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Abstract: CO2-rich gas injection into natural gas hydrate reservoirs is proposed as a carbon-neutral,
novel technique to store CO2 while simultaneously producing CH4 gas from methane hydrate
deposits without disturbing geological settings. This method is limited by the mass transport barrier
created by hydrate film formation at the liquid–gas interface. The very low gas diffusivity through
hydrate film formed at this interface causes low CO2 availability at the gas–hydrate interface, thus
lowering the recovery and replacement efficiency during CH4-CO2 exchange. In a first-of-its-kind
study, we have demonstrate the successful application of low dosage methanol to enhance gas storage
and recovery and compare it with water and other surface-active kinetic promoters including SDS
and L-methionine. Our study shows 40–80% CH4 recovery, 83–93% CO2 storage and 3–10% CH4-CO2

replacement efficiency in the presence of 5 wt% methanol, and further improvement in the swapping
process due to a change in temperature from 1–4 ◦C is observed. We also discuss the influence of
initial water saturation (30–66%), hydrate morphology (grain-coating and pore-filling) and hydrate
surface area on the CH4-CO2 hydrate swapping. Very distinctive behavior in methane recovery
caused by initial water saturation (above and below Swi = 0.35) and hydrate morphology is also
discussed. Improved CO2 storage and methane recovery in the presence of methanol is attributed
to its dual role as anti-agglomerate and thermodynamic driving force enhancer between CH4-CO2

hydrate phase boundaries when methanol is used at a low concentration (5 wt%). The findings of
this study can be useful in exploring the usage of low dosage, bio-friendly, anti-agglomerate and
hydrate inhibition compounds in improving CH4 recovery and storing CO2 in hydrate reservoirs
without disturbing geological formation. To the best of the authors’ knowledge, this is the first
experimental study to explore the novel application of an anti-agglomerate and hydrate inhibitor in
low dosage to address the CO2 hydrate mass transfer barrier created at the gas–liquid interface to
enhance CH4-CO2 hydrate exchange. Our study also highlights the importance of prior information
about methane hydrate reservoirs, such as residual water saturation, degree of hydrate saturation
and hydrate morphology, before applying the CH4-CO2 hydrate swapping technique.

Keywords: CH4-CO2 hydrate swapping; anti-agglomeration; methanol; surface active compound

1. Introduction

Natural gas hydrates (NGHs) are cage-like crystalline compounds formed by the van der
Waals-forced inclusion of natural gas molecules in hydrogen-bonded water molecules under high
pressure and low temperature conditions [1,2]. NGHs are considered as a potential clean energy source
for the future, with up to 230 gas hydrate deposits distributed evenly across the world in marine or
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permafrost environments. These deposits remain untouched and hold a reserve estimated to be twice
the amount of known fossil fuels available [3–5]. To produce methane from a gas hydrate reservoir,
several techniques have been suggested, including depressurization [6], thermal stimulation [7] and
chemical inhibitor injection [8]. In comparison, depressurization is considered as the most cost-effective
method to be commercially applied. There are many depressurization techniques that are suggested to
optimize gas production, including constant rate depressurization [9], multistage depressurization [10],
cyclic depressurization [11,12], slow stepwise depressurization [13,14] and depressurization combined
with gas injection [15,16]. As all the above production techniques are based on the decomposition of
methane hydrate, catastrophic sediment failures can be triggered with an additional risk of methane
release to the atmosphere, accelerating the greenhouse effect due to rapid hydrate decomposition.
Utilization of CO2 in natural gas hydrate production by CH4-CO2 swapping was introduced in the
1980s, suggesting CO2-assisted methane recovery from hydrate reservoir and simultaneous CO2

sequestration [17,18]. In 2012, an in situ gas hydrate exploitation field test based on CH4-CO2 exchange
was successfully performed on the Ignik Sikumi field [19,20]. A binary CO2 gas mixture was injected
into the hydrate-bearing sandstone formation, and CH4 was produced, while CO2 was sequestered
in the formation. This suggests the feasibility and commercial viability of the swapping method
for simultaneous methane recovery and carbon dioxide capture [21]. Subsequently, producing CH4

from NGHs by gas swapping has gained attention as an important energy resource together with the
mitigation of greenhouse gas CO2 in the atmosphere, one of the major global environmental issues
that concern humans, while the stability of the formation is not disturbed [22,23].

The driving force behind CH4-CO2 hydrate exchange is the difference in CH4 and CO2 hydrate
phase equilibria under hydrate formation conditions. CO2 hydrate is more stable than the CH4 analog
under favorable hydrate thermodynamic conditions. Gibbs free energy for the exchange reaction is
negative, and thus, the thermodynamic feasibility of the spontaneous replacement reaction of CH4

hydrate by CO2 is justified [24]. CO2 as the preferred guest species in hydrate enclathration was
experimentally demonstrated by Ohgaki in a mixed CH4-CO2 hydrate system at 280 K [18]. Methane
recovery efficiency was found to be driven by guest species fugacity, where the use of pressurized and
liquid CO2 leads to higher methane production [25,26]. The replacement efficiency was studied in the
CH4-CO2 process utilizing liquid CO2 and was proposed as a more suitable alternative than gaseous
CO2 [26–29], while similar approaches with CO2 emulsions showed the most favorable efficiency
despite the uncertainties in optimal CO2 emulsion conditions [30]. Stanwix et al. [31] reviewed pure
CO2 replacement experiments, reporting up to 50% CH4 recovery. There are many hydrate-focused
review studies which also provide excellent summaries of CH4-CO2 replacement in hydrates [32–43].

