <nh,i — Ath’>Mh

o 9)

Ng total = Ngj + Npj + Ny (10)
where Vg, Vi and Vy,j are the volume of free gas, water and MH in
the vessel at time j, respectively. ny,; and ny,; are the mole numbers
of initial water before MH formation and total synthesized MH
before MH dissociation, respectively. 4n,; and 4ny; are the mole
numbers of consumed water and decomposed MH at time j,
respectively.

During MH dissociation, the mole numbers of MH and water
changed can be described as follows:

AthZHh’ifnh‘jznhiiXXj (11)

Anwj:NWxAth (12)
where ¥; is the fraction of decomposed MH at time j. Combining
Egs. (8)—(12), x; is the only unknown and can be calculated by
meeting the P; and T; conditions at the time j during MH dissoci-
ation. The normalized volume of methane gas production from MH
dissociation between time j, and j; (m? of gas/(m> of MH-h)) can be
calculated by Eq. (13).

Any,j x 0.02271

" nni/pn % G2 — 1) (13)

gn

where the molar volume of methane gas is 0.002271 m>/mol at
standard temperature and pressure (Chong et al., 2017). p, here is
the molar density of MH (7460 mol/m?) according to MH density of
925 kg/m> (Waite et al., 2009) and hydration number of 6. The
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average volume of normalized methane gas production form
dissociated hydrate is calculated every 30 min.

3. Results and discussion
3.1. Methane hydrate formation

3.1.1. Effect of clay minerals on methane hydrate growth kinetics

In the experiments of MH formation, methane gas consumption
for MH synthesis makes the pressure decrease. The thermal spike of
the temperature during MH formation indicates that MH started to
form and grow rapidly. MH formation in the sediments with
different compositions shows different evolution of pressure and
temperature with time as shown in Fig. 4. In Ex1 with pure quartz
sediments, pressure and temperature reached the stabilization in a
shortest duration of MH formation, while in Experiments 2—5 the
duration of MH formation is longer in the sediments with clay
mineral addition.

The cumulative consumption of methane gas during MH for-
mation is shown in Fig. 5. The profiles of MH formation rate with
formation time increase are seen in Fig. 6 and the detail of the
formation experiments is in Table 3. The growth process of MH in
different sediments can be divided as several stages based on the
change of hydrate formation rate with time. MH formation in
quartz sands in Ex1 displays multiple growth stages with two peaks
of formation rate, including the first rapid growth stage, the slower
formation stage, the second rapid growth stage and the final stable
stage. The fastest rate of MH formation in the first rapid growth
stage (20.2 mmol of gas/(mol of water-h)) is higher than that in the
second rapid growth stage (11.8 mmol of gas/(mol of water-h)). The
average MH formation rate is 2.8 mmol of gas/(mol of water-h). The
multiple growth stages in Ex1 might be the result of the con-
sumption and movement of water and methane gas which leads to
the sufficient contact of water and gas during MH formation
process.

When mixing quartz sand with up to 20 wt% montmorillonite
mineral, one common characteristic is that the MH growth rate
decreases comparing with the case for pure quartz sands. MH for-
mation process in montmorillonite-containing sediments does not
show multiple rapid growth stages. In Ex2 with 10 wt% montmo-
rillonite addition, MH formation process could be divided into two
stages, including a rapid growth stage and a slow growth stage. The
growth of MH in Ex3 admixed 20 wt% montmorillonite shows three
different stages, including a rapid growth stage, a stage gradually
decreasing in growth rate and a stable slow growth stage. The

(a) 10 o0
Ex1
Ex2

Pressure, MPa

Pressure, MPa

0 15 30 45 60 75

Time, h
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Fig. 5. Cumulative consumption of methane gas with time in methane hydrate for-
mation experiments.

addition of montmorillonite with 10 wt% (Ex2) and 20 wt% (Ex3)
retard the MH formation rate in different degree. As shows in
Table 3, the average formation rate both in stage 1 and in the whole
process in Ex3 are higher than that in Ex2. Although the fastest rate
and the average rate in stage 1 in Ex3 (23.1 and 5.4 mmol of gas/
(mol of water-h), respectively) are higher than that in Ex1, the
average rate of the whole MH formation process in Ex3 (1.8 mmol of
gas/(mol of water-h)) is lower than that in Ex1. The addition of
montmorillonite inhibits the MH formation kinetics and the effect
of inhibition is in difference with the variation of montmorillonite
mass ratio.

