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ABSTRACT: This paper reports the formation and dissociation pattern of hydrate crystals with
varying compositions of CH4 and CO2 in porous media. Direct visualization was carried out using a
high-pressure, water-wet, silicon wafer-based micromodel with a pore network resembling sandstone
rock. Hydrate crystals were formed under reservoir conditions (P = 45−65 bar and T = 1.7−3.5 °C)
from either a two-phase system consisting of liquid water and a CH4−CO2 gas mixture or a three-
phase system consisting of liquid water, CH4-rich gas, and CO2-rich liquid. A stepwise pressure
reduction method was later applied to visualize multiple dissociation events occurring between the
equilibrium pressures of pure CH4 hydrates and pure CO2 hydrates. The results showed that liberated
gas from the initial dissociation became trapped and immobilized by surrounding undissociated
hydrate crystals when the initial hydrate saturation was high. Mixing of liberated gas with liquid water
led to rapid reformation of hydrates during the stepwise pressure reduction; the reformed hydrate
crystals dissociated at a lower pressure close to the equilibrium pressure of pure CO2 hydrates. The
results demonstrate the possibility of producing gas liberated from local hydrate dissociation while
simultaneously reforming hydrates in other parts of the sediments. This is relevant for the proposed
production method where CO2 injection in CH4 hydrate reservoirs is followed by pressure depletion to enhance the CH4 gas
recovery.

1. INTRODUCTION

Gas hydrates are ice-like crystalline substances formed when
guest molecules, such as methane (CH4) or carbon dioxide
(CO2), react with water at moderate-to-high pressures and
low temperatures. Natural gas hydrate reservoirs found in
permafrost-affected sediments and in offshore deep-sea
sediments are potential targets for CO2 storage and associated
carbon-neutral CH4 gas production. When CO2-rich gas is
injected into CH4 hydrate reservoirs, spontaneous CH4/CO2
exchange takes place due to differences in the chemical
potentials between CH4 and CO2 hydrates.1 The exchange
process is driven by favorable thermodynamics and is believed
to be characterized by two stages: a rapid surface reaction with
partial dissociation followed by solid diffusion of guest
molecules penetrating through the formed mixed hydrate
layer and deeper into the hydrate crystal.2,3 A constant rate
transformation process in which CH4 hydrate crystals exposed
to CO2 decreased in size and some even disappeared over
time has also been observed.4 Nevertheless, a collection of
mixed hydrates with compositions ranging between pure CH4
hydrates and pure CO2 hydrates will form in the reservoir
during the CO2 injection. Heat release will also occur as CO2
reacts with pore water to form CO2 hydrates, which may
induce dissociation of nearby preexisting CH4 hydrates.
Overall, there will be numerous phase transitions taking
place involving mixed hydrates of CH4 and CO2. Fundamental
knowledge of these phase transitions is essential to enable an

accurate modeling of CO2 injection into CH4 hydrate
reservoirs and to increase the understanding of the CH4/
CO2 exchange process.
Micromodels have recently been used in experiments to

study and visualize gas hydrate pore distributions during
formation and dissociation. Tohidi et al.5 used glass
micromodels to visualize CH4 hydrate formation in the
presence of water-soluble tetrahydrofuran at an atmospheric
pressure and CH4 and CO2 hydrate formation at a high
pressure. Katsuki et al.6 used glass micromodels to study the
subcooling effect on CH4 hydrate growth kinetics. Hauge et
al.7 discussed the formation of pure CH4 and pure CO2

hydrates using high-pressure silicon micromodels and
concluded that the growth pattern depended on the fluid
connectivity and the local fluid distribution. The same
micromodels were used by Almenningen et al.8 to visually
determine the phase stability of CH4 hydrates in sandstone
pores. A comprehensive description of the pore-scale growth
pattern of CH4 hydrates was given by Almenningen et al.,9
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and the nature of CO2 hydrate self-sealing during CO2 storage
in aquifers was also studied using the micromodels.10,11

This paper extends the research on visualization of pore-
scale hydrate phase transitions in sediments to include
mixtures of CH4 and CO2 hydrates. Previous studies on
mixed hydrates include equilibria measurements12,13 and
measurements of kinetics and long-term storage potential,14

but these studies were limited to bulk hydrate investigations
using cell reactors. Cell reactors and gas chromatography have
also been used to analyze dissociation enthalpies and exchange
efficiencies of mixed hydrates in porous media.15,16 Here, we
provide a qualitative analysis of CH4/CO2 hydrate formation
and subsequent dissociation at a constant temperature above 0
°C using a high-pressure micromodel replicating a cross
section of porous sandstone rock. Hydrates were formed at a
constant pressure and gradual dissociation was conducted by
stepwise depressurization. Direct optical visualization at the
pore scale was used to evaluate the effect of fluid phases,
saturation, and distribution on hydrate phase transitions in
coarse-grained sediments.