However, this method suffers from low methane recovery and CO2 storage efficiency due to
various reasons. The exact mechanism during CH4-CO2 exchange is not well understood [33]. It is
known that CO2 or CH4 gas molecule diffusivity through solid hydrate (order of 10−13 m2 s−1) is
much smaller than their diffusivity through water (order of 10−10 m2 s−1) [41]. Therefore CO2 or
CH4 gas molecule transport within the hydrate is one of the controlling factors during CH4-CO2

hydrate swapping and slow reaction [44]. CH4-CO2 swapping initiates when CO2 molecules arrive
at the CH4 hydrate surface area and diffuse into the CH4 hydrate. Figure 1 suggests a conceptual
framework highlighting CH4-CO2 hydrate swapping. Injected CO2 gas molecules diffuse through two
hydrate layers before exchanging with CH4, driven by thermodynamic hydrate stability difference [45].
CO2 gas diffusion distance into the CH4 hydrate is controlled by the CO2 concentration available
at the hydrate surface and hydrate surface area [41]. CO2 gas concentration at the hydrate–gas
interface is controlled by CO2 gas molecule transport via CO2 hydrate film, pore water and relative
gas permeability within sediments. Formation of a thick CO2 hydrate film at the gas–water interface
would limit the availability of CO2 gas concentration arriving at the CH4 hydrate surface. In this
study, we have focused on delaying this CO2 hydrate layer formation and changing its morphology to
enhance CO2 gas concentration at the CH4 hydrate surface with the help of low dosage chemicals.
This secondary hydrate film acts as diffusion barrier during CO2 or CH4 transport, causing lower
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methane recovery and replacement during CH4-CO2 exchange [41,46,47]. Excess water saturation and
clay minerals within sediments can further slow-down methane production [48,49].

Figure 1. Conceptual layout of the transport of CO2 gas molecule through different media and of the
decrease in gas concentration arriving at CH4 hydrate surface.

Different techniques have been used to enhance methane recovery during CH4-CO2 swapping.
For example, a CO2 rich gas mixture (CO2-N2) is used in place of pure CO2 [16,50], combined with
depressurization [16,51], the presence of hydrate inhibitors [52,53] and thermal stimulation-based
CH4-CO2 replacement [54]. Experimental investigations of hydrate inhibitors to enhance CH4-CO2

replacement are very limited. Khlebnikov et al. [52] used two hydrate inhibitors, methanol (30 wt%)
and salt (NaCl and MgCl2, 10 wt%), and confirmed their positive effects on CH4-CO2 hydrate swapping.
They reported that methanol showed more efficient performance compared to salt. In another study,
CH4-CO2 swapping was studied in the presence of a bio-friendly surfactant (rhamnolipid) and found
to yield a 10% increase in CO2 storage and 72% increase in the replacement process [55]. Hence,
the influence of chemicals such as anti-agglomerates, inhibitors or surfactants on CH4-CO2 exchange
requires more extensive study. The presence of a low concentration of surface-active chemicals can
potentially enhance the diffusivity of gas molecules through the hydrate film by making it dispersed or
by delaying hydrate film formation. Improved gas diffusivity allows higher CO2 concentrations to arrive
at the hydrate–gas interface to participate in CH4-CO2 swapping. Additionally, more investigation
is required to understand the effects of methane hydrate reservoir properties, including hydrate
morphology, hydrate saturation and residual water saturation.

In this study, we have formed CH4 hydrate from gaseous CH4 and in the presence of small
concentrations of different surface-active chemicals (surfactant, amino acid and methanol) in water.
Pure CO2 was injected into this reservoir to initiate the CH4-CO2 exchange scenario. After a soaking
period of 24 h, GC analysis was carried out to measure the change in CO2 and CH4 concentration
in the vapor phase. The effects of change in concentration of surface-active chemical, properties of
hydrate-bearing sediments (e.g., hydrate saturation and morphology), residual water saturation and
change in temperature on CH4 recovery and CO2 storage are calculated.
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2. Materials and Methods

2.1. Setup and Materials

In this study, CH4-CO2 exchange was examined using a high-pressure cell (HPC) with fixed
volume of 1000 mL and maximum working pressure of 120 bar. A safety valve was also attached to
the reactor. The reactor was connected to a cooling bath, gas supply, vacuum pump and ventilation
to atmosphere. Figure 2 describes the systematic layout. An analytical grade of pure CH4 and CO2

gas mixture with 99.99% purity was obtained from Air Liquide Company. The solutions used in this
study, including sodium dodecyl sulphate (SDS), L-methionine and methanol (MeOH), were acquired
from Sigma Aldrich. Liquid solution was prepared for different concentrations using distilled water
and details are described in Table 1. A Hewlett-Packard gas chromatographer (HP7890, Agilent,
Copenhagen, Denmark) was used to analyze the composition of the gas mixture at different stages.
Coarse quartz sand with particle sizes of 0.9–1.6 mm was used as the porous medium.

Figure 2. Schematic diagram of the high-pressure cell assembly in A and dimensioning in B.
(A) Schematic representation of the high pressure cell and associated assembly including cooling bath,
Gas injection cylinder and data acquisition system; (B) Figure showing the dimension of the high
pressure cell and visual representation of the system’s initial calculations.
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Table 1. Chemical types and respective concentrations used in experiments.