Similar to montmorillonite, adding up to 20 wt¥% illite to quartz
sand also decreases the MH formation rate comparing with the case
of pure quartz sands. With the addition of illite, the stages of hy-
drate growth in the sediments show the different characteristics. In
Ex4 with 10 wt% illite admixtures, the growth process consists of
three stages. MH grows fastest in stage 1 and slower in stage 2 and
3, in which the formation rate in stage 3 is lower than that in stage
2. In the Ex5 with 20 wt% illite addition, MH growth can be divided
into two stages, which is similar with Ex2. The addition of illite
makes MH grow slow, and the maximum formation rate of MH
decreases obviously with the increase of illite content in sediments.
During the whole formation process, the average rate in Ex4 is
0.8 mmol of gas/(mol of water-h), higher than that in Ex5 with the

(b) 300
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Fig. 4. Profiles of pressure and temperature in methane hydrate formation experiments.
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Fig. 6. Profiles of methane hydrate formation rate in sediments with different
components.

value of 0.4 mmol of gas/(mol of water-h) (Table 3). Illite shows the
obvious inhibition on MH formation kinetics and the inhibition
effect is stronger with the increase of illite mass ratio.

In the montmorillonite-containing sediments, the formation
rate of MH in Ex3 with 20 wt% montmorillonite is higher than that
in Ex2 with 10 wt% montmorillonite (Fig. 6 and Table 3). It might be
the result of the swelling nature and water adsorption of mont-
morillonite. The interlayer Na* of montmorillonite could lead water
entering the interlayers of montmorillonite and make montmoril-
lonite swell (e.g. Mitchell and Soga, 2005). Higher content of
montmorillonite admixed in quartz sand leads to more water

Petroleum Science 22 (2025) 3029—-3041

content adsorbed into the interlayers of montmorillonite. It could
result in the high porosity of the sediments (Liu et al., 2023), allow
methane gas to fully contact with less available water and then
facilitate the rate of MH formation. Therefore, the swelling nature
of montmorillonite might have a significant effect on MH formation
kinetics.

Due to the strong water absorption and swelling properties, the
role of montmorillonite on MH formation is still inconsistent. For
the MH formation in montmorillonite suspensions, MH forms at
the interface of gas and water and the formation rate decreases
with montmorillonite increase, which results from the denser
suspension that would prevent mass transfer and retard MH
growth (Nair et al., 2018; Ren et al., 2022). However, MH formation
in clay-sand mixtures is more complex. Kumar et al. (2015) and
Zhang et al. (2017) reported that as the mass ratio of montmoril-
lonite increases, the rate of MH formation decreases, attributing to
the swelling of montmorillonite leading to the porosity reduction.
In this study, the addition of montmorillonite in quartz sands re-
tards the MH formation rate but the rate decreases less with
montmorillonite increase. This inconsistency might be due to the
different sample preparation before MH formation. Kumar et al.
(2015) presaturated the sediments with water before experi-
ments, and Zhang et al. (2017) packed the sediments in the reactor
and injected water before experiments. When montmorillonite
contacts with water in the confined reactor, the swelling properties
of montmorillonite play a negative role on the porosity (Aksu et al.,
2015). In this study, water was mixed with the sediments before
packing them in the reactor. The prewetting method of sample
preparation would make water distribution more homogeneous
and lead to a higher porosity due to the swelling of montmorillonite
(Liu et al, 2023). In addition, the physicochemical property of
montmorillonite used in different studies might be diverse due to
various origins and treatment, and makes the results different.