2. MATERIALS AND METHODS
2.1. Experimental Setup. The 2D micromodel used in this

study was capable of withstanding a pressure up to 150 bar and a
temperature down to −3 °C. The model was made of a silicon wafer
connected anodically to a borosilicate glass plate on top. A 2D pore
network replicating a thin section of Berea sandstone was etched into
the silicon wafer with the deep reactive ionic etching (DRIE)
technique.17 The average pore diameter was approximately 100 μm
and the pore height was constant and equal to 25 μm. The DRIE
technique provided sharp pore corners, rough pore walls, and a high
aspect ratio, and the anodic-bonding technique resulted in uniformly
water-wetted grains.8 The solid grains were thus coated with thin
water films, while the gas resided in the middle of the pores. The
total pore volume of the micromodel was approximately 10 μL.
The micromodel was equipped with a nano-port in each corner of

the model (Figure 1). The nano-ports had nano-tubing guides with
rubber packing (Upchurch/IDEX), which were connected to high-
pressure pumps (Chandler Engineering, Quizix Q5200) using a
combination of 1/16″ PEEK (polyetheretherketone) and stainless-

steel tubing. Three separate pumps, each filled with either distilled
water, CH4 gas, or liquid CO2, were connected to separate ports in
the micromodel and were used to inject and produce fluids. The
pressure sensors in the pumps provided pressure readings of the pore
pressure. The micromodel was mounted between two aluminum
frames and placed inside the inner chamber of a dual-chamber
cooling system. The micromodel was fully submerged in still water in
the inner chamber ,while a mixture of antifreeze and water was
circulated in the outer chamber using a cooling bath. The outer and
inner chambers were separated by aluminum walls, which allowed for
a rapid heat exchange between the micromodel and the cooling fluid.
The system temperature was measured by a thermocouple
(HH506RA Omega Multi-logger) placed in the still water directly
beneath the micromodel. The thermal conductivity of the silicon
wafer was around 1.3 W/(cm °C) compared to that of water, which
is around 0.006 W/(cm °C). The constant temperature of the still
water was therefore effectively transferred to the entire micromodel
and the temperature gradient within the micromodel was believed to
be small. A stereomicroscope (Nikon SMZ1500) connected to a
DSLR camera (NikonD7100) were used to visualize and record
phase transitions in the pore space. The working distance between
the micromodel and the microscope was 54 mm and the field of view
(FOV) was of the order of 2 × 2 mm using a 1× objective lens and
110× magnification. A cold-light source (Photonic LED F1, 5500K)
was used to illuminate the FOV.

2.2. Experimental Procedure and Data Processing. The
micromodel was initially flushed with distilled water to displace the
air from the pore space and to ensure 100% water saturation. The
pore pressure was then increased to a constant value of 45−65 bar by
water injection. The water pump was set to a constant pressure
operation, while CH4 gas was injected into the model from a separate
injection port. The pores were then saturated with a given amount of
CH4 gas by water displacement. Afterward, as the CH4 gas injection
was stopped, liquid CO2 was injected into the model from a separate
injection port. The pores were then saturated with a given amount of
liquid CO2 by water and CH4 gas displacement. The final saturation
of water, CH4 gas, and liquid CO2 varied between each experiment.
The water pump was then shut off and disconnected from the model.
The CO2 pump was also shut off but remained connected to the
model, providing a reservoir of liquid CO2. The CH4 pump was set
to a constant pressure operation and maintained a constant pore
pressure during the hydrate formation process, likely resulting in a
mixture of hydrates with varying CH4 and CO2 compositions. The

Figure 1. Overview of experimental setup (left) and close-up of the micromodel saturated by gas and water (right). The experimental setup
includes high-pressure pumps for injection and production of fluids, a refrigerator bath for controlling the temperature, a microscope, and a
camera for recording images of the pore space.
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hydrate formation was initiated by reducing the system temperature
to a constant value of 1.7−3.5 °C. Hydrates usually started forming
1−2 h after the system temperature was set below the equilibrium
temperature of pure CH4 hydrates. In a few cases, when hydrate
nucleation did not start within 5 h, the hydrate formation had to be
triggered by flowing CH4 gas through the pore space for a couple of
seconds. The agitation involved with the temporary fluid flow
induced hydrate nucleation within minutes after the injection was
stopped.
The hydrate formation was terminated after 24 h when the phase

transitions stopped and the fluid and hydrate saturations became
constant. The CO2 pump was then disconnected from the
micromodel and the pressure was lowered by the CH4 pump
through constant volumetric gas production (10 mL/h) until the
pressure reached 1−2 bar above the equilibrium pressure of pure
CH4 hydrates. Hydrate dissociation was initiated by stepwise
pressure reductions by the CH4 pump in decrements of 1 bar. The
pressure was kept constant for at least 30 min after each pressure
step to allow phase transitions to occur. The stepwise pressure
depletion was continued until all solid hydrates dissociated in the
FOV.
All phase transitions and changes in saturation were recorded

continuously during hydrate growth and dissociation. Pore-scale
images were processed and segmented by the software Paint.net.
Segmentation of phases allowed for calculation of 2D fluid
saturations using a MATLAB code. For instance, the hydrate
saturation was calculated by counting the number of pixels attributed
to the hydrate phase and dividing that number by the number of
pixels attributed to the entire pore space. However, the pores were
not strictly 2D because of their vertical depth of 25 μm. Different
fluid phases could therefore reside on top of each other in the same
pore through the vertical profile, especially when layered hydrates
formed at the gas−water interface.9 Differentiation between hydrate
morphologies was then conducted based on the refractive index of
each phase (Table 1). The difference in the refractive indices
between solid hydrates and gas was used to infer formation of
hydrate films along the gas−water interface.18

