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the kinetics of formation and pore-scale
distribution of methane hydrates in porous media:
a magnetic resonance imaging study†
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Jinhai Yang, *a Yongchen Songb and Bahman Tohidia

A magnetic resonance imaging study was conducted to explore the kinetics and spatial characteristics of

the thermally induced methane hydrate formation in both synthetic and natural sediment samples. Low-

resolution images were taken from the sediment samples during the hydrate formation and dissociation

stages of three consecutive thermal cycles and the induction time, hydrate formation rate and duration,

spatial distribution of water, and saturation of all co-existing phases were determined in order to

understand the effect of the first cycle of the formation/dissociation on the subsequent cycles. The

results demonstrate that the induction and hydrate formation times of the second and third thermal

cycles decrease due to the memory effect, enhanced dissolution of methane in the aqueous phase and

the redistribution of water associated with the first cycle of the hydrate formation and dissociation.

Moreover, the hydrate formation proceeds with a fairly smooth and fast trend in the subsequent cycles

primarily due to the multiple nucleation events, in contrast with the traditionally believed “fits and starts”

manner which was observed for the first cycle. The thermal cycles for the natural sediment sample were

compared with those for the synthetic sediment sample in terms of the induction time, hydrate

formation behaviour and duration, and spatial distribution to understand how the sediment particle type

and size distribution could influence the cyclic hydrate formation/dissociation. High-resolution images

were also taken from the samples and used to infer the spatial distribution of methane hydrates, gas and

water in pore space after completion of the hydrate formation stage of each thermal cycle, by applying

an innovative image analysis approach.
1. Introduction

Gas hydrates are nonstoichiometric inclusion compounds in
which molecules of a guest species such as CH4, CO2, and H2

occupy and stabilize cages formed by water molecules under
favourable thermodynamic conditions of high pressure and low
temperature.1,2 Massive reserves of natural gas hydrates exist in
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permafrost and marine sediments, potentially providing huge
low carbon energy resources3 and CO2 storage sink.4,5 The other
side of the coin, however, is that methane emission to the
atmosphere associated with the dissociation of natural gas
hydrates may aggravate global warming because methane is
considerably more potent than CO2 as a greenhouse gas.6 Apart
from that, gas hydrates could be a serious geohazard due to the
adverse inuence of global warming on the geomechanical
stability of gas hydrate deposits in both marine and permafrost
environments, given the fact that the geomechanical, geophys-
ical and hydrologic properties of gas hydrate-bearing sediments
are essentially controlled by the presence of hydrates.7,8

Gas hydrates are sensitive to changes in temperature.9 Such
sensitivity substantially affects the response of gas hydrate-
bearing sediments in different hydrate-based applications. For
instance, methane release from natural gas hydrate-bearing
sediments is believed to be still a slow and chronic process.10

However, it could be exacerbated by the human-caused global
warming and local environmental temperature rise. In
Sustainable Energy Fuels, 2021, 5, 1567–1583 | 1567
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particular, thawing of permafrost and retreat of the ice sheets at
Arctic and Antarctic regions may lead to the enhanced emission
of trapped methane into the atmosphere, amplifying global
warming,11 and endangering ecosystems and infrastructures in
the polar regions. In the same line, cyclic temperature changes
in the surface can alter the subsurface temperature up to 1 km;12

as such, the thickness, top and bottom of hydrate deposits
located in the regions up to 1 km depth will be affected by these
natural cycles. The top boundary of hydrate occurrence zone is
usually shallower than 200 m in gas hydrate-bearing subglacial
and permafrost settings, expanding upward and downward
simultaneously in response to temperature cycles in the
surrounding environment.13 In contrast with deep submarine
gas hydrate reservoirs where liberated methane is usually
oxidized aerobically once it reaches ocean waters,14 for perma-
frost and subglacial hydrates there is a higher risk for reaching
the released methane into the atmosphere as it will encounter
less barrier in its pathways to the surface.15 Indeed, some of the
liberated natural gas from these reservoirs may have already
reached the atmosphere.16 Returning to the effect of the cyclic
temperature changes on shallow hydrate reserves, these could
also alter hydrate composition, saturation, and distribution
which in turn could cause geomechanical instabilities.17 A
similar issue could occur during drilling gas hydrate reservoirs,
production of natural gas from gas hydrate reserves13 or storing
CO2 in these reservoirs.18 Furthermore, recovery of deep warm
uid either in the context of geothermal energy or conventional
fossil fuels could trigger dissociation of hydrate where the warm
uid well crosses hydrate stability zone.19 Taking the above
reasons into account, it is of importance to characterise the
response of the gas hydrate-bearing sediments to the cyclic
temperature change, which can then be informed to the
advancement in understanding of how global warming and
climate change would affect the geomechanical strength and
stability of gas hydrate-bearing marine and permafrost sedi-
ments and in developing large-scale long-term monitoring and
predicting programs for the shallow gas hydrate reserves in the
future.

Accurate prediction of the response of gas hydrate-bearing
sediments to the thermal stimuli is almost impossible unless
the occurrence, quantity and pore-scale distribution of hydrates
are well known.2 It is also essential to understand the kinetics of
hydrate formation in porous media and recognize the pore-
scale phenomena associated with the hydrate nucleation,
growth, dissociation and reformation processes as well as the
interactions of hydrates with the other coexisting phases (free
gas and water/ice) and host sediment.20 Themain challenges are
to understand how (i) the saturation and pore-scale distribution
of hydrates are inuenced by the variations in chemistry,
lithology, local tectonic activity and the nature of the gas supply,
(ii) the presence of hydrates evolves the physical properties of
a gas hydrate-bearing porous medium, and (iii) these physical
properties alter with the redistribution of hydrates due to the
dissociation at one site and reforming at another location. The
latter could also be further complicated to evaluate when being
associated with the memory effect.1
1568 | Sustainable Energy Fuels, 2021, 5, 1567–1583
To date, numerous studies have been conducted on simu-
lated hydrate-bearing sediment samples in laboratory,
attempting to address the aforementioned challenges,
a comprehensive review in this regard can be found elsewhere.2

However, there is still one big question: Do the synthesized
hydrate-bearing sediment samples necessarily represent the
naturally occurring gas hydrate deposits? In fact, the majority of
experimental studies are concerned with the synthetic hydrate-
bearing sediment samples, primarily due to the economic and
technical challenges associated with the recovery of intact core
samples preserved at in situ PT conditions using pressure core-
sampling methods.21 In laboratory, however, it has been
revealed that the procedure followed for the hydrate formation
markedly inuences its pore-scale distribution in porous
media.17 In addition, suitability of use of other hydrate formers
such as THF (miscible with water) or CO2 (considerably more
soluble in water than hydrocarbons) as proxies for methane
and/or synthetic sediments such as glass beads as a proxy for
natural sediments has been always an issue of contention.2,22 It
is clear that the presence of different minerals, particularly clay,
inuences not only the physical properties of the host sediment,
but also the formation, dissociation, and pore-scale distribution
of hydrates in pore space.23 These challenges all necessitate the
investigation of the effect of different hydrate formation
procedures, hydrate analogues and synthetic porous media on
the physical properties of simulated gas hydrate-bearing sedi-
ment samples measured in laboratory.