In the illite-containing sediments, the maximum formation rate
in Ex4 with 10 wt% illite is faster than that in Ex5 with 20 wt% illite
content. It is consistent with the results of Chen et al. (2024) that
the formation rate of MH decreases with the increasement of illite
content at higher illite content in sandy sediments. The fine-sized
and non-swelling illite particles would fill in the intergranular
pore between quartz sands and reduce the pore spaces. It would
prevent gas migration to the front of MH formation and result in
decreasing in the formation rate of MH (Constant Agnissan et al.,
2024). In our study, when illite and montmorillonite respectively
mix with quartz sand with the same amount, the MH formation
rate in montmorillonite-containing sediments is always higher
than that in illite-containing sediments. Compared with montmo-
rillonite, illite presents a stronger inhibition on the formation ki-
netics of MH. While Constant Agnissan et al. (2024) found that
montmorillonite has a stronger inhibition on MH in comparison
with illite. The difference between their results and this study in
MH formation rate is likely attribute to the different sample prep-
aration. In the study of Constant Agnissan et al. (2024), the dry clay-
sand mixture sediments were packed into the vessel, followed by

Table 3
Experiment results of methane hydrate formation in different sediments.
Exp. No. Duration of Methane gas Average MH formation Average MH formation Total methane gas Final water
MH formation, h consumption, rate in Stage 1, mmol of rate in the whole process, consumption, mmol conversion, %
mol gas/(mol of water-h) mmol of gas/(mol of water-h) of gas/mol of water
Ex1 25.75 0.350 4.6 2.8 71.0 42.6
Ex2 71.53 0.287 29 0.9 65.2 39.1
Ex3 35.56 0.268 54 1.8 62.3 374
Ex4 67.10 0.232 2.1 0.8 53.8 323
Ex5 60.52 0.104 14 04 241 14.4
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water injection. As mentioned above, montmorillonite would
reduce pore space in sediments under this sample preparation
method. The physicochemical properties of clay minerals might
also be various in different research.

3.1.2. Effect of clay minerals on gas consumption and water
conversion

The final methane gas uptake and the water-to-hydrate con-
version in MH formation experiments are summarized in Table 3
and presented in Figs. 5 and 7. The addition of clay minerals in
sediments makes final gas consumption and water conversion
decrease in this study. MH formation in the pure quartz in Ex1
consumes the highest amount of methane gas (71.0 mmol of gas/
mol of water) and the water conversion is the highest (42.6%). As
the mass ratio of montmorillonite in quartz sediments increases
from 10 to 20 wt%, the final gas consumption reduces from
65.2 mmol of gas/mol of water to 62.3 mmol gas/mol water. The
water conversion in Ex2 is 39.1%, higher than that in Ex3 which is
37.4%. The MH formation in the illite-containing sediments shows
the similar characteristics. In the quartz sediments with 10 wt%
illite, the final uptake of methane gas is 53.8 mmol gas/mol water
and the water conversion is 32.3%. While in the quartz sands
admixed with 20 wt% illite, the final gas uptake is 24.1 mmol gas/
mol water and the water conversion is 14.4%.

The increase of montmorillonite or illite in quartz-dominant
sediments reduces the final gas consumption and water conver-
sion in MH formation experiments. It might be due to the surface
property of the two clay minerals which is negatively charged and
adsorbs bound water (Sun et al., 2021). Higher content of clay
minerals in sediments would lead to the larger amount of bound
water adsorbed on clay mineral surface, which does not participate
in MH formation, depress water activity (Clennell et al., 1999; Wang
et al., 2023) and thus reduce the water-to-hydrate conversion. The
result of our study is consistent with the report of Kumar et al.
(2015) and Zhang et al. (2017) that with the mass ratio of mont-
morillonite increase, the water conversion and total gas con-
sumption decrease. In our study, the reduction of methane gas and
water uptake in illite-containing sediments is larger than that in
montmorillonite-containing sediments. It might be caused by the
difference in electronegativity of the two clay minerals that illite
has a larger electronegativity unit cell in comparison with mont-
morillonite (Mi et al., 2022; Mitchell and Soga, 2005). Larger
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Fig. 7. Water-to-hydrate conversion in methane hydrate formation experiments with
different sediments. Qz: Quartz, MMT: Montmorillonite.
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electronegativity of clay minerals would bind more water mole-
cules to form an interfacial water layer on the surface, decrease
water activity, repel methane molecules, and strongly inhibit MH
formation (Li et al.,, 2020; Mi et al., 2022, 2023). Therefore, illite
shows the stronger inhibition on final gas uptake and water-to-
hydrate conversion than montmorillonite during MH formation
process.