3. RESULTS AND DISCUSSION
3.1. Two-Component Hydrate Phase Transitions: CO2

and Water. Pure CO2 hydrate formation was carried out at
constant P = 67 bar and T = 3.5 °C (Peq = 18.3 bar) and the
hydrate formation sequence is shown in Figure 2. Images 2a
(raw) and image 2b (segmented) display the initial fluid
distribution of liquid CO2 (yellow) and liquid water (blue).
The initial CO2 hydrate formation at the CO2−water interface
was quick and the CO2 hydrate encapsulated the liquid CO2
within seconds (Figure 2c). The formed CO2 hydrate film was
initially thin, and the hydrate film collapsed and reformed
continuously, enabling the liquid CO2 to displace liquid water
in some of the pores (Figure 2d). Uchida et al.21 observed the
propagation of a secondary hydrate film on the CO2−water
interface of a single water droplet within seconds after hydrate
nucleation. After several minutes (Figure 2e), the hydrate film
reached a thickness that inhibited further movement of the
fluid phases. The hydrate film continued to grow slowly
during the next 16 h (Figure 2f), but neither was
crystallization of hydrates observed in the water phase nor

was the CO2 phase fully consumed by hydrate formation in
this experiment. Previous CH4 and CO2 hydrate formation
and dissociation studies using micromodels suggest that CO2
hydrates form more easily in the water phase compared to
CH4 hydrates because of the higher CO2 solubility in water.7

During CO2 hydrate formation in a flow experiment,
nucleation started at the CO2−water interface with
encapsulation of the liquid CO2 phase followed by complete
crystallization of the liquid water phase.10 The flow experi-
ment was conducted at a similar pressure as in this study, but
the system temperature was 1.3 °C as opposed to 3.5 °C here.
This suggests that the likelihood of hydrate crystallization in
the water phase increases with increasing driving forces, which
was also observed for CH4 hydrates in another study.22 The
driving forces also control the shape of the hydrate crystals
and the hydrate crystal growth rate on the gas−water
interface.23−27 The hydrate nucleation rate is shown to
depend on the degree of supersaturation of CH4 and CO2
in the liquid water.28

The pressure was depleted at a constant volumetric rate
equal to 10 mL/h to initiate hydrate dissociation (Figure 3).
The first 20 bars of pressure reduction did not change the
hydrate saturation or the hydrate morphology as the pressure
was still above the equilibrium pressure (Figure 3c). However,
the hydrate-encapsulated liquid CO2 vaporized to gaseous
CO2 as the pressure was lowered below 47 bar. The bubble
point pressure for CO2 in the pump (T = 21 °C) was 58.6
bar, whereas it was 38.2 bar at the system temperature of 3.5
°C.29 The phase transition led to a darkening of the hydrate
film (Figure 3c,d) caused by the decrease of the refractive
index of CO2 as CO2 converted from liquid to gas. The phase
transition of CO2 in the FOV demonstrated that the pressure
depletion was effectuated throughout the pore space and the
CO2 hydrate started to dissociate immediately following
pressure depletion below the equilibrium pressure (Figure 3e).
The CO2 hydrate film dissociated predominantly from the
center of pores and outward toward the grain walls. The
liberated CO2 gas from the hydrate film escaped the
dissociation front through convective flow in the already
connected CO2 gas phase. However, the viscous two-phase
flow of water and CO2, coupled with local temperature
depressions because of endothermic hydrate dissociation, led
to temporary hydrate reformation in the entire FOV (Figure
3g,h). The hydrate reformation was instant and obstructed the
fluid flow in the FOV completely for 4 min. Similar hydrate
reformations were observed on a larger scale during
depressurization of xenon hydrates.30

3.2. Three-Component Hydrate Phase Transitions:
CH4, CO2, and Water. 3.2.1. Formation of Hydrates with
Varying Compositions. Hydrate formation from CH4, CO2,
and water was conducted at a constant pressure and
temperature for different initial fluid saturations (Table 2).
Two experiments (Exp. 2 and 3) had low initial water
saturations (Sw < 0.50) and high CH4-rich gas saturations (Sg
> 0.50). Another two experiments (Exp. 4 and 5) had high
initial water saturations (Sw > 0.50) and low CH4 and CO2
saturations; Exp. 5 had a CH4-rich gas saturation of 0.34,
while Exp. 4 had both a CO2-rich liquid saturation of 0.30 and
a CH4-rich gas saturation of 0.05. The last experiment (Exp.
6) had close to 100% water saturation with trace amounts of
both CH4-rich gas and CO2-rich liquid. The pressure and
temperature were well within the hydrate stability zone for
both pure CO2 hydrates and pure CH4 hydrates (Figure 4).