Solutions Concentration Unit

SDS 500 ppm
L-methionine 500 ppm

MeOH 5 wt%

2.2. Procedure

Figure 3 provides the schematic of the experimental procedure. At the start of the experiment,
the reactor was cleaned with distilled water and ethanol. Dry weight of sand was measured and
saturated with a given volume of the solution. Sand with desired water volume was placed in the
pressure cell, and the height of the sand column was measured. Thereafter, the HPC lid was sealed,
and the air inside was evacuated using a vacuum pump or flushed with methane gas to dilute the
effect of air inside the cell. After removing the air, the HPC was pressurized with methane gas at
80–85 bar and 25 ◦C, and the whole system was left idle to let methane gas dissolve into the liquid.
After some time, cooling was started, and pressure and temperature was recorded using a data logger.
As cooling started inside the pressure reactor, pressure began dropping, suggesting initiation of hydrate
formation. When temperature fell below the hydrate formation temperature for a given initial pressure,
hydrate was considered to form, suggested by a steep decrease in pressure value followed by stabilized
pressure. During the sharp pressure drop, there was spike in temperature profile generated by the
temperature sensor located at the top position, indicating that hydrate formation happened first at the
top layer. To improve the hydrate saturation and its distribution across the height, multiple heating
and cooling cycles were employed. It was also observed that initial liquid saturation was different
across the height of the pressure cell due to gravity, as liquid saturation would be higher at the bottom
and lower at the top. Due to differences in liquid saturation, heterogeneous hydrate saturation was
considered. During the multiple heating and cooling cycles, no temperature spike was observed at
the bottom layer, indicating that hydrate never formed at the bottom, even after multiple heating and
cooling cycles. The figure below describes the whole experimental process. The first step includes the
formation of artificial methane hydrate in sediments in the presence of chemicals. For the base case,
water was used. During methane hydrate formation, induction time was measured for both fresh and
memory runs to understand the effect of water memory. Multiple heating and cooling cycles were
finished in 48–72 h and allowed to stabilize before CO2 gas was injected.

Figure 3. Schematic of the experimental investigation. GC1 is the gas sample collected just after CH4

venting and CO2 gas injection; GC2 is the second gas sample collected after 24-h soaking period.
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At the end of methane hydrate formation, when pressure was stabilized for more than 24 h, it was
considered that methane hydrate was formed. To initiate CH4-CO2 swapping, first, methane vapor
was ventilated carefully and then CO2 gas was injected. CH4 gas ventilation and CO2 injection were
done quickly. During the ventilation, special care was taken so that pressure inside the cell never
dropped below methane hydrate dissociation pressure. This was repeated 2 to 3 times to remove the
excess of methane inside the reactor with CO2 gas. CO2 injection pressure was kept constant during
the whole study. Gas sample was collected just after CO2 was injected and after the 24-h soaking
period to study the variation in CH4 and CO2 moles in the vapor phase.

At this stage, a gas sample was collected to record the moles of methane and CO2 in the vapor
phase. Vapor pressure inside the pressure reactor always remained above methane hydrate dissociation
pressure; therefore, release of methane hydrate was considered to come from the CH4-CO2 hydrate
exchange. The difference in moles in the vapor phase was used to calculate CH4 release and CO2

storage in hydrates.
Figure 4 describes the systematic of the hydrate exchange. As gas was injected from the top of

the reactor, residual water saturation available at the top layer reacted with CO2, and CO2 hydrate
formed. Further below the CO2 hydrate layer, CO2 concentration started to decrease and methane
concentration started to increase in hydrate within mixed hydrate layer. Below the mixed hydrate layer,
we found an unreacted methane hydrate layer, not accessible by CO2 molecule due to mass transfer
barrier created by CO2 hydrate film and mixed hydrate film as well as low relative gas permeability.
It was envisaged that the presence of chemicals could delay the thin CO2 film formation and permit
more time for CO2 to reach the methane hydrate surface.

Figure 4. Schematic of gas injection into methane hydrate-containing sediments and subsequent
CO2 injection.

2.3. Experimental Data Processing

Moles of CH4 injected into the pressure cell is calculated as

nCH4,initial =
P1V1

z1RT1
(1)

P1 is the initial operating pressure after methane gas injection into the reactor, V1 is the available gas
volume inside the pressure cell, T1 is the recorded experimental temperature by top layer temperature
sensor corresponding to P1, R is the universal gas constant, and z1 is the compressibility factor at the
given pressure and temperature, calculated from the Benedict–Webb–Rubin–Starling equation of state.
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For constant volume processes, V1 remains constant and number of moles of CH4 (nCH4, f inal) after
methane hydrate formed is determined by

nCH4, f inal =
P2V1

z2RT2
(2)

P2 is the stabilized pressure at the end of the cooling cycle with the stabilized T2 for hydrate
formation, and z2 is the compressibility factor for P2 and T2 conditions, respectively.