3.2. Cryo-SEM observation of sand sediments

In the pure quartz sands, quartz particles are not easy to been
identified in this study but methane hydrate could be widely
observed as shown in Fig. 8. The widespread distribution of
methane hydrate with smooth surface is seen in the local area in
Fig. 8(a). Moreover, methane hydrate, identified by EDS analysis
with carbon peak, distributes in the pore within quartz sands in
Fig. 8(b). The same area was scanned again after 10 min as shown in
Fig. 8(c). The surface of the hydrate particle at the middle and right
in Fig. 8(b) became porous in Fig. 8(c). Due to the electron beam
scanning for local-area observation and EDS analysis (Stern and
Lorenson, 2014), MH dissociates below the ice point with the pro-
duction of methane gas and ice, and make MH porous. And the
brighter quartz particle at the left in Fig. 8(c) was appeared after the
sublimation of the outer coating methane hydrate at the left in
Fig. 8(b).

To understand the effects of montmorillonite and illte on MH
formation in microscale and nanoscale, the microstructure of the
sediments in Experiments 3 and 5 were also observed (Figs. 9 and
10). Fig. 9(a) and (b) indicate that the undulating aggregates of
montmorillonite do not widely coat on the surface of quartz grain.
Montmorillonite particles typically accumulate as aggregates and
the individual particles are hardly to be identified. Porous materials
are widely distributed in the sediments in Ex3 in Fig. 9(a) and (b).
EDS analyzed the material phase along the yellow arrow in Fig. 9(b)
and the analysis results is shown in Fig. 9(c). Porous material is the
dissociating MH identified with high amount of carbon element.
The dense material is the ice with abundant oxygen element.
Montmorillonite aggregate is identified with the high amount of
sodium element. Due to the depressurization and the damage from
electron beam scanning, the surface of the MH dissociated below
the ice point is porous. Combined with the morphology and EDS
analysis in Fig. 9, the edges of montmorillonite aggregate directly
contact with the surrounding dense water ice which separates
methane hydrate from the montmorillonite aggregate.

While the arrangement of illite particles is different from that of
montmorillonite in clay-containing quartz sands. Fig. 10 indicates
that illite particles in Ex5 assemble tightly as surface-overlapped
stacks. Less water is trapped within illite aggregates. Regardless
of the presence of quartz particle in the local area, illite platelets
tightly contact with pore water ice as showing in Fig. 10. No
widespread distribution of methane hydrate was observed in illite-
containing quartz sands in this investigation.

Montmorillonite and illite show different particle arrangements
in sand sediments due to their different physicochemical properties.
Montmorillonite aggregates distribute as several clay clusters in
sand sediments, which might be the results of swelling properties
and water adsorption in the interlayers through the interlayer Na*
cation. While illite typically has higher surface charge density due to
the interlayer K* cation, illite platelets show the stronger interlayer
energy and tightly stack together (Jia et al., 2023; Zhu et al., 2022).
The face-to-face particle packing in preferred orientation would
make sediments have low porosity (Bennett, 1981). Moreover,
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Fig. 8. Microstructure of the pure quartz sediments. (a) The widespread distribution of
methane hydrate. (b) Methane hydrate particle filling in the pore. (c) The same area of
(b) after 10-min observation. MH: Methane hydrate, Qz: Quartz.

different from montmorillonite aggregates, the large area of illite
aggregates coating on water ice in Fig. 10(b) would prevent the
contact of free gas and water and thus significantly retard MH for-
mation rate. Therefore, due to the differences in the physicochemical
properties, montmorillonite and illite have different effects on pore
spaces and the gas-water contact, and lead to the dramatic differ-
ence in MH formation rate between the Ex3 and Ex5.
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Fig. 9. Microstructure of the sediments recovered in Ex3. PM: Porous material, MMT:
Montmorillonite and Qz: Quartz.