Table 1. Refractive Indices of the Different Fluid Phases

fluid phase refractive index

gas hydrates 1.3519

gas 1.00
liquid water 1.33
liquid CO2 1.20−1.2520
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The pressure was also sufficiently high to allow for three
phases to coexist prior to hydrate formation: water, CH4-rich

gas, and CO2-rich liquid. Whether three separate phases
existed or not depended on the amount of CH4 relative to the

Figure 2. CO2 hydrate formation from liquid CO2 (yellow) and water (blue) at P = 67 bar and T = 3.5 °C (Exp. 1). (a,b) Initial fluid
distribution. (c) CO2 hydrate film encapsulates the liquid CO2. (d) Rearrangement of the liquid interfaces during hydrate film growth. (e,f) The
hydrate film surrounding the liquid CO2 thickens with time.

Figure 3. CO2 hydrate dissociation by pressure depletion at a constant volumetric rate equal to 10 mL/h (Exp. 1). The system temperature is
constant and equal to 3.5 °C. (a,b) Initial fluid and CO2 hydrate distribution. (c,d) Hydrate-encapsulated liquid CO2 converts to gaseous CO2
above the CO2 hydrate equilibrium pressure. (e,f) The CO2 hydrate film dissociates as the pressure is lowered below the CO2 hydrate equilibrium
pressure. (g,h) Rapid reformation of CO2 hydrates occurs. (i) Complete CO2 hydrate dissociation.
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amount of CO2 that was present in the pore space.31 A
mixture of CH4 and CO2 that allowed for the coexistence of
three phases was achieved in Exp. 4 and 6.
3.2.1.1. Low Initial Water Saturation. Two experiments

(Exp. 2 and 3) had a low initial water saturation with the
remainder of the pore space saturated with CH4-rich gas
containing dissolved CO2. The temperature and pressure were
64 bar and 3.5 °C, respectively, during hydrate growth in Exp.

2 and the formation sequence is detailed in Figure 5. The
hydrate growth started at the gas−water interface and
encapsulated the gas phase within seconds (Figure 5c). The
water remained as liquid during the first 6 min of the
formation (Figure 5d), but eventually the liquid water
crystallized into solid hydrates (Figure 5e). The crystallization
of the water phase transpired gradually and simultaneously in
the entire FOV. The final fluid configuration consisted of a
mixture of massive hydrates and hydrate-encapsulated gas
(Figure 5f). The thickness of the hydrate film that
encapsulated the gas phase varied from pore to pore based
on the local availability of gas and water. The liquid water was
fully consumed since water was the limiting component of the
hydrate growth process.
The hydrate formation pattern was similar in Exp. 3 where

the pressure and temperature were 45 bar and 2.2 °C,
respectively (Figure 6). However, in this experiment, a couple
of isolated gas bubbles existed in the pore space prior to
hydrate formation in addition to the continuous gas phase
(Figure 6a,b). These gas bubbles were not affected by the
initial hydrate film that swept the entire gas−water interface of
the continuous gas phase (Figure 6c). This shows that the
initial hydrate nucleation originated at discrete places. Once
the hydrate nucleated at a point on the gas−water interface,
the hydrate film spread quickly to cover the entire gas−water
interfacial area. At the same time, neighboring gas bubbles
were unaffected by this hydrate formation for several minutes.
Instead, the isolated gas bubbles started to dissolve into the
liquid water to sustain hydrate formation in the water phase
(Figure 6d). The liquid water gradually crystallized into
hydrates (Figure 6e) and the final fluid configuration (Figure
6f) mimicked the final configuration obtained in Exp. 2.

3.2.1.2. High Initial Water Saturation. The pore space was
saturated with sufficient CO2 to allow for a separate CO2-rich
liquid phase to exist in Exp. 4. The remainder of the pore
space was filled with water and a couple of CH4-rich gas
bubbles (Figure 7). The gas bubbles were floating on top of
the CO2-rich liquid phase because of the buoyancy (Figure
7a,b). The thermodynamic driving force was strong as the

Table 2. List of Pressure and Temperature Conditions
during Hydrate Formation at Different Initial Fluid
Saturationsa

constant P and T initial saturation

Exp. P (bar) T (°C) Sg Sl Sw

2 64 3.5 0.62 0 0.38
3 45 2.2 0.55 0 0.45
4 65 1.7 0.05 0.30 0.65
5 65 3.1 0.34 0 0.66
6 65 3.5 0.04 0.01 0.95

aSg denotes CH4-rich gas saturation and Sl denotes CO2-rich liquid
saturation.

Figure 4. Hydrate-forming conditions (constant P and T) for all
experiments. The equilibria pressures are calculated by the software
PVTsim Nova.

Figure 5. Hydrate formation from CH4-rich gas (red) and liquid water (blue) at P = 64 bar and T = 3.5 °C (Exp. 2). (a,b) Initial fluid
distribution. (c) Hydrate film encapsulates the gas phase. (d) Liquid water starts to crystallize into hydrates. (e,f) The hydrate film grows thicker
in some regions of the pore space at the expense of other regions where the hydrate film gets thinner.
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pressure and temperature were 65 bar and 1.7 °C,
respectively. This resulted in a swift hydrate formation
where the water phase started to crystallize after a few
seconds before a hydrate film was visible on the CO2-rich
liquid−water interface (Figure 7c). The hydrate film appeared
a couple of minutes later and the separate CH4-rich gas
bubbles dissolved in the CO2-rich liquid as the hydrate film
grew thicker (Figure 7d). Some of the water crystallized into
faceted transparent hydrates (lower left corner Figure 7d−f),
while other parts of the liquid water crystallized into a mixture
of massive hydrates, hydrate films, and entrapped CO2-rich
liquid. Notice that despite the initial water saturation of 0.65
frac., the hydrate formation was still governed by an excess gas
(liquid CO2) supply and eventually all the water converted to