Thus, the moles number of methane trapped in the solid hydrate crystal due to hydrate formation,
∆nCH4,H, is given by

∆nCH4,H = nCH4,initial − nCH4, f inal (3)

The mass of the consumed liquid solution (mc) engaged in methane hydrate formation can be
calculated as follows:

mc = ∆nCH4,H ×MH ×NH (4)

Here, MH is the molar mass of the water and NH is the hydration number. NH is considered
constant for methane hydrate formation with pressure 1.9 to 9.7 MPa and temperature 263 to 285 K.
The average hydration number equal to 6.0 was used in our studies. Density of methane hydrate is
assumed as 0.9 (g cm−3). Therefore, the volume of hydrate VH (cm3) is calculated as

VH =
mc

0.9
(5)

The hydrate saturation fraction can now be defined by

SH =
VH

Vp
(6)

Vp is pore volume calculated as Vp = Vsp − Vs, Vsp is total sand pack volume inside pressure cell
while Vs is the dry sand volume. Furthermore, the percentage of the liquid consumed from hydrate
formation, CL, is quantified as

CL(%) =
∆nCH4,H ×NH

nL
× 100 (7)

Here, nL is the moles of the water used. During methane hydrate formation, we also calculate the
induction time for fresh and memory runs during the repeated multiple heating–cooling cycles as per
the technique discussed in our previous publication [56]. Due to formation of hydrate, change in new
gas volume available (Vex) for swapping is calculated as below:

Vex = V1 −VH −Vs,new (8)

Vs,new is the volume of the liquid not converted into hydrate and is calculated as

Vs,new = VL × (1−
CL(%)

100
) (9)

After methane hydrate formation, CH4 vapor is quickly replaced by CO2 without dissociating
methane hydrate. This was done by quickly venting CH4 gas and injecting CO2 simultaneously to
initiate CH4-CO2 exchange. Just after the CO2 injection, gas sample was collected to analyze moles of
CH4 and CO2 gas available in the vapor phase. To quantify the number of moles after the flushing,
nmix,i is calculated as

nmix,i =
PinjVex

zinjRTinj,CO2

(10)
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Here, Pinj is the pressure recorded after CO2 rich gas injection and Tinj is the pressure recorded
corresponding to the pressure Pinj at the top layer. Zinj was calculated at a given Pinj and Tinj and for
given molar gas composition calculated from gas chromatography calculations. Hence, the moles of
each component in the gas phase is calculated by

nCH4,inj = nmix,i × yCH4,inj
nCO2,inj = nmix,i × yCO2,inj

(11)

where yCH4,inj and yCO2,inj are the molar compositions of the gases collected and determined by gas
chromatography.

After an approximately 24-h soaking period, CH4-CO2 hydrate exchange was assumed to have
occurred at constant temperature and constant volume condition; gas sample was collected again to
analyze the change in molar composition of vapor phase during the soaking period. Total number of
moles of gas mixture moles after soaking period nmix,f is determined as

nmix, f =
P f Vex

z f RT f
(12)

where Pf represents the residual gas phase after soaking period, and Tf is the temperature corresponding
to the top layer and at the pressure Pf. Zf is calculated again using a similar approach as discussed
before. The moles of each component in the gas phase is calculated by

nCH4, f = nmix,i × yCH4, f
nCO2, f = nmix,i × yCO2, f

(13)

Difference in moles of CH4 and CO2 gas between initial condition Equation (11) and final condition
Equation (13) indicates the amount of CH4 released from hydrate and CO2 gas stored in hydrate. It is
calculated as given below.

∆nCH4,R = nCH4, f − nCH4,inj
∆nCO2,S = nCO2,inj − nCO2, f

(14)

Here, ∆nCH4,R is the moles of methane released and ∆nCO2,S is the moles of CO2 stored. CO2 gas
consumption due to CO2 solubility into the solution is ignored at low temperature due to presence of
hydrate in vicinity [57,58].

Methane recovery, RCH4(%), caused by gas swapping can be calculated by

RCH4(%) =
∆nCH4,R

∆nCH4,H
× 100 (15)

Similarly, CO2 storage efficiency, SCO2(%), is calculated as

SCO2(%) =
∆nCO2,S

nCO2,inj
× 100 (16)

CH4 release efficiency, ReCH4(%), per mole CO2 injected is calculated as

ReCH4(%) =
∆nCH4,R

nCO2,inj
× 100 (17)

3. Results and Discussion

A series of experiments was performed to study CH4-CO2 hydrate exchange using unconsolidated
coarse silica sand (0.9−1.6 mm) within a high-pressure cell and in the presence of hydrate formers,
including alcohol, amino acid (L-methionine) and surfactant (sodium dodecyl sulfate, SDS). P-T and
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GC analysis were carried out to study the mole fraction of each gas in the vapor phase before and
after soaking periods to calculate the moles of gas released and stored in hydrate formation. Effects of
hydrate former, initial water saturation, residual water saturation and temperature change on CH4

recovery and CO2 storage were analyzed.

3.1. Role of Anti-Agglomeration and Hydrate Inhibition during CH4-CO2 Hydrate Swapping

Thermodynamics hydrate inhibitors (THI) and low dosage hydrate inhibitors (LDHI) are two
groups of chemicals that prevent hydrate plug formation in oil and gas pipelines [33]. LDHI are
further divided into kinetic hydrate inhibitors (KHI) and anti-agglomeration compounds (AA) [59].
AA chemicals are different than THI and KHI as AA disperse the hydrate into the condensate phase [60].
Alcohols and salts are well known to behave as THI. Alcohols have strong affinity towards water, thus
leaving less available water for gas hydrate formation. However, it is also known that when methanol
(MeOH) is added in low concentrations into water, it behaves as a hydrate promoter/activator as the
presence of a low amount of methanol reduces surface tension at the gas–liquid interface and due to
its hydrophobic nature [61–63]. York et al. [64] showed that small amounts of MeOH co-surfactants
behave as AA chemicals, thus creating dispersed hydrate. Kvamme et al. [65] through simulation
studies suggested that 5 wt% methanol boosts gas diffusion by 40%. Therefore, in this study, we have
taken 5 wt% methanol as the chosen concentration to study.