The evolution mechanism of the gas hydrate formation/
dissociation in porous media is associated with complex
multiphase transition processes and uid movement/redistri-
bution.24–26 The conventional methods for investigating the
kinetics of the hydrate formation/dissociation processes in
laboratory usually deal with monitoring the measurable bulk
properties such as the rate of changes in pressure, temperature
and gas composition and reporting the apparent rate constants
which may not fully represent the intrinsic kinetics.20 Recently,
the visualization techniques such as X-ray micro-CT and
Magnetic Resonance Imaging (MRI) have been extensively
employed to study the kinetics the hydrate formation/
dissociation in conjunction with the pore-scale associated
phenomena, owing to their capability of both space and time
resolution of the hydrate processes.20 X-ray micro-CT imaging
has shown to be a promising technique for understanding the
pore structure, uid saturation and uid movement in porous
media.27–31 However, it is quite difficult to distinguish methane
hydrates from water/ice, particularly at ne-grained sediments,
hence a contrast agent or the other hydrate formers (Xe, Kr,.)
is oen used as a proxy for methane to form hydrates.32,33

Similar to the X-ray micro-CT imaging, MRI was previously
used to study the behaviour of THF hydrates,34–36 which then
extended to other hydrate formers such as CO2 (ref. 37) and
CH4.38 Several works have been performed so far using MRI to
investigate formation and dissociation of methane hydrates in
different size sand particles,20 followed by attempts to charac-
terise CO2/CH4 exchange for integrated methane recovery and
CO2 storage purposes.39 Recently, different dissociation
approaches were applied to methane hydrates and the
This journal is © The Royal Society of Chemistry 2021
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behaviour of the hydrates were monitored to develop optimum
methodologies for gas extraction from gas hydrate reser-
voirs.40–42 Fast depressurization was also applied and ice
formation was observed due to endothermic nature of hydrate
dissociation.40,43 The inuence of water ow erosion on hydrate
dissociation was investigated by monitoring gas and water
migration processes.44,45 More recently, CH4 formation behav-
iour wasmonitored by MRI to investigate water, gas and hydrate
saturation and spatial distribution within mesoporous
media.26,33,46,47 Despite the substantial effect of the multiple
thermal cycles on the properties of gas hydrate-bearing sedi-
ments, to the best of our knowledge, there is lack of in situ
observation studies in this regard.

In this work, we explored the kinetics of the thermally
stimulated methane hydrate formation and dissociation using
high-eld MRI in both synthetic and natural sediment samples
to understand how the cyclic changes in temperature inuence
the process of the hydrate formation in porous media. The
effect of the thermal cycles on the induction time and hydrate
formation rates together with the evolution of the pore-scale
distribution was investigated by taking low-resolution (128 px
� 128 px) images during the hydrate formation and dissociation
stages from both sediment samples. The spatial distribution of
methane hydrates, gas and water in pore space was also closely
observed by taking high-resolution (512 px � 512 px) images
prior and aer the completion of the hydrate formation stage of
each cycle.

2. Experimental section
2.1. Materials

Research-grade methane with certied purity of 99.99 vol% was
supplied by Dalian Special Gases Company. Deionized water
(resistivity: 18.2 MU cm at 25 �C) was produced using an Inte-
gral Water Purication System (Aquapro2S, Aquapro Interna-
tional Company, USA). A well-characterised silica sand from
Fife, Scotland was used as the natural sediment. The natural
silica sand has a density (rs) of 2.64 g cm�3, particle sizes
ranging from 1.2 to 600 mm, and a mean diameter of 256.5 mm.
A detailed characterisation of Fife silica sand can be found in
our recently published study.48 Quartz glass beads (ASONE Co.
Ltd., Japan) with a density of 2.50 g cm�3, mean diameter of 200
mm (BZ-02) and particle size of 177–250 mm were also used as
the synthetic sediments. The particle size distribution curves of
both synthetic and natural sediments are also provided in ESI.†
According to our X-ray diffraction (XRD) analysis, Fife sand
consists of four minerals: quartz (around 97%), microcline
(around 3%), calcite (trace), and kaolinite (trace). Such
a mineral composition is quite close to that of glass beads (i.e.
pure quartz). The mean diameter of Fife sand is close to that of
quartz glass beads as well. These similarities will enable us to
compare the role of the particle size distribution on the kinetics
and spatial characteristics of the thermally induced methane
hydrates formation in natural sediments with those in synthetic
sediments, in a mineralogy-independent manner. This is
essential because the other minerals, particularly clay, if
present in natural sediments at higher contents, would impose
This journal is © The Royal Society of Chemistry 2021
their own inuence on the hydrate formation and dissociation
processes as well as the pore-scale distribution of the co-existing
phases (hydrates, free gas, and water) in pore space. In fact,
their presence could be associated with further complicated
pore-scale phenomena which would not be expected to occur
when using only quartz glass beads as the porous media.

2.2. Experimental apparatus

Fig. 1 presents the experimental apparatus, consisting of a 9.4 T
MRI system (400 MHz, Varian, USA), a high-pressure MRI cell
made of a nonmagnetic material (polyamide) with an inner
diameter of 15 mm and a length of 200 mm, two thermostatic
baths (F25-ME, Julabo, Germany, accuracy: �0.01 �C), three
high-pressure pumps (ISCO 260D, Teledyne Technologies,
Lincoln, USA), a vacuum pump and a data acquisition system.
TheMRI cell was surrounded by a jacket connected to one of the
thermostatic baths lled with Fluorinert FC-40 (3M, St. Paul,
MN, USA) as a coolant to control the experimental temperature
while minimizing the interference of radiofrequency eld arti-
facts on the imaging system. The data acquisition system
includes a digital pressure transducer (Nagano, Japan, accuracy:
�0.1 MPa) and a thermal probe (Yamari Industries, Japan,
accuracy: �0.1 K).