3.3. Methane hydrate dissociation

3.3.1. Evolution of pressure and temperature during
depressurization

During depressurization process, the pressure and temperature
evolution in the three dissociation experiments appears the similar
characteristics (Fig. 11). The pressure reduction could be divided
into 3 stages. The pressure declines linearly in the stage 1 due to the
constant release of free methane gas before reaching the near-
equilibrium pressure. The reduction of pressure becomes slow
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Fig. 10. Illite aggregates in the sediments recovered in Ex5.

when MH begins to decompose in the stage 2. After MH dissocia-
tion, the pressure decreases faster in the stage 3 due to the release
of free methane gas. The MH dissociation is endothermic and the
temperature decreases during MH decomposition in stage 2. In
stage 3 the temperature gradually increases to the experimental
temperature around 275.5 K by the heat supplement from the
surroundings. The reduction of temperature during MH dissocia-
tion is different in the three MH dissociation experiments. The
temperature decrease during MH dissociation in Ex6 is steady and
the lowest temperature is 275.1 K. During MH decomposing, the
lowest temperature in Ex7 in montmorillonite-containing sedi-
ments is 274.8 K and that in Ex8 with illite addition is 274.9 K.
Temperature reduction in clay-containing sediments in Experi-
ments 7 and 8 is more dramatic compared with that in pure quartz
in Ex6.

3.3.2. Dissociation kinetics of methane hydrate

During the depressurization process, the pressure dropped
slowly due to the low constant rate of gas release and no water was
produced. When the pressure declines to the near-equilibrium
pressure (3.29 MPa) at 275.2 K, MH stored in sediments gradually
decomposes. Detail results of MH dissociation experiments are
presented in Table 4 and Fig. 12. The amount of methane gas
released from MH dissociation in Experiments 6—8 is 0.399, 0.303
and 0.147 mol, respectively. The amount of MH storage and the gas
recovered from MH in pure quartz sediments is higher than that in
the sediments mixed with clay minerals (Fig. 12(a)). Methane gas
released from MH dissociation in illite-containing sediments is less
than that in sediments containing montmorillonite.

MH decomposes faster in the clay-containing sediments than
that in pure quartz. The average gas production rate during MH
dissociation is 15.5, 19.1 and 35.9 m> gas/(m> hydrate-h) in Ex-
periments 6—8, respectively (Table 4). The average dissociation rate
in illite-containing sediments is the highest, the rate in
montmorillonite-containing sediments is higher than that in pure
quartz sediments. Fig. 12(b) indicates that during MH dissociation,
the maximum gas production rate in illite-containing sediments is
much faster than the other two dissociation experiments. In com-
parison with quartz, montmorillonite and illite would facilitate MH
dissociation. It might be due to the effect of the cations on the
surface of clay minerals which can accelerate the processes of MH
dissociation (Fang et al., 2022; Waldron and English, 2018). The
promotion effect of K" on MH dissociation is greater than that of
Na* (Chen et al, 2023). Consequently, illite shows a stronger
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promotion than montmorillonite on MH dissociation kinetics.

In addition, the distributions of MH in the sediments with/
without clay minerals might also influence the dissociation rate of
MH. In this study, the widespread distribution of MH was observed
both in pure quartz sediments (Fig. 8(a)) and in montmorillonite-
containing sediments (Fig. 9(b)). However, the MH coating on the
outer surface of minerals and the massive MH particles as large in
Fig. 8(b) were not observed in the clay-containing sediments in this
study. MH has been investigated from molecular simulation in-
sights that it dissociates from the outer surface to the center as the
layer-by-layer in the pore composed of quartz or clay minerals
(Bagherzadeh et al., 2013; Fang et al., 2022, 2024). Compared with
the larger MH particles in pure quartz sediments, the thin and
widespread distribution of MH or the small MH particles in clay-
containing sediments might expose more outer surface of MH
and decompose synchronously (Fig. 13). It would make the tem-
perature reduction more dramatical in clay-containing sediments.
Therefore, the dissociation rate of MH in the clay-containing sedi-
ments is more rapid in comparison with that in pure quartz
sediments.