Hydrophobic amino acids and anionic surfactant SDS are well-known kinetic hydrate promoters
(KHP) when used in low concentrations [66]. KHPs do not influence the thermodynamics and only
accelerate formation kinetics by changing the water activity at the gas–liquid interface. Different
mechanisms are proposed for surfactants or amino acids as kinetic promoters [67,68]. In this study,
we have compared the effect of SDS and methionine and 5 wt% MeOH on CH4-CO2 exchange as there
are similarities and differences in these chemicals. Key similarities include lower surface tension and
improved gas diffusion through the liquid phase, whereas a key difference includes the role of SDS and
methionine in hydrate agglomeration without influencing thermodynamics, while 5 wt% methanol
acts as an anti-agglomerate and thermodynamic inhibitor.

Application of thermodynamic inhibitors to improve CH4-CO2 swapping is a very recent
development. Two recent studies have shown the positive effect of thermodynamic inhibitors such as
salt and methanol to enhance CH4-CO2 exchange [52,53]. Some studies also show that in the presence
of inorganic salts, anti-agglomeration capability was further boosted [69]. It is known that when
hydrate inhibitors such as methanol are used in high concentrations, the hydrate equilibrium curve of
CH4 and CO2 hydrate is shifted upward [1]. However, the effect of a low dosage of methanol on the
hydrate equilibrium curve and subsequent effect on thermodynamic driving force during CH4-CO2

hydrate swapping has not been studied previously. The difference in equilibrium pressure between
CH4 and CO2 at a given temperature is the thermodynamic driving force behind CH4-CO2 hydrate
exchange. Table 2 provides the change in driving force (∆P = Peq,CH4 − Peq,CO2) in the presence of low
concentrations (1 and 5 wt%) of MeOH and NaCl using CSMGem software (Version 1.1, Colorado
School of Mines, Golden, CO, USA) [1].

At 0 ◦C and below, the presence of the inhibitor improves the driving force as ∆P increases for
all concentrations for a given inhibitor compared to the pure water case. Above 0 ◦C, it was found
that 5 wt% methanol is most effective in terms of improving the driving force. In the presence of
5 wt% methanol, the driving force increased from 14.72 bar (pure water) to 21.54 bar at 1 ◦C. As the
temperature increased from 1 ◦C to 4 ◦C, the driving force increased from 21.54 to 27.58 bar for 5 wt%
MeOH, thereafter starting to decrease. Therefore, based on CSMGem software calculations in our
studies and previous discussion, 5 wt% MeOH seems to be a good candidate to enhance hydrate
swapping due to its behavior as an anti-agglomerate and thermodynamic force enhancer during
CH4-CO2 hydrate exchange in the 0–4 ◦C temperature range. Thus, an experimental study was carried
out to investigate the effect of 5 wt% MeOH on hydrate swapping and compare it with water and other
kinetic hydrate formers.
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Table 2. Change in driving force (Peq,CH4 − Peq,CO2) at different temperatures in the presence of
different concentrations of methanol and NaCl. Values were calculated using CSMGem software.

Driving Force, ∆P = Peq,CH4 − Peq,CO2

T Water MeOH,
1 wt%

MeOH,
5 wt%

MeOH,
10 wt%

NaCl,
1 wt%

NaCl,
5 wt%

(◦C) (bar) (bar) (bar) (bar) (bar) (bar)

−1 13.65 13.23 18.26 21.21 14.69 20.94
0 13.56 14.36 19.85 22.37 15.96 21.80
1 14.72 15.58 21.54 0.53 17.32 −33.19
2 15.96 16.87 20.77 −81.57 18.76 −133.09
3 17.28 18.23 25.18 −184.65 20.29 no data
4 18.67 19.66 27.05 −311.20 21.88 no data
5 20.12 21.11 23.98 −523.45 no data no data
6 21.59 22.56 no data −667.63 25.32 no data
7 23.04 23.89 −98.28 −952.38 26.41 no data

3.2. Methane Hydrate Formation in Coarse Sediments

Morphology of hydrates in sediments depends on the formation kinetics, sediment characteristics
and initial fluid saturation. Coarse sediments have pore-filling hydrate types while veined/nodule-type
hydrates are formed in fine sediments. Multiple heating and cooling cycles were performed to
increase hydrate saturation and improve hydrate distribution within sediments. Performing multiple
heating/cooling cycles results in induced gas hydrate dissociation and reformation, which favors a
more homogeneous gas hydrate distribution [70]. To study the CH4-CO2 hydrate exchange, we first
formed methane hydrate sediments in the presence of different chemicals in the water including SDS,
L-methionine and 5 wt% methanol.

3.2.1. Methane Hydrate Formation in Coarse Sediments in the Presence of SDS

Table 3 summarizes the experimental parameters and the calculated values for hydrate formation
in the presence of SDS for different initial saturations. It should be mentioned that we performed
two experiments to study the effect of different initial solution saturation on the methane hydrate
saturation. For CO2 injection, only experiment 5 was considered.

Table 3. Methane hydrate formation in the presence of 500 ppm SDS.