2.3. Experimental procedure

The experiments for both synthetic and natural sediment
samples were conducted with a similar procedure schematically
illustrated in Fig. 2, simulating the process occurring in nature
for a typical hydrate-bearing sediment exposed to thermally
induced formation/dissociation cycles at a constant pore pres-
sure. The high-pressure MRI cell was rstly washed with
deionized water, cleaned and lled with dry sediments. When
loading the cell, it was tapped regularly and gently on a hard
surface to visually ensure the homogeneity of the sediment
sample. The cell was then placed inside the MRI magnet, con-
nected to the rest of the experimental apparatus and vacuumed
to ensure removal of the residual air. Thereaer, the tempera-
ture of the thermostatic baths was set to 2.0 �C and deionized
water was injected using a ISCO pump to fully saturate the
sediment sample at a rate of 0.5 ml min�1 until the pore pres-
sure of the cell becomes stable at 7 MPa for at least 1 hour (a/
b in Fig. 2). A low-resolution and a high-resolution image were
taken from the sample at this stage (see Section 2.4). Next, the
pressure was reduced to 3 MPa and the fully saturated sediment
sample was discharged by injection of a high-pressure methane
stream into the cell in several seconds using another ISCO
pump, in which around 70–75% of water in the pore space was
replaced by methane and accordingly, the initial water content
was adjusted (b/ c in Fig. 2) to the saturation of 25–30%. It can
be seen in Fig. 2 that the injection pressure is outside the
methane hydrate phase boundary hence no hydrate formation
would be expected at this stage. The system temperature was
then set to 11.0 �C (c / d in Fig. 2) and methane was injected
into the cell at a rate of 5.0 ml min�1 until the pore pressure
reached the desired value of 7 MPa (d / e in Fig. 2). The low-
and high-resolution images were taken from the sample at this
Sustainable Energy Fuels, 2021, 5, 1567–1583 | 1569
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Fig. 1 Schematic diagram of the experimental apparatus.

Fig. 2 Schematic diagram of the experimental procedure.
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stage as well to obtain the initial water saturation and examine
the homogeneity of the water distribution in the eld of view
(FOV) prior to the hydrate formation stage. Finally, the
temperature reduced to 2.0 �C to start hydrate formation (e /

b in Fig. 2) while keeping the cell connected to the ISCO pump
in order to compensate for the gas consumption and maintain
the pore pressure at 7 MPa during the hydrate formation stage.
1570 | Sustainable Energy Fuels, 2021, 5, 1567–1583
The low-resolution images were continuously acquired from the
sediment sample until the MRI signals became stable and the
methane injection rate into the cell became almost zero, indi-
cating the completion of the hydrate formation process. Aer
taking a high-resolution image from the sample upon comple-
tion of the hydrate formation, the system underwent a temper-
ature increase to 11.0 �C to dissociate hydrates and complete
the rst thermal cycle of the hydrate formation/dissociation (b
/ e in Fig. 2). During the hydrate dissociation stage, the cell
was kept connected to the ISCO pump with a maximum with-
drawal rate of 10.0 ml min�1 to maintain the pore pressure at
7 MPa while minimizing the viscous pressure-driven redistri-
bution and/or expulsion of water. The low-resolution images
were continuously acquired during the hydrate dissociation
stage as well. The rst cycle was then followed by two consec-
utive cycles with an identical temperature adjustment and
image acquisition procedure.
2.4. Image acquisition and processing

Non-destructive MRI scanning with a spin-echo multi-slice
(SEMS) pulse sequence was selected to monitor the micro-
images of 1H densities in liquid water during the experiment.
It should be noted that 1H in liquid water could only be detected
at the operating conditions due to its much shorter transverse
relaxation time compared with that of 1H in CH4 or hydrates.49

The intensity or brightness of each pixel in a micro-image is
proportional to the number of 1H in the liquid phase, which is
This journal is © The Royal Society of Chemistry 2021
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Table 2 Parameters used for the calculation of hydrates and gas
saturations

No. Parameter Value Unit

1 Mg 16.04 g mol�1

2 Mw 18.02 g mol�1

3 ga 5.78 —
4 rh

a 0.91 g cm�3

5 rw 1.00 g cm�3

a At 2.0 �C.
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correlated with the amount of liquid water. As a consequence,
the hydrate formation, which is associated with the disappear-
ance of 1H from the liquid water, must be equivalent to the
darkening of the micro-images. Such a correlation enables us to
obtain the water, hydrates, and gas saturations via analysing the
micro-images and calculating their mean intensity (MI) over
a predened region of interest (ROI).20

As mentioned, the low-resolution images with a data matrix
size of 128 px � 128 px were acquired during the hydrate
formation and dissociation stages, providing the required data
for the investigation of the kinetics of hydrate formation. The
high-resolution images with data matrix sizes of 512 px � 512
px were taken from the sample prior and aer completion of
each hydrate formation stage in order to capture the spatial
distribution of methane hydrates, gas and water in the pore
space. The parameters of the SEMS sequence are provided in
Table 1:

The procedure followed in this study to nd the saturation of
each phase is detailed in our previous published works.36,47,49

This procedure has shown to be a reliable approach for
obtaining the saturation of each phase and has been used in the
other MRI studies as well.20,50 Briey, it involves obtaining the
mean intensity (MI) values of the MRI signals at the fully and
partially saturated states prior to the hydrate formation (Ifull and
I0, respectively) and the instantaneous MI values during the
hydrate formation and dissociation stages (Ii). The initial and
instantaneous water saturations (Sw0 and Sw, respectively) could
be calculated using eqn (1) and (2):

Sw0 ¼ I0

Ifull
(1)

Sw ¼ Ii � Sw0

I0
(2)

The hydrate and gas saturations (Sh and Sg, respectively)
could be obtained using eqn (3) and (4):

Sh ¼ Sw0

MhrwðI0 � IiÞ
rhMwgI0

(3)

Sg ¼ 1 � Sw � Sh (4)
Table 1 Parameters of the SEMS sequence

No. Parameter

Value

Low-re
(128 p

1 Repetition time 1000 m
2 Echo time 4.39 m
3 Averages 1
4 FOV 30 mm
5 Monitored area 15 mm
6 Thickness 2.0 mm
7 Pixel resolution 0.234 �
8 Acquisition time 128 s

This journal is © The Royal Society of Chemistry 2021
where Mh, Mw, rh, and rw are the molecular weights and
densities of methane hydrate and water, respectively and g is
the hydration number. Mh is calculated by eqn (5):

Mh ¼ Mg + gMw (5)

in which Mg is the molecular weight of methane. Table 2 pres-
ents the values of the parameters used in eqn (3)–(5):

It should be noted that the values of rh and g were deter-
mined using our in-house PVT modelling soware.51

The water conversion rate in each hydrate formation stage
could be also calculated by forward differentiation:�

dSw

dt

�
t

y SwjtþDt � Sw

jt
Dt

(6)

where Dt stands for the acquisition time of the low-resolution
images (128 s).
3. Results and discussion
3.1. Kinetics