hydrates. During this last stage of the hydrate formation
process, taking several hours in the FOV, the hydrate
distribution rearranged itself because of Ostwald ripening;
large hydrate crystals continued to grow at the expense of
small hydrate crystals. Some of the hydrate films that initially
covered the CO2-rich liquid phase dissociated to fuel further
hydrate formation in other pores, leaving a substantial part of
the pore space saturated with CO2-rich liquid (Figure 7f). The
CO2-rich liquid was left completely immobilized by
surrounding massive hydrates and with no supply of liquid
water that could sustain the hydrate growth.
The initial fluid saturation was 0.66 frac. of water and 0.34

frac. of CH4-rich gas with no separate CO2-rich liquid phase
in Exp. 5. The hydrate formation was conducted at a constant

Figure 6. Hydrate formation from CH4-rich gas (red) and liquid water (blue) at P = 45 bar and T = 2.2 °C (Exp. 3). (a,b) Initial fluid
distribution. (c) The hydrate film encapsulates the gas phase except from the isolated gas bubbles. (d) The liquid water starts to crystallize into
hydrates and the isolated gas bubbles dissolve into the water. (e,f) The hydrate film grows thicker in some regions of the pore space.

Figure 7. Hydrate formation from CH4-rich gas (red), CO2-rich liquid (yellow), and liquid water (blue) at P = 65 bar and T = 1.7 °C (Exp. 4).
(a,b) Initial fluid distribution. (c) Liquid water starts to crystallize into solid hydrates. (d) CH4-rich gas bubbles dissolve in the CO2-rich liquid as
the hydrate film grows on the CO2-rich liquid−water interface. (e,f) The pore space is eventually saturated with CO2-rich liquid completely
immobilized by solid hydrates.
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pressure and temperature of 65 bar and 3.1 °C, respectively,
and the growth process is detailed in Figure 8. The growth of
hydrates initiated at the gas−water interface while the CH4-
rich gas was flowing through the FOV (Figure 8a−c). Notice
how the hydrate layer was spreading across the gas−water
interfacial area from image c to d in Figure 8 in a time period
of 10 s. Again, the isolated gas bubbles that were not
connected to the continuous gas phase were the last to
develop hydrate films (Figure 8d). The hydrate film grew
thicker with time (Figure 8e) and the local supply of liquid
water in the FOV was sufficient to convert nearly all of the gas
to solid hydrates. Most of the pore space was eventually
saturated with massive hydrates and a few trapped
unconverted gas pockets (Figure 8f).

Hydrates were formed from close to 100% water containing
dissolved CH4 and CO2 in Exp. 6. A few CH4-rich gas bubbles
and CO2-rich liquid droplets were also present prior to
hydrate formation (Figure 9a,b). The hydrate-forming
conditions were P = 65 bar and T = 3.5 °C. The initial
hydrate growth occurred instantaneously and the entire water
phase in the FOV crystallized to solid hydrates within seconds
(Figure 9c). The encapsulation of the gas bubbles transpired
rapidly and the CH4-rich gas bubbles and CO2-rich liquid
droplets temporarily maintained their original shape (upper
left corner of image d in Figure 9). However, a profound
transformation of the hydrate morphology occurred from the
initial instantaneous crystallization of the liquid water until
long-term stability was achieved after 16 h. A couple of
minutes after the water had crystallized to solid hydrates,

Figure 8. Hydrate formation from CH4-rich gas (red) and liquid water (blue) at P = 65 bar and T = 3.1 °C (Exp. 5). (a,b) Initial fluid
distribution. (c,d) A hydrate film spreads across the gas−water interfacial area of the continuous gas phase. (e,f) The hydrate film grows thicker
with time until nearly all the gas is consumed.

Figure 9. Hydrate formation from CH4-rich gas (red), CO2-rich liquid (yellow), and liquid water (blue) at P = 65 bar and T = 3.5 °C (Exp. 6).
(a,b) Initial fluid distribution. (c) Liquid water crystallizes immediately to solid hydrates. (d) Part dissociation of the solid hydrates. (e,f)
Hydrates reform and the pore space is eventually saturated with 100% hydrates.
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fluids (gas or liquid) were expelled from the solid hydrate
phase (Figure 9d). The initial crystallization was clearly not
thermodynamically stable and a partial dissociation of the
hydrates followed. Several factors may have caused this
reconfiguration of the hydrate crystals, which all relate to the
instantaneous hydrate formation: (1) the rapid initial hydrate
nucleation may have caused significant local heating. Initial
dissipation of the exothermic heat was slow due to poor heat
convection caused by zero fluid mobility. The liberated fluids
(gas or liquid) slowly started to form hydrates again (Figure
9e) as the local temperature was restored to the system
temperature. (2) The water phase may have been under-
saturated with CH4 and CO2 in other parts of the micromodel
at the time hydrates formed rapidly in the FOV. Partial
dissociation was then inflicted by hydrate formers dissolving
into the water phase. (3) The rapid initial hydrate nucleation
may have resulted in hydrate crystals with a low cage
occupancy, which would have a destabilizing effect on the
hydrate structure. Nonetheless, the pore space was ultimately
saturated with 100% massive hydrates (Figure 9f). Similar
observations of crystal coarsening due to Ostwald ripening are
reported in the literature.4,32