Experiment No. Experiment 3 Experiment 5

Tini,top (◦C) 25.31 25.38
Pinj,CH4 (bar) 84.46 83.48

PCH4,final (bar) 67.13 27.74
Tfinal,top (◦C) 1.10 0.81

Swi (%) 22.4% 43.6%
SH (%) 16% 35%

to, -Fresh (m) 23 95
to, -Memory (m) 69 191

The difference in initial promoter saturation and its correlation with the final hydrate saturation
was investigated. As it is shown in Table 3, the initial promoter saturation is positively correlated
with the final methane hydrate saturation. The memory effect holds again as the memory solution
induction times are longer than the fresh induction times, forcing each system to a more homogeneous
distribution of the hydrates. Positive correlation between the induction times (fresh or memory) and
the final hydrate saturation was observed. The delay in hydrate nucleation would lead to higher
induction time and may provide additional time for gas consumption. Thus, there is general correlation
between induction time and saturation, such that the higher induction time relates to higher gas
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uptake and higher hydrate saturation. From the growth profiles shown in Figure 5, it is validated
that, in the top layer, hydrate formation begins, whereby it occurs in two stages, shown by the distinct
exothermic peaks. Simultaneously, batch hydrate formation occurs in the bottom layer. Surfactants
were also reported to reduce the surface tension at the gas–liquid interface which improves the
mass transfer during hydrate formation [71–73]. Hence, considering the improvement of the porous
system due to surfactant presence on mass and heat transfer in the hydrate formation process, many
studies focus more on the improved interaction among porous media properties and surfactant in
the hydrate formation rate [74–76]. Amino acids are potential green alternatives to currently used
kinetic promoters, such as surfactants. Most amino acids are soluble in water, non-toxic in nature
and bio-friendly. The utilization of amino acids for gas hydrate formation is very recent, and their
behavior is not well understood [69,77]. Recent research has shown that hydrophobic amino acids like
L-methionine have similar promotion capabilities to SDS at a similar concentration (500-2000 ppm) [77].

Figure 5. Pressure and temperature profiles for CH4 hydrate formation under 500 ppm SDS with
different initial solution saturations. (A) P-T Profile during methane hydrate formation in the presence
of SDS 500 ppm and Swi = 22.4%; (B) P-T Profile during methane hydrate formation in the presence of
SDS 500 ppm and Swi = 43.6%.

It can be observed from the pressure and temperature profiles that CH4 hydrate formation occurs
when the system temperature is below the hydrate formation temperature. This is identified as an
abrupt pressure decrease in the pressure profile at a low-temperature range of 1–3 ◦C, followed by an
increase in temperature, as is expected for the exothermic hydrate formation reaction. Two temperature
profiles are recorded due to the presence of two thermocouples installed. Total distance between the
two is around 53 mm. Water saturation distribution within sediments is not uniform due to gravity.
We believe that water saturation in the bottom is higher compared to the top due to gravity. Since
gas is injected from top of the cell, hydrate is formed at the top layer first and reduces permeability
in sediments. Gas does not reach the bottom and a delay in hydrate formation at the bottom of
the high-pressure cell is observed. Furthermore, it is observed that multiple cooling and heating
cycles result in more distinctive temperature peaks during CH4 hydrate formation, improving hydrate
saturation and its distribution.

3.2.2. Methane Hydrate Formation in Coarse Sediments in the Presence of Water and L-Methionine

The experimental details of coarse sand and key parameters for methane hydrate formation in the
presence of water and methionine are displayed in Table 4.
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Table 4. Methane hydrate formation in the presence of water and methionine.

Experiment No. Experiment 6 Experiment 7

Solution Water Methionine
Tini,top (◦C) 26.75 25.40

Pinj,CH4 (bar) 83.72 84.78
PCH4,final (bar) 26.91 27.43
Tfinal,top (◦C) 0.84 0.75

Swi (%) 43.9% 44.4%
SH (%) 35% 37%

to, -Fresh (min) 81 176
to, -Memory (min) 95 316

Methane hydrate formation in a water/methionine solution in the presence of the porous media
results in similar hydrate saturation for the same initial solution saturation. Kinetic promotion does
not change the final equilibrium state of the formed hydrate, only affecting the kinetics of the formation
process. The induction time (fresh or memory) of the promoter is higher compared to water, but for
the same hydrate saturation in this porous medium bed, the gas uptake is higher. The memory effect is
weaker in the presence of methionine.

The experimental growth profiles for methane hydrate formation are depicted in Figure 6.
The formation of methane hydrate occurs initially on the top and moves towards the bottom. This is
the effect of gas injection from the top. The higher occurrence of hydrates in the top layer, according
to the comparison between the bottom and top temperature profiles, is caused by gas injection and
pressurization from the top. With methane gas injected from the top, the liquid phase at the top is
expected to be saturated first and tends to form hydrate earlier. After hydrate occurrence in the top
layer, gas diffusion is limited by the higher mass transfer resistance. This suggests that the spatial
distribution of the hydrate saturation in the sand pack has an effect. Zhang et al. [78] performed
experiments in mixed-size porous media with gas circulation from the bottom, confirming the role of
gas circulation in the spatial distribution of hydrate saturation.

Figure 6. Pressure and temperature profiles for CH4 hydrate formation experiments for water (left)
and methionine (right) with the same experimental parameters (injection pressure ≈ 85 bar, Swi ≈ 44%,
and targeted temperature 1 ◦C). (A) P-T Profile during methane hydrate formation in the presence
of Water and Swi = 43.9%; (B) P-T Profile during methane hydrate formation in the presence of
L-methionine and Swi = 44.4%.