In this section, we explore how the thermally induced
formation/dissociation cycles inuence the kinetics of the
methane hydrate formation in both synthetic and natural
sediment samples. Table 3 provides detailed information of the
thermal cycles obtained from the MI variations of the low-
resolution magnetic resonance images against time for both
sediment samples undergoing three consecutive thermal cycles.
It should be noted that the image analysis was carried out on
a ROI with a data matrix size of 50 px � 100 px cropped out of
solution
x � 128 px)

High-resolution
(512 px � 512 px)

s 1000 ms
s 8.39 ms

1
� 30 mm 30 mm � 30 mm
� 30 mm 15 mm � 30 mm

2.0 mm
0.234 mm2 per px2 0.059 � 0.059 mm2 per px2

512 s

Sustainable Energy Fuels, 2021, 5, 1567–1583 | 1571
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Table 3 Detailed information of the thermal cycles

Sediment type

Initial water saturation (�) Induction time (min) Hydrate formation time (min)

C#1 C#2 C#3 C#1 C#2 C#3 C#1 C#2 C#3

Synthetic 0.292 0.256 0.238 23.5 12.8 10.7 980.5 681.5 731.5
Natural 0.246 0.213 0.209 81.4 76.1 69.7 1118.5 753.5 625.5

Fig. 3 Mean intensity variations vs. time for (a) synthetic and (b) natural
sediment samples.
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the 128 px � 128 px images, away from the cell walls in order to
minimize the effect of the walls and artifacts on the MI values.49

In Table 3, the initial water saturation refers to its value just
before adjusting the system temperature to 2.0 �C. By denition,
the induction time is the time elapsed until the appearance of
a certain detectable volume of hydrate nuclei,52 which is
equivalent to the darkening of the images and accordingly,
decrease in the MI values. Therefore, the induction time is the
duration between adjusting the system temperature to 2.0 �C
until the rst noticeable decrease in the MI values, corre-
sponding to the hydrate nucleation. The hydrate formation time
is the duration between adjusting the system temperature to
2.0 �C until the completion of the hydrate formation, which was
conrmed when there is not any noticeable change in the MI
values and the gas injection into the cell becomes negligible.
Given the acquisition of the images from both synthetic and
natural sediment samples started immediately aer adjusting
the system temperature to 2.0 �C and all acquired images have
a timestamp with them, the induction and hydrate formation
times could be simply calculated by monitoring the variations
in the MI values against time. According to Table 3, the initial
water saturations of the second and third thermal cycles at the
ROI are slightly lower than that of the rst cycle for both sedi-
ment samples. Such decreases could be caused by:

(i) Downward movement of water due to the gravity during
each experiment (see Section 3.2.1 for a further discussion).

(ii) Dissolution of water in the gas phase and its expulsion
during the hydrate dissociation stage: As mentioned in Section
2.3, pure methane was injected into the cell to increase the pore
pressure of the system to 7 MPa. The pore pressure was also
maintained at 7 MPa during the hydrate formation and disso-
ciation stages. Therefore, it is expected that depending on the
PT conditions, a small amount of the initially injected water
migrates from the aqueous phase to the gas phase in order to
reach the thermodynamic equilibrium during the formation
and dissociation stages of each cycle. Water may stay in the gas
phase as the moisture content and/or get removed from the
system during the dissociation stage, leading to further migra-
tion of water molecules to the gas phase and accordingly,
further decrease in the MI values. In Table 3, it can be seen that
the initial water saturation decrease from the second cycle to
the third cycle is much lower than that from the rst cycle to the
second cycle for both synthetic and natural sediment samples.
This implies that a small amount of water migrated from the
aqueous phase to the gas phase during the formation and
dissociation stages of the rst cycle and kept the gas phase
relatively saturated with water in the next thermal cycles. Hence,
we believe this factor could be the main reason for the slight
1572 | Sustainable Energy Fuels, 2021, 5, 1567–1583
decrease of the initial water saturations of the second and third
thermal cycles than that of the rst cycle for both synthetic and
natural sediment samples.

(iii) Viscous pressure-driven expulsion of liquid water during
the hydrate dissociation stage: As mentioned in Section 2.3, the
maximum gas withdrawal rate was set to 10.0 ml min�1 during
the hydrate dissociation stage of each cycle to minimize the
viscous pressure-driven redistribution and/or expulsion of
liquid water. Despite this consideration, it would be still
possible for gas to displace water during the dissociation stage,
particularly at the larger pores where the capillary pressure is
lower. Therefore, liquid water could become redistributed in the
system or even removed from the cell during the dissociation
stage.

(iv) Capillarity induced redistribution of water associated
with the hydrate formation/dissociation (which will be dis-
cussed in details).

The MI variations were also plotted against time for both
synthetic and natural sediment samples in Fig. 3. As observed,
This journal is © The Royal Society of Chemistry 2021
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each thermal cycle consists of a hydrate formation stage
(including the induction time), at which the MI values decrease
due to the successive nucleation and growth of the methane
hydrate crystals, and a dissociation stage, at which the MI
values increase as the hydrate crystals dissociate due to the
temperature rise in the system. The dissociation stage is
assumed complete when there is not any noticeable change in
the MI values. As can also be seen, there are two abrupt changes
in the MI values for each thermal cycle: one immediately aer
adjusting the system temperature to 2.0 �C and the other
immediately aer adjusting the temperature to 11.0 �C. Such
abrupt changes – which are more obvious for the natural sedi-
ment sample – happened due to the sensitivity of the intensity
values to the temperature. Thus, they could appropriately
conrm that the temperature at the ROI has been changed to
the desired values in a few minutes aer the temperature
adjustment. However, care was taken to exclude these changes
when analysing the variations in the water and hydrate
saturations.

According to Table 3 and Fig. 3, the induction and hydrate
formation times together with the behaviour of the MI varia-
tions in the hydrate formation stage at the rst thermal cycle are
different from those at the second and third cycles for both
sediment samples. Such differences clearly conrm the inu-
ence of the rst cycle of the hydrate formation/dissociation on
the subsequent cycles and the sediment type and characteristics
appear to play an important role as well. To further investigate
this, it is essential to know which key factors control the hydrate
formation in porous media and understand how they
contribute to promoting the hydrate nucleation and growth. It
is believed that the process of the hydrate formation in a porous
medium occurs in “ts and starts”manner because the hydrate
nucleation is a stochastic phenomenon and its degree of
randomness depends on several factors such as the thermody-
namic conditions, PT driving forces, sediment type and char-
acteristics, the solubility of the hydrate former in water, and
salinity, thermal history and interestingly, pore-scale distribu-
tion of pore water in the system.1 In our experiments, since both
sediment particles were almost pure quartz with the average
grain sizes of larger than 10 mm, and deionized water was used
to form hydrates, the equilibrium thermodynamic conditions
for the methane hydrate formation would be expected not to be
shied due to the pore size inhibition or salinity.53 Therefore,
there would be around 8 �C temperature difference between the
target temperature (2.0 �C) and equilibrium temperature at
7.0 MPa (9.7 �C, according to our in-house PVT modelling
soware) for methane hydrates, providing a high enough
driving force to trigger the nucleation. This is why the induction
times of all thermal cycles are not too long for both sediment
samples; however, it is clear that the rst thermal cycle has
reduced the induction times of the subsequent cycles, particu-
larly for the synthetic sediment sample. Here, we investigate the
effect of the other key contributing factors on the kinetics of
methane hydrate formation in each sediment sample.