3.4. Implication for natural gas hydrate accumulation and
production

Quartz, montmorillonite and illite are the dominant mineral
compositions of marine GHBS such as in the East Nankai offshore,
the South China Sea and the Blake Ridge (Collett and Wendlandt,
2000; Egawa et al.,, 2015; Wang et al,, 2022). Although mineral
composition affects MH formation kinetics, it would not signifi-
cantly affect the accumulation of natural gas hydrate in hydrate
reservoirs over the long geological time scale. But secondary MH
formation might occur during natural gas hydrate production and
cause large amount of MH blocking pores and throats to decrease
the gas production (Wang et al., 2017). In addition, during the re-
covery of hydrate-bearing sediments, it might not be easy to keep
MH stable in hydrate reservoirs with higher content of illite
compared with the reservoirs dominantly composed of montmo-
rillonite or quartz. Moreover, the dissociation degree of hydrate
influences the mechanical properties of GHBS, and possibly causes
submarine landslide, local strata deformation and infrastructure
instability during gas hydrate production (Dhakal and Gupta, 2023;
Lee et al., 2020; Song et al., 2019). Due to the difference in disso-
ciation rate, the illite-rich GHBS might not have the same influence
on submarine slope instability compared with the GHBS rich in
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Fig. 11. Pressure and temperature evolution in methane hydrate dissociation experi-
ments Ex6 (a), Ex7 (b) and Ex8 (c).

Table 4
Experiment results of methane hydrate dissociation in different sediments.

Petroleum Science 22 (2025) 3029—-3041

montmorillonite or quartz. Different safety strategies for gas pro-
duction and sediment recovery should be developed based on the
mineral compositions of hydrate-bearing sediments. Therefore, the
effects of clay minerals on MH formation and dissociation would
provide deep insights into geological investigations of gas hydrate
reservoirs and natural gas production.

4. Conclusions

In this study, the effects of clay minerals on MH formation and
dissociation were investigated through mixing montmorillonite
and illite separately with quartz sands to synthesize and decom-
pose MH. Microstructure of the sediments mixed with/without the
two clay minerals were observed by cryo-SEM. The results are
summarized as follows.

(1) Montmorillonite and illite both show an inhibition effect on
MH formation Kkinetics and water-to-hydrate conversion
when comparing with pure quartz sands. Illite has a stronger
inhibition on MH in comparison of montmorillonite. The
lower mass ratio (10 wt%) of montmorillonite significantly
retards MH formation rate, and the higher mass ratio (20 wt
%) has the less retardation on the rate. The increase of illite
mass ratio (0—20 wt%) in the mixture sediments presents the
strong inhibition on MH formation rate. The presence of
montmorillonite and illite in quartz sands could both reduce
the water-to-hydrate conversion. As the mass content of clay
minerals increases, the water-to-hydrate conversion gradu-
ally decreases.

(2) In the clay-containing sands, montmorillonite particles
aggregate separately as several clusters while illite particles
pack as face-to-face configuration under the interaction with
water. The structure of illite aggregates would reduce pore
space, prevent the contact of methane gas and water, and
lead to the stronger inhibition on MH formation kinetics.

(3) Under the depressurization with constant gas release rate,
both montmorillonite and illite show a promotion on MH
dissociation kinetics in comparison with quartz. Tempera-
ture drops more dramatically in clay-containing sediments
during MH dissociation. Physicochemical properties of clay
minerals and MH distribution in clay-containing sediments
lead to the faster dissociation rate of MH in comparison with
the rate in pure quartz sediments.

The different effects of montmorillonite and illite on the kinetics
of MH formation and dissociation in our study would provide some
insights on preventing secondary MH formation and designing
safety strategies during gas hydrate production in clay-rich hydrate
reservoirs. Further studies could focus on using artificial intelli-
gence to integrate multi-scale studies for understanding the

Exp. Experiment Initial methane gas hydrate, Gas recovered from hydrate dissociation, Average gas production rate from hydrate dissociation, m* gas/(m>
No. duration, h mol mol hydrate-h)

Ex6 23.5 0.402 0.399 15.5

Ex7 229 0.313 0.303 19.1

Ex8 19.3 0.148 0.147 359
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Fig. 13. Schematic diagram of MH dissociation in (a) pure quartz sediments and (b) clay-containing sediments.

accumulation of gas hydrate and predicting gas hydrate exploration
and production.
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