Multiple cooling and heating cycles were performed, as presented in Figure 6, aiming to eliminate
the limited gas distribution effect and to accomplish a more even hydrate saturation distribution with
memory effect utilized. In such a way, after the first methane hydrate formation, a cooling/heating cycle
activates the memory effect since gas diffusion allows the further saturation of the porous medium.
Thus, hydrate can be formed with a more homogeneous distribution. Comparing the two growth
profiles with the promoter present in Figure 5, hydrate formation in the top layer occurs in two stages,
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as it can be seen from the two distinctive peaks corresponding to the exothermic hydrate formation
reaction, which suggests that methionine has a two-stage hydrate growth process. This leads to longer
induction times (fresh or memory) for the same hydrate saturation since the gas uptake is higher.
Supporting publications highlight that the memory effect does not happen for all hydrate systems every
time, and the exact mechanism behind the presence of the memory effect is not yet agreed upon [79].
For example, Wilson et al. [80] did not observe any memory effect in a THF/water mixture. Higher
induction time observed during memory runs could also be caused by a delay in hydrate nucleation in
the presence of chemicals and change in pore water activity. It is also believed that hydrates lose the
memory effect if they are melted at high temperatures above 25 ◦C while under high pressure [81,82].

3.2.3. Methane Hydrate Formation in Coarse Sand in the Presence of Methanol

Table 5 below provides the key details of methane hydrate formation behavior in the presence of
methanol. The key difference between methanol and SDS or methionine is in terms of the degree of
hydrate saturation and induction time. During experiments 8–12, 5 wt% methanol was used as the
hydrate promoter. Initial water saturation varied between 29% and 66%. Hydrate saturation varied
between 20% and 28%. It was found that as initial water saturation increased from 29% to 66%, hydrate
saturation increased from 20% to 29% and thereafter decreased to 20%. Results suggest that initial
water saturation controls hydrate saturation, in that there is an optimal initial water saturation that
results in maximum hydrate saturation. Previous research works showing the effect of initial water
saturation on hydrate morphology indicate that the morphology of the gas hydrate is controlled by
initial water saturation, such as Swi below 35%, whereby hydrates formed are grain-coating, whereas
above 35%, hydrates are pore-filling [83,84].

Table 5. Methane hydrate formation under the presence of methanol (before soaking = BS, after Soaking = AS).

Experiment No. Experiment 8 Experiment 9 Experiment 10 Experiment 11 Experiment 12

Tini,top (◦C) 25.257 25.49 25.415 25.385 25.278
Pinj,CH4 (bar) 83.82 84.64 85.08 84.84 84.26

PCH4,final (bar) 37.53 44.01 48.24 41.15 42.96
Tfinal,top (◦C) 0.79 0.86 0.80 0.76 0.81

Swi (%) 43.5% 66.1% 30.5% 45.5% 29.1%
SH (%) 28% 20% 22% 29% 27%

to, -Fresh (m) 582 525 890 1048 836
Hydrate morphology Pore-filling Pore-filling Grain-coating Pore-filling Grain-coating

to, -Memory (m) 209 194 305 364 340

Comparing pressure profiles in Figure 7 with Figures 5 and 6 indicate that Methane hydrate
formation behavior in the presence of methanol is different from kinetic hydrate promoters (SDS and
methionine) and water, as suggested by the different pressure profiles and different induction time
recorded. The different pressure profile in the case of methanol might be caused by the change in
methanol concentration in the remaining water near the hydrate formation front. Concentration of
methanol in the residual water is not constant during the hydrate formation, and the transport of
methanol away from the reaction front controls further hydrate formation. Such an effect does not
exist in the case of fresh water. During the cycling process with methanol, hydrate formation is more
homogeneous and thus the pressure drop more rapidly reaches a steady state. It may be possible that,
due to its role as anti-agglomerate, no sharp pressure drop is observed, revealing the opposite behavior
compared to kinetic promoters and water. Pressure drop was steeper in the memory run compared
to fresh, suggesting an improvement in hydrate formation during the memory run. Induction time
calculated in the presence of hydrate former is lower than in the presence of methanol during the
fresh run, average saturation achieved in the case of methanol was lower compare to hydrate former,
and induction time in the presence of methanol was also higher compare to the hydrate formers.
During the memory run, induction time decreased compare to fresh runs. This behavior was in contrast
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to hydrate formers, where induction time increased in memory runs compared to fresh run. Figure 8
describes the variation in hydrate saturation (SH) and induction time (to) during experiments 8–12.

Figure 7. Pressure and temperature (P-T) profiles for CH4 hydrate formation with 5 wt% MeOH in
different initial solution saturations. (A) P-T Profile during methane hydrate formation in the presence
of MeOH and Swi = 43.5%; (B) P-T Profile during methane hydrate formation in the presence of
MeOH and Swi = 66.1%; (C) P-T Profile during methane hydrate formation in the presence of MeOH
and Swi = 30.5%; (D) P-T Profile during methane hydrate formation in the presence of MeOH and
Swi = 45.5%.

Figure 8. Hydrate saturation and induction time (fresh and memory) for experiments 8–12. (A) Variation
in SH and Swi during experiments 8–12; (B) Variation in induction time (to) (Fresh/memory) during
experiments 8–12.