3.1.1. Synthetic sediment sample. In Table 3, the induction
times of the second and third thermal cycles are 45.5 and 54.5%
less than that of the rst cycle, respectively, for the synthetic
This journal is © The Royal Society of Chemistry 2021
sediment sample. Such a remarkable decrease of the induction
times, which reveals the effect of the rst thermal cycle on the
subsequent cycles, could be due to several reasons. The rst
underlying reason could be the memory effect, an interesting
phenomenon whereby water molecules keep the memory of
their previous clathrate structure aer dissociation at low
temperatures hence the hydrate nucleation from the same water
body would be easier than when it was formed for the rst
time.54 As reported by the other scholars, the memory effect
could signicantly shorten the induction time of the gas
hydrate nucleation, depending on the dissociation state and the
duration in which the system has been out of its stability
zone.55–57 Referring to Fig. 2, the dissociation state of the system
is relatively close to its stability zone at 7 MPa. Moreover, the
system was out of its stability zone for no longer than 1 hour.
Therefore, the memory effect could be persistent, resulting in
a considerable decrease in the induction time. There are,
however, other potentially contributing factors as well including
the amount of the dissolved methane in water aer the disso-
ciation stage and the water interaction with and distribution on
the grain surfaces. First, we speculate that the amount of dis-
solved methane in pore water aer the rst dissociation stage is
higher than that before the rst cycle started. Apart from the
possibility of the dissolution of encaged methane molecules in
water upon dissociation, local temperature increase associated
with the exothermic hydrate formation and the system
temperature rise during the dissociation could promote the
dissolution of methane in water as methane solubility increases
with temperature in the presence of hydrates.58 Second, the
pore-scale redistribution of water due to the hydrate formation/
dissociation throughout the sediment may provide more
potential nucleation sites for the next cycles, a detailed
discussion in this regard can be found elsewhere.53 Further-
more, hydrate shell, which is the ordering of the water mole-
cules in response to the charge on the surface of the hydrophilic
sand particles could increase the probability of the hydrate
nucleation in porous media, particularly where the local water
content on the grain surface is less, hence more ordered.59

As can also be seen in Table 3, the hydrate formation times of
the second and third cycles are both around 25% lower than
that of the rst cycle. Fig. 3(a) also shows that the MI values
decrease in several sudden and gradual manners during the
hydrate formation stage of the rst cycle whereas the variations
in the subsequent cycles are fairly smoother. The hydrate
formation in porous media is not a uniform process and
nucleation of the hydrate crystals occurs at different locations
and times, greatly depending on the availability of the gas–water
interface. In particular, it is believed that the probability of the
hydrate nucleation and growth rate is higher at locations with
small particle size (higher specic surface area) and low water
content.20 Therefore, the redistribution of water throughout the
system due to the rst hydrate formation/dissociation cycle
provides further gas–water interfaces which substantially
enhances the nucleation probability and results in a lower
induction time (as discussed earlier). Apart from that, instead of
a highly stochastic and slow decrease in the MI values due to the
limited number of nucleation (sudden decreases) and growth of
Sustainable Energy Fuels, 2021, 5, 1567–1583 | 1573
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already formed nuclei (gradual decreases) in the rst cycle,
there would be remaining nuclei (methane-water clusters)
throughout the medium in the subsequent cycles, which facil-
itate the hydrate formation process by eliminating the critical
size barrier, leading to a fairly smoother and faster decrease in
the MI values.

It is interestingly observed in Fig. 3(a) that sudden decreases
in the MI values are sometimes followed by an increase,
reecting the self-limiting behaviour of the hydrate nucleation
and/or capillarity induced water redistribution in porous
media. As a result of the local heat release and temperature rise
due to the hydrate nucleation, the regions in the vicinity of the
nucleation sites could be temporarily taken out of the stability
zone, making the PT conditions unfavourable for the hydrate
formation, or even causing the dissociation of the neighbouring
hydrate crystals.20 Hydrate formation is also associated with
a capillarity induced water redistribution. In fact, water-wetting
hydrate crystals could reduce the effective pore size of the
medium, change surface energy, and consequently enhance the
local capillary suction, causing water to be drawn toward the
hydrate formation front.60 These factors might temporarily
result in the presence of a higher amount of water in the ROI
hence more MI values. It can be seen in Fig. 3(a) that such
behaviour occurs for the second and third cycles differently
than for the rst one. While the variations of the MI values
during the hydrate formation stage of the rst cycle is relatively
stepped with no obvious increase, it looks fairly curved in the
subsequent cycles with a number of increases. This behaviour is
due to the multiple and fast hydrate nucleation events
throughout the ROI in the second and third cycles, compared to
the rst cycle where the nucleation events do not occur at
different locations simultaneously and growth of the hydrate
nuclei results in the gradual decrease of the MI values. In
addition, hydrate forms initially in dendritic crystals with high
surface areas (less energy-efficient) during early rapid hydrate
nucleation and growth in the second and third cycles, hence it
would be able to hold and draw a higher amount of water
towards itself until it recrystallizes into compact energy-efficient
congurations.61,62
Fig. 4 (a) Hydrate and water saturations, and (b) water conversion rate

1574 | Sustainable Energy Fuels, 2021, 5, 1567–1583
Fig. 4 illustrates the hydrate and water saturations (eqn (2)
and (3)) together with the water conversion rate (eqn (6)) for the
synthetic sediment sample versus time. As observed, there is
still some residual water aer completion of each thermal cycle,
which is unavailable for the hydrate formation owing to its low
chemical potential and/or being occluded from the gas phase by
the already formed hydrate crusts.63 The residual water satura-
tions for the synthetic sediment sample at the end of the
hydrate formation stage are 0.067, 0.046, and 0.044 for the rst,
second and third cycles, respectively, corresponding to 77.1,
82.1, and 81.5% total water conversion to hydrates. Increase of
the total water conversion to hydrates for the synthetic sedi-
ment sample with the thermal cycle indicates that the pore-
scale phenomena associated with the rst cycle of the
formation/dissociation had a substantial inuence not only on
the induction and hydrate formation times, but also on the total
water conversion to hydrates.