3.2.2. Dissociation of Hydrates with Varying Composi-
tions. A stepwise pressure reduction technique was
implemented to unveil the range of dissociation pressure
values in each experiment (Table 3). The dissociation

sequence was bound by the equilibrium pressure for pure
CH4 hydrates and the equilibrium pressure for pure CO2
hydrates at the given system temperature (Figure 10). The
pressure range at which the hydrates dissociated was therefore

indicative of the relative amounts of CH4 and CO2 present in
the hydrate structure. The effect of hydrate dissociation
kinetics was accounted for by allowing the hydrate phase
transitions to occur for 30 min for each pressure value.
However, this might not always be sufficient time for the
phase transitions to occur in the entire pore space of the
micromodel, depending on the hydrate morphology and
distribution within the pores. The pressure values at which
dissociation events were observed could therefore be affected
by mass transport and fluid transmissibility, especially in the
case when the pores were filled with pore-spanning massive
hydrates.

3.2.2.1. Hydrate Film Dissociation. The final hydrate
distribution was dominated by hydrate films surrounding the
gas phase in Exp. 2 and 3. The large fraction of gas in the pore
space ensured that the pressure depletion was effectuated
throughout the entire pore space and resulted in mixing of
fluids and redistribution of fluid phases prior to initial hydrate
dissociation. This was observed during pressure depletion in
Exp. 2, where water invaded the lower part of the FOV
(Figure 11b) as the pressure was lowered to 38 bar. As the
pressure was lowered further to 37 bar, which was
approximately equal to the equilibrium pressure of pure
CH4 hydrates, reformation of hydrates occurred in the entire
FOV. The newly formed liquid water crystallized into solid
hydrates while a thicker hydrate film developed around the gas
phase (Figure 11c−e). The mobilization of fluids associated
with the pressure depletion inflicted a substantially increase in
the hydrate saturation within the FOV.
The first sign of hydrate dissociation was observed when the

pressure was lowered to 32 bar (Figure 11f). The gas-
encapsulating hydrate film dissociated first and left the
liberated gas immobilized surrounded by solid massive
hydrates (Figure 11f,g). At the same time as the hydrate
film was dissociating, further hydrate reformation occurred at
P = 25 bar as some of the newly liberated gas reacted with
liquid water (Figure 11h−j). The mechanism for this
simultaneous hydrate growth and decomposition is believed
to originate from the different hydrate equilibrium pressures
for CH4 and CO2. The hydrate with a certain composition of
CH4 and CO2 dissociated at a distinct pressure. The liberated
CH4 gas could not react with water and reform to hydrates at
that pressure, but the liberated CO2 gas could, as the pressure
was still above the equilibrium pressure of pure CO2 hydrates.
The effect of the stepwise pressure reduction was therefore to
concentrate the amount of CO2 located in the hydrate
phase.15 The process led to the highest hydrate saturation
being achieved at P = 25 bar with most of the pore space
saturated with massive hydrates and a trapped gas phase
enriched with CH4 (Figure 11j).
The next pressure step to P = 24 bar invoked dissociation of

the newly formed hydrate but the dissociation process was
slow because of the solid non-porous nature of the hydrate
phase (Figure 11k−o). The dissociation front spread across
the pore network as the hydrate in one pore had to dissociate
before the dissociation front moved to the next pore. The
liberated gas was effectively transported downstream by the
connected gas phase. The entire hydrate phase was fully
dissociated as the pressure was lowered to 19 bar, which was
approximately equal to the equilibrium pressure of pure CO2
hydrates.

3.2.2.2. Dissociation of Massive Hydrates. The pore space
was predominantly saturated with massive non-porous

Table 3. Overview of Initial and Final Dissociation
Pressures for Each Experimenta

constant
temperature

equilibrium
pressures

dissociation
observed

dissociation
completed

Exp. T (°C)
PCH4

(bar)
PCO2

(bar) P (bar) P (bar)

2 3.5 36.6 18.3 32 19
3 2.2 32.1 15.6 29 20
4 1.7 30.5 14.7 31 16
5 3.1 35.1 17.4 33 27
6 3.3 35.8 17.8 20 17

aThe equilibria pressures are calculated by the software PVTsim
Nova.