3.1.2. Natural sediment sample. As shown in Table 3, the
induction times of the second and third thermal cycles for the
natural sediment sample are 6.5 and 14.4% less than that of the
rst cycle, respectively, conrming the effect of the rst cycle on
the subsequent ones. This effect could be due to several reasons
such as the memory effect, the amount of the dissolved
methane in water aer the dissociation stage and pore water
distribution on the grain surfaces, similar to what discussed for
the synthetic sediment sample. However, when comparing the
induction times of the thermal cycles for the natural sediment
sample with those for the synthetic sediment sample, it is
observed that (i) the induction times of all three cycles are
around 4–7 times longer, and (ii) the effect of the rst cycle on
the induction times of the subsequent cycles is not strong. We
believe that such a difference reects the inuence of the
sediment grain type (mineralogical composition and pore
structures) and size distribution on the induction time.
According to Section 2.1, the natural sediment sample had
a higher mean diameter and considerably wider particle size
distribution than the synthetic sediment sample. Such wide
particle size distribution could reduce the probability of the
hydrate nucleation (corresponding to a longer induction time).
vs. time for the synthetic sediment sample.

This journal is © The Royal Society of Chemistry 2021
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On one hand, the presence of sediment grains with large size
and accordingly lower specic surface area potentially provides
fewer nucleation sites hence lower nucleation probability;20 on
the other hand, the presence of small particles results in an
extremely higher capillary pressure, hence higher amount of
interstitial water with no direct contact with the gas phase.
Apart from that, water molecules become less ordered with
increasing distance away from the grain surface when the local
saturation increases.59 Therefore, it would be expected that the
induction times of the thermal cycles for the natural sediment
sample last longer than those of the synthetic sediment sample.
The mild effect of the rst cycle on the induction times of the
second and third cycles could be attributed to the duration in
which the sediment sample was out of the stability zone aer
the dissociation. Our results indicate that the natural sediment
sample has been out of its stability zone for around 6 and 4.5
hours prior to the second and third cycles, respectively, much
higher than those for the synthetic sediment sample. This long
duration could not only suppress the memory effect but also
cause the methane gas dissolved in the rst cycle to escape from
the aqueous phase.

Although the rst thermal cycle did not have a strong
inuence on the induction times of the second and third cycles,
it had a remarkable effect on the hydrate formation time.
According to Table 3, the hydrate formation times of the second
and third cycles are 32.6 and 44.1% lower than that of the rst
cycle. Such remarkable decrease in the hydrate formation time
could be attributed to the effect of the pore water redistribution
on the grain surfaces in the rst cycle because the memory
effect and the dissolved methane gas are unlikely to promote
the hydrate nucleation here, as discussed earlier. In fact, in
contrast with the relatively well-rounded synthetic sediment
sample with high sphericity, the redistribution of water in the
natural sediment sample with different sphericity and round-
ness could increase the gas–water interface and promote the
likelihood of multiple nucleation events. This effect could be
conrmed by comparing the smoother and faster behaviour of
the MI values in the second and third cycles with that of the rst
cycle in Fig. 3(b).
Fig. 5 (a) Hydrate and water saturations, and (b) water conversion rate v

This journal is © The Royal Society of Chemistry 2021
The hydrate and water saturations in conjunction with the
water conversion rate for the natural sediment sample are
plotted versus time in Fig. 5. Similar to what observed for the
synthetic sediment sample, there is still some remaining water
unavailable for the hydrate formation during each thermal
cycle. The residual water saturations for the natural sediment
sample at the end of the hydrate formation stage are 0.073,
0.071, and 0.094 for the rst, second and third cycles, respec-
tively, corresponding to 70.3, 66.6, and 55.1% total water
conversion to hydrates, showing a decreasing trend with the
thermal cycle, in contrast with that of the synthetic sediment
sample. Therefore, it could be speculated that the inuence of
the thermal cycles on the residual water saturation aer
completion of an individual hydrate formation highly depends
on the sediment characteristics, particularly type and particle
size distribution since they control the capillarity in porous
media and accordingly, determine the water and gas distribu-
tions and the availability of the gas–water interface. For the
natural sediment sample with a much wider particle size
distribution and more capillarity at the small pores in
comparison with the synthetic sediment sample, it is possible
to have a higher amount of water, obscured by the already
formed hydrates with no direct contact with the gas phase.
Decrease of the total water conversion to hydrates for the
natural sediment sample with the thermal cycle could be also
attributed to the amount of dissolved methane remaining in the
aqueous phase aer the dissociation in each cycle. For instance,
while the redistribution of pore water during the hydrate
formation and dissociation stages of the rst cycle increases the
gas–water interface and hydrate formation rate, the probability
of hydrate nucleation in the aqueous phase could substantially
decrease because there would be less dissolved methane in
water, limiting the diffusion of the hydrate crystal into the
aqueous phase.
3.2. Spatial characteristics

3.2.1. Distribution/redistribution of water during the
hydrate formation stage. The low-resolution images acquired
s. time for natural sediment sample.

Sustainable Energy Fuels, 2021, 5, 1567–1583 | 1575
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during the hydrate formation and dissociation stages could
efficiently assist with the detailed investigation of the kinetics of
the hydrate formation/dissociation in porous media (see
Section 3.1), and to some extent, they allow us to perform
analysis on the spatial characteristics of these processes. In this
section, the mean intensity values of the MRI signals in the
horizontal direction (MIH) were obtained and plotted versus the
pixel number in the vertical direction initially (upon the
temperature adjustment to 2.0 �C) and at the end of the four
quarters of the hydrate formation time of all thermal cycles for
both synthetic and natural sediment samples in Fig. 6 and 7,
respectively. The MIH values could appropriately provide
detailed spatial information regarding the distribution/
redistribution of water along the samples during the hydrate
formation stage of each thermal cycle. It should be noted that
the drastic changes in the MIH represent the hydrate nucleation
events along the sample whereas the gradual changes are due to
slow hydrate growth, similar to the behaviour of the MI values
observed in Fig. 3. The values of the standard deviation (SD) of
the MIH values were also provided in Fig. 6 and 7 as they could
serve appropriately as criteria to investigate the homogeneity of
the water distribution in the vertical direction.
Fig. 6 MIH values versus the pixel number in the vertical direction initially
first, (b) second, and (c) third thermal cycles for the synthetic sediment s

1576 | Sustainable Energy Fuels, 2021, 5, 1567–1583
Fig. 6(a) depicts the MIH values versus pixel number in the
rst thermal cycle for the synthetic sediment sample. As
observed in a pore-scale, water is heterogeneously distributed
along the sample initially, suggesting that water was not
homogeneously distributed in pore space aer the initial gas
injection. The consumption and/or redistribution of water due
to the nucleation events during the rst and second quarters
maintain or even increase the heterogeneity along the sample.
At the end of the third and nal quarters, however, the residual
water distribution becomes more homogeneous along the ROI.
In Fig. 6(b) and (c) illustrating the variations in the subsequent
cycles, the initial water distribution along the sample is rela-
tively homogenous, inuenced by the hydrate formation/
dissociation in the rst cycle. For both subsequent cycles, the
heterogeneity at the end of the rst quarter becomes slightly
higher, mainly due to the multiple nucleation events
throughout the sample, and it can also be seen that the water
content and distribution are almost the same along the sample
at the end of the other quarters. Therefore, it could be
concluded that the cyclic hydrate formation/dissociation may
promote homogeneous distribution of water and gas in porous
media. It should be also noted that, according to Fig. 6(a)–(c),
and at the end of four quarters of the hydrate formation time of the (a)
ample, together with (d) their standard deviation (SD).

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 MIH values versus the pixel number in the vertical direction initially and at the end of four quarters of the hydrate formation time of the (a)
first, (b) second, and (c) third thermal cycles for the natural sediment sample, together with (d) their standard deviation (SD).
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the gravity appears not to have a measurable inuence on the
water distribution along the sample because higher MIH values
were not observed at the bottom of the sample over time.

Fig. 7(a) illustrates the MIH values versus pixel number in the
rst thermal cycle for the natural sediment sample. Similar to
what observed for the synthetic sediment sample, the initial
water distribution along the natural sediment sample is mark-
edly heterogeneous, due to the inhomogeneous displacement of
water by methane during the gas injection step. Over time,
however, the formation of the hydrate crystals and redistribu-
tion of water lead to a more homogeneous water distribution
along the sample. In Fig. 7(b) and (c) providing the variations in
the second and third cycles, it can be seen that water is
homogeneously distributed along the sample initially, affected
by the hydrate formation and dissociation in the rst cycle. As
discussed in Section 3.1.2, the induction time of these two
cycles was not inuenced by the rst cycle as noticeably as their
hydrate formation time. Thus, it can be seen that the hetero-
geneity of the water distribution along the sample increases
during the rst and second quarters. Compared with the
distribution of water for the synthetic sediment sample at the
end of the third and nal quarters, the water distribution here is
relatively heterogeneous, primarily due to the differences in the
capillarity imposed by the particle size distribution. Therefore,
This journal is © The Royal Society of Chemistry 2021
in contrast to what observed for the synthetic sediment sample,
the water distribution in the natural sediment sample did
become evener but the change in the homogeneity was not as
signicant as in the synthetic sediment sample at the end of the
third and nal quarters. This may suggest that the effect of the
cyclic hydrate formation/dissociation on the uid distribution
in the pore space does exist but becomes weaker in natural
sediments.

3.2.2. Distribution/redistribution of water, gas, and
hydrates aer completion of the hydrate formation stage. The
high-resolution images taken aer completion of the hydrate
formation and dissociation stages provide further information
with an enhanced resolution regarding the spatial distribution
of the co-existing phases during the hydrate formation/
dissociation. Similar to what conducted on the low-resolution
images, the analysis of the high-resolution images was carried
out on a ROI with a data matrix size of 200 px � 470 px cropped
out of the 512 px � 512 px images to minimize the effect of the
walls and artifacts on the MI values.

The high-resolution images were analysed using MATLAB
Image Processing Toolbox, attempting to nd the 2D spatial
distribution of the co-existing phases (hydrates, water, and
methane) at the ROI upon completion of the hydrate formation
stage of each thermal cycle for both synthetic and natural
Sustainable Energy Fuels, 2021, 5, 1567–1583 | 1577
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Fig. 8 2D spatial distribution of the co-existing phases at the ROI after
completion of the hydrate formation stage of the (a) first, (b) second,
and (c) third thermal cycles for the synthetic sediment sample.

Fig. 9 2D spatial distribution of the co-existing phases at the ROI after
completion of the hydrate formation stage of the (a) first, (b) second,
and (c) third thermal cycles for the natural sediment sample.
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sediment samples. To the best of our knowledge, there is not
any similar work in the literature applying this method on the
high-resolution magnetic resonance images to obtain the
spatial distribution of gas hydrates in porous media. It should
also be noted that our method is similar to the Differential
Imaging Technique, which has been used by the other scholars
in the X-ray micro-CT imaging studies.64,65

The procedure followed in this study for determination of
the spatial distribution of the co-existing phases in the sedi-
ment samples relies on the evolution of the intensity values of
each pixel during the hydrate formation process as well as the
values of the porosity and saturations. This procedure holds
three assumptions:

(1) The grain particles keep being still during the whole
process. The re-arrangement of the grain particles during each
experiment could be caused by either the injection of gas or
hydrate-forced heave. As discussed in Section 2.3, methane was
injected into the cell with a rate of 5.0 ml min�1 in order to
minimize the possibility of the viscous driven re-arrangement of
the grain particles. Moreover, according to Table 3, the initial
water saturation for both sediment samples are less than 30%.
Therefore, the hydrate saturation at the end of the thermal
cycles is not higher than 30% (see Fig. 4(a) and 5(a)), hence it is
not expected that the hydrate-forced heave would be able to
displace the grain particles.

(2) The volume occupied by the hydrate crystals is provided
by water. Our experimental studies on the partially saturated
hydrate-bearing sediment samples have shown that the volume
occupied by hydrates is provided by pore water even though the
gas saturation slightly decreases due to the volume expansion
associated with the conversion of water to hydrate crystals with
a lower density.

(3) The values of the porosity and saturations obtained for
the sample by using the other methods are valid for the ROI. In
this study, the saturation of each individual phase has been
obtained by analysing the images acquired from the same
region with only a different resolution. It should also be noted
that the porosity values of the sediment samples were assumed
to be around 40–43%, according to our previous studies.66,67

The procedure includes three steps. The rst step is to
analyse the high-resolution image at the fully water-saturated
state to obtain the spatial distribution of the grains as well as
the pore space throughout the image in compliance with the
porosity of the sample. Next, the image at the partially saturated
state is analysed and compared with that at the fully saturated
state in compliance with the water and gas saturations to obtain
the regions whose water content is removed during the gas
injection step. The analysis at this step yields the initial water
distribution prior to the hydrate formation. The nal step is to
conduct the analysis on the image taken aer the completion of
the hydrate formation stage with respect to the saturation
values to recognize the pixels occupied by the hydrate crystals.
In this study, the rst step was conducted once for each sedi-
ment sample, and the second and third steps were carried out
for each individual cycle independently.