Figure 10. Plot of initial and final dissociation pressures for each
experiment. The equilibria pressures are calculated by the software
PVTsim Nova.
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hydrates after hydrate formation in Exp. 4−6. This meant that
the pressure depletion was necessarily not immediately
transmitted throughout the pore network as the solid hydrate
could block the pore channels prior to dissociation. The local
pressure in the pores in the FOV could therefore deviate from
the pressure recorded in the pump. The first sign of a phase
transition was observed when the pump pressure was lowered
to 31 bar in Exp. 4 (Figure 12), which was equal to the
equilibrium pressure for pure CH4 hydrates. A small bubble of

gas appeared (highlighted in image b in Figure 12) in a pore
saturated by an immobile CO2-rich liquid surrounded by
hydrates. The bubble originated either from local hydrate
dissociation or from CH4 gas coming out of the solution from
the CO2-rich liquid. The gas bubble can be seen floating on
top of the CO2-rich liquid and the hydrate film in Figure 12c.
Another gas bubble appeared as the pressure was lowered to
27 bar (highlighted in image d in Figure 12). The bubble
appeared in a pore that was saturated with a massive non-

Figure 11. Hydrate dissociation by stepwise pressure depletion (Exp. 2). The system temperature is constant and equal to 3.5 °C. (a) Fluid and
hydrate saturation before pressure depletion. (b) Water invades the lower part of the pore space during pressure depletion. (c−e) Hydrate
reformation. (f) Initial dissociation of the hydrate film. (g−j) Simultaneous hydrate dissociation and reformation. (k−o) Slow dissociation until
complete hydrate dissociation.
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porous hydrate and was likely a sign of hydrate dissociation.
Anyhow, the two gas bubbles remained immobile and
increased slowly in size as the pressure was depleted to 16
bar. At that time, a rapid hydrate dissociation occurred in the
entire FOV (Figure 12g−i). The pressure depletion finally
reached the FOV and the dissociation transpired quickly when
the trapped immobile gas phase could flow downstream. The
dissociation characteristics seen in this experiment show that
the pore pressure may be highly variable during pressure
depletion, which can lead to local small-scale phase transitions
without affecting the overall integrity and distribution of the
hydrate and fluid phases.
The FOV was mainly saturated with massive non-porous

hydrates in Exp. 5 with some pores saturated with hydrate
films and immobile CH4-rich gas (Figure 13). The equilibrium
pressure for pure CH4 hydrates was 35 bar (PVTsim Nova)
and initial hydrate dissociation was observed when the
pressure was lowered to 33 bar (highlighted in Figure 13b).
The hydrate dissociation started in a pore saturated with a
hydrate film that encapsulated the gas in the pore. No further
dissociation occurred as the pressure was lowered to 30 bar
(Figure 13c). The pressure was now kept constant to 30 bar
for 14 h due to running the experiment overnight. Nearly all
the hydrates dissociated during this time; both the massive
non-porous hydrate and the hydrate films covering the gas
phase. However, hydrates remained in three separate locations
in the FOV; all the locations were characterized by small and
narrow pores (Figure 13d). The dissociation continued slowly
as the pressure was lowered to 28 bar, but still some hydrate

crystals were observed in one of the pores (Figure 13f). A
rapid reformation of hydrates occurred shortly after the
pressure was set to 28 bar (Figure 13f,g). The largest
connected gas phase in the FOV was instantly covered by a
hydrate film, while other smaller gas bubbles did not form
hydrates (Figure 13g). The selectiveness of the hydrate
reformation was probably due to different contents of CO2 in
the different distinctive gas phases. The phase transitions were
chaotic during this period and simultaneous hydrate growth
and dissociation were observed. After 18 min transpired, most
of the hydrates dissociated again and only patchy
disconnected hydrates were spread across the entire FOV
(Figure 13k). No further phase transitions occurred during the
next 42 min and the pressure was lowered to 27 bar at which
the remaining hydrates gradually dissociated, leaving the gas
phase covered with water droplets (Figure 13l).
Hydrate dissociation initiated when the pressure was

lowered to 20 bar in Exp. 6. The equilibrium pressure for
pure CH4 hydrates was 36 bar (PVTsim Nova) and the
stepwise pressure reduction was therefore started at P = 37
bar, meaning that the pressure depletion had lasted for almost
9 h before hydrate dissociation began in the FOV. The pore
space was completely saturated with massive non-porous
hydrates (Figure 14) and inhibited the pressure depletion to
propagate through the pore network. At P = 20 bar, the
dissociation front reached the FOV and approximately 50% of
the hydrates dissociated after 30 min (Figure 14b−d). The
dissociation front moved from pore to pore and the liberated
gas flowed downstream. Later, as the pressure depletion

Figure 12. Hydrate dissociation by stepwise pressure depletion (Exp. 4). The system temperature is constant and equal to 1.7 °C. (a) Fluid and
hydrate saturation before pressure depletion. (b) A small gas bubble appears (white circle). (c) The gas bubble increases slowly as the pressure is
depleted. (d) Another gas bubble appears in a pore saturated by massive hydrates (white circle). (e,f) The gas bubbles increase slightly as the
pressure is depleted. (g−i) All hydrates dissociate quickly as the pressure is lowered to 16 bar.