Fig. 8 and 9 illustrate 2D spatial distribution of the co-
existing phases at the ROI aer completion of the hydrate
1578 | Sustainable Energy Fuels, 2021, 5, 1567–1583
formation stage of the rst, second, and third thermal cycles for
both synthetic and natural sediment samples, respectively. In
Table 4, we compared the hydrates and residual water satura-
tions obtained via analysing the low-resolution images at the
end of the hydrate formation stage of all three cycles with those
obtained via analysing the high-resolution images for both
synthetic and natural sediment samples. As observed, the
relative difference of the hydrates and water saturations are less
than 8 and 16% for the synthetic sediment sample, and less
than 3 and 12% for the natural sediment sample, respectively,
conrming the reliability of the proposed method. In Fig. 8 and
9, an interesting observation according to the distribution of
This journal is © The Royal Society of Chemistry 2021
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Table 4 Comparison of the hydrates and residual water saturations obtained via analysing the low-resolution images (L) at the end of the hydrate
formation stage of all three cycles with those obtained via analysing the high-resolution images (H) for both synthetic and natural sediment
samples

Sediment type Cycle

Residual water saturation (�) Hydrates saturation (�)

L H
Rel. difference
(%) L H

Rel. difference
(%)

Synthetic C#1 0.067 0.073 8.213 0.286 0.276 3.440
C#2 0.046 0.054 16.522 0.266 0.245 8.011
C#3 0.044 0.048 8.780 0.245 0.239 2.482

Natural C#1 0.073 0.082 12.701 0.218 0.220 0.772
C#2 0.071 0.070 0.744 0.180 0.182 1.314
C#3 0.094 0.097 3.131 0.146 0.150 3.063
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hydrates is the co-existence of different pore-scale habits
including pore-lling, load-bearing and even cementation
throughout both samples. This implies that different pore-scale
habits may co-exist in gas hydrate-bearing porous media with
a given gas hydrate saturation and it might not be logical to
assign marginal hydrate saturation values for each habit.
However, we believe further investigation is necessary to be
conducted at different initial water saturations by employing
MRI or the other available pore-scale visualisation techniques.
The hydrate and residual water saturations in the horizontal
direction (Sh,H, Swr,H) were also obtained, their SD values were
calculated, and provided in Fig. 10. As can be seen, the spatial
distribution of hydrates and residual water in the second and
third cycles is more homogeneous throughout the sediment for
both sediment samples, inuenced by the rst thermal cycle of
the hydrate formation/dissociation.

The proposed method is able to distinguish methane
hydrates from pure water in ne-grained porous media;
however, there are some sources of uncertainty associated with
the method. For instance, this method was applied on 2D
magnetic resonance images hence would not be able to capture
3D nature of the hydrate formation in porous media. Moreover,
the thickness of each pixel is 2.0 mm hence its intensity is
averaged through a relatively large volume. This is possibly why
we still observe some regions where residual water neighbours
Fig. 10 SD of the hydrate and residual water saturations in the horizontal
the thermal cycles for the (a) synthetic and (b) natural sediment samples

This journal is © The Royal Society of Chemistry 2021
the gas phase at the end of the hydrate formation stage. In fact,
it would be ideally expected that no gas–water interface is found
throughout the sample upon completion of the hydrate
formation. Apart from that, since the images were taken aer
the completion of the hydrate formation stage, it was not
possible to monitor the redistribution and/or expulsion of water
during the process. Nevertheless, the method could be
improved by using state-of-the-art fast MRI technologies and
modifying the image acquisition parameters and/or experi-
mental method (imaging sequences, coil design, .) in future
studies, attempting to minimize the uncertainties.

This work efficiently assisted with shedding light on the gas
hydrate nucleation and growth phenomena in porous media
and provided further insights into the kinetics of the hydrate
formation. One potentially interesting study aligned with this
work is to further investigate the effect of the other driving
forces triggering the nucleation events since the thermally
induced hydrate formation process studied here would not be
necessarily associated with the mass transfer from/to the
system, despite the pressure-induced process. The effects of the
other key factors such as the salinity, initial saturation, and
history of pore water together with the sediment mineralogy,
clay content and degree of consolidation are also necessary to
be investigated. These experimental studies could effectively
help with gaining more insights into the process of the hydrate
direction (Sh,H, Swr,H) after completion of the hydrate formation stage of
.

Sustainable Energy Fuels, 2021, 5, 1567–1583 | 1579

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D0SE01705A


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

/1
5/

20
25

 9
:4

2:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
formation in porous media and improve the accuracy of the
models aiming at the prediction of the physical properties and
response of gas hydrate-bearing sediments to different stimuli.

4. Conclusions

In this work, the kinetics and spatial characteristics of the
thermally induced methane hydrates formation in both
synthetic and natural sediment samples were studied by using
magnetic resonance imaging. Low-resolution images were
taken from each sediment sample during the hydrate formation
and dissociation stages of three consecutive thermal cycles in
order to investigate how the rst cycle of the formation/
dissociation could inuence the induction time, hydrate
formation rate, and saturations of each phase in the subsequent
cycles. High-resolution images taken from the samples were
also used to infer the spatial distribution of methane hydrates,
gas and water in pore space upon completion of each thermal
cycle.

The experimental results demonstrate that the kinetics of
the hydrate formation in porous media is substantially inu-
enced by the thermally induced cyclic formation/dissociation
processes. It was indicated that the induction and hydrate
formation times of the second and third thermal cycles
decrease due to the memory effect, enhanced dissolution of
methane in the aqueous phase and the redistribution of water
associated with the rst cycle of the hydrate formation and
dissociation. Moreover, the hydrate formation proceeds in
traditionally believed “ts and starts” manner in the rst cycle,
characterised by the stepped trend due to the limited nucleation
followed by growth, in contrast with the fairly smooth and
curved trend in the subsequent cycles, due to the multiple and
fast hydrate nucleation events. The induction times of the
thermal cycles for the natural sediment sample were compared
with those for the synthetic sediment sample to understand the
effect of the sediment grain type and size distribution. The
results indicated that the induction times of all three cycles for
the natural sediment sample are much longer and the effect of
the rst cycle on the induction times of the subsequent cycles is
not strong. The low-resolution images were also used to analyse
the spatial characteristics of the hydrate formation stage of all
thermal cycles for both sediment samples. Lastly, an innovative
method was proposed for the rst time in which the high-
resolution images were used to obtain the 2D spatial distribu-
tion of the co-existing phases (methane hydrates, gas, and
water) aer completion of the hydrate formation stage of each
thermal cycle for both synthetic and natural sediment samples.
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