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.0c01714
Cryst. Growth Des. 2021, 21, 2793−2806

2802

https://pubs.acs.org/doi/10.1021/acs.cgd.0c01714?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01714?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01714?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01714?fig=fig12&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.0c01714?rel=cite-as&ref=PDF&jav=VoR


continued, the liberated gas started to segregate into two
phases (Figure 14e−j). One portion of the liberated gas
became coated with a reformed hydrate layer, while the rest of
the gas flowed freely without forming hydrates. This was
interpreted as a separation of the mixture of CH4 and CO2 gas
that was liberated from the initial dissociation into a CO2-rich
gas that reformed hydrates and a CH4-rich gas that could not
form hydrates. The CH4-rich gas floated on top of the
hydrate-coated CO2-rich gas. The produced gas mixture was
consequently enriched with CH4 compared to the original
mixture of CH4 and CO2 as some of the CO2 was retained in
the pores by the reformed hydrate layer. The reformed
hydrate layer persisted until the pressure was reduced to 17
bar (Figure 14k−l), which is close to the theoretical
dissociation pressure for pure CO2 hydrates.
The observations made in this study demonstrate the

possibility of producing gas liberated from local hydrate
dissociation while simultaneously reforming hydrates in other

parts of the sediments. This is relevant for the proposed
production method where CO2 injection in CH4 hydrate
reservoirs is followed by pressure depletion to enhance the
CH4 gas recovery. The effect of CO2 injection alone depends
heavily on the transmissibility of the reservoir through the
hydrate and water saturation. The injected CO2 must be able
to penetrate deep into the reservoir to maximize the interfacial
area between the CO2 and the CH4 hydrates. However,
maintaining a good volumetric sweep is challenging since
most candidate reservoirs for CH4 gas production contain
high hydrate saturations (SH > 60%) and excess water.33 The
CO2 injectivity is highly sensitive to CH4 hydrate blockage of
the pore space as well as formation of CO2 hydrates with the
excess pore water. The role of pressure depletion is therefore
critical for improving the injectivity of CO2. Partial
dissociation of CH4 hydrates by pressure depletion liberates
CH4 gas and water and consequently enhances the fluid
permeability. This allows for CO2 to displace CH4 gas and

Figure 13. Hydrate dissociation by stepwise pressure depletion (Exp. 5). The system temperature is constant and equal to 3.1 °C. (a) Fluid and
hydrate saturation before pressure depletion. (b) Start of hydrate dissociation (white circle). (c,d) Nearly all hydrates dissociate during 14 h at P
= 30 bar. (e) Hydrate dissociation continues, but still some hydrates are left (white circle). (f,g) Rapid reformation of hydrates across the
connected gas phase at P = 28 bar. (h−k) Both hydrate reformation and dissociation at P = 28 bar. (l) Complete hydrate dissociation as the
pressure is lowered to 27 bar. Notice the water droplets that are covering the gas phase.
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propagate deeper into the formation until the CO2 eventually
reacts and forms hydrates with the pore water. The results
presented in this study (highlighted by Exp. 6) show that
CH4-rich gas can flow in pores simultaneously as CO2-rich gas
is being trapped by the formation of hydrate films. Injecting
CO2 from one well while producing CH4 gas by pressure
depletion in another well has thus the potential to increase the
CH4 gas recovery toward the recovery values expected by full-
scale pressure depletion. The added benefit provided by the
CO2 injection is substantial carbon storage through CO2
hydrate formation, which also contributes to maintaining the
geomechanical stability of the formation. The target reservoir
pressure for the combined injection and production would be
between the equilibrium pressure of CH4 hydrates and CO2
hydrates in reservoirs with temperatures below ∼10 °C. A
production technique involving the injection of 23% CO2 and
77% nitrogen has already successfully been tested through the
single-well field pilot conducted on the North Slope of
Alaska.34 Alternatively, a produce first (CH4) and inject later

(CO2) approach could be implemented to avoid the cost of
CH4 and CO2 separation at the production facility.35

4. CONCLUSIONS
A high-pressure micromodel was used to visualize phase
transitions of CH4/CO2 hydrates in sandstone pores.
Hydrates with varying compositions of CH4 and CO2 were
formed at constant P and T from different initial fluid
saturations and gradual dissociation was conducted by
stepwise depressurization. The pore-scale visualization of the
phase transitions revealed the following:

• The hydrate formation pattern varied considerably
between experiments and depended on a combination
of initial CO2 content relative to the CH4 content,
initial water saturation, initial fluid distribution, and
thermodynamic driving forces. Initial hydrate formation
was observed both on the gas−water interface (hydrate
film) and in the liquid water phase (massive hydrates).

Figure 14. Hydrate dissociation by stepwise pressure depletion (Exp. 6). The system temperature is constant and equal to 3.3 °C. (a) The pore
space is completely saturated with massive non-porous hydrates prior to pressure depletion. (b−d) Approximately 50% of the hydrates dissociate
at P = 20 bar. (e−j) Liberated gas from the hydrate dissociation segregates into two gas phases: one gas phase is floating on top of the other gas
phase, which is covered and immobilized by a hydrate film. (k−l) The hydrate film dissociates completely as the pressure is lowered to 17 bar.
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• The hydrate film spread quickly (within seconds) to
cover the entire gas−water interface once hydrate
nucleation started. However, isolated gas bubbles that
were disconnected from the continuous gas phase
developed hydrate films later and independent of the
hydrate film on the continuous gas phase.

• Stepwise pressure depletion of hydrates caused
simultaneous hydrate dissociation and hydrate reforma-
tion as the pressure was lowered below the equilibrium
pressure of pure CH4 hydrates and above the
equilibrium pressure of pure CO2 hydrates. The overall
hydrate saturation increased and the hydrate distribu-
tion became more homogenous as hydrates reformed
during gas production.
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