3.3. Enhanced CH4 Recovery and CO2 Storage during CH4-CO2 Exchange Process

The presence of additives could play an influential role during CH4-CO2 exchange processes,
as they can alter hydrate morphology [55,65], enhance water activities within pore space [85] and
influence the thermodynamic driving force behind CH4-CO2 exchange [52]. In this study, results are
collected to study the effect of additive on CH4-CO2 exchange in porous media, and their behavior
can be evaluated by comparing the CH4 recovery and CO2 storage efficiencies for each type. In this
section, we discuss the effect of additives on CH4-CO2 exchange and share our understanding of the
CH4-CO2 exchange mechanism.
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3.3.1. Proposed Framework for CH4 -CO2 Hydrate Exchange in Methane Hydrate in the Presence
of Additives

Methane hydrate-bearing sediments have four phases: hydrate, gas, water and grain. Residual
water that has not participated in hydrate formation is available and lies along with methane hydrate
in the sediment matrix. This residual water plays an important role during CO2 injection into CH4

hydrate-bearing sediment. To discuss the role of residual water, hydrate-bearing sediments are divided
into two varieties, as sediments with pore water and sediments with hydrates only, as shown in
Figure 9. It has been documented that, during lab studies, hydrate forms at the gas–liquid interface
first. Therefore, CO2 injection into the hydrate would first interact with the liquid phase and form
hydrate film at gas–liquid interfaces, as it is a thermodynamically feasible process. Some of the CO2

would also come into contact with CH4 hydrate at the hydrate–gas contact area and participate in
CH4-CO2 hydrate exchange after CO2 molecules diffuse into the methane hydrate. Hydrate saturation
and morphology control the CO2 flow, or sweep area, into the sediment matrix as they directly control
the relative gas permeability in methane hydrate-bearing sediments [86]. Differences in hydrate
morphology (pore-filling and grain-coating) influence the relative permeability of gas [86] as well as
CO2 gas–hydrate interface.

Figure 9. Conceptual layout showing key hydrate formation mechanisms during CO2 injection into
methane hydrate deposits and the role of residual pore water and methane hydrate saturation.

CO2 hydrate film formation at gas–liquid interfaces is thermodynamically more feasible compared
to CO2 exchange of CH4 molecules. CO2 affinity towards CO2 hydrate formation at gas–liquid
interfaces would reduce the availability and selectivity of CO2 to reach to methane hydrate surface;
thus, CO2 flow into methane hydrate sediment is reduced. Increase in residual water saturation
would increase the gas–water interface and would further reduce the CO2 concentration available for
CH4-CO2 swapping. CO2 affinity towards CO2 hydrate film formation at the gas–liquid interface and
its impact on CH4-CO2 swapping is shown in Figure 10.

The CO2 hydrate formation process at the gas–liquid interface would be much faster compared
to hydrate exchange; thus, it would have a lower induction time. The thickness of this hydrate film
would increase with time and would start to act as a diffusion barrier for CO2 molecules to reach the
methane hydrate surface. It is known that the diffusion of gas molecules through the hydrate film
is very low compared to gas diffusion via the water phase [41]. CO2 concentration at CH4 hydrate
surfaces further decreases as the CO2 hydrate film thickness increases, and when this hydrate film
achieves a certain thickness, gas molecule diffusion through this hydrate film will completely stop.
This means that the CO2 gas molecules do not arrive at the CH4 hydrate surface, nor is the released
CH4 from CH4-CO2 swapping able to diffuse through and instead remains trapped. At the hydrate–gas
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interface, a mixed hydrate layer from CH4-CO2 swapping would develop. CO2 composition in mixed
hydrates would decrease as they travel far from the gas–hydrate interface, which is correlated with the
CO2 concentration available at the hydrate–gas interface. The availability of CO2 gas molecules at
the hydrate–CO2 interface is controlled by a CO2 hydrate film developed at the gas–liquid interface.
In the presence of additives, such as hydrate formers, SDS or methionine, CO2 concentration at the
hydrate–gas interface will further reduce compared to the pure water case (refer to Figure 11).

Figure 10. Hydrate formation mechanism at the gas–liquid interface and gas–hydrate interface and
their relationship.

Figure 11. CH4-CO2 exchange mechanism in the presence of promoter and water and their
interconnection. Promoter increases CO2 storage but also reduces CH4 recovery due to thin CO2

hydrate barrier and CH4 reformation.

The presence of methanol disrupts the CO2 hydrate film by inhibiting and delaying pure CO2

hydrate formation at the gas–liquid interface (refer to Figure 12). Methanol would also act as
an anti-agglomerate and increase the induction time of CO2 hydrate formation by not allowing
agglomeration. In the previous section, we saw that methane hydrate formation in the presence of
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methanol has higher induction time compared to water and other hydrate formers. Once CO2 hydrate
film formed, it would be thinner and dispersed due to the anti-agglomeration effect of methanol.

Figure 12. CH4-CO2 exchange mechanism in the presence of MeOH in water. MeOH enhances CH4

replacement and improves CO2 storage due to enhanced thermodynamics of CH4-CO2 exchange and
delay in CO2 hydrate film formation at gas–liquid interface.

Therefore, in the presence of methanol, the CO2 concentration at the gas–hydrate interface will
be much higher compared to water or other hydrate formers. High CO2 concentration would lead
to a longer diffusion distance into methane hydrate. Enhanced diffusion distance and favorable
thermodynamic conditions would enhance CH4-CO2 hydrate swapping. Consequently, the CH4

release efficiency will significantly increase in comparison due to a delay in CO2 hydrate film formation
at the gas–liquid interface. CH4 would have additional time for diffusion due to the delay in hydrate
film formation and its dispersed nature, and CH4 concentration in the vapor phase would increase
without any risk of CH4 hydrate reformation or trapping of CH4 below the CO2 hydrate film.

3.3.2. CH4 Recovery and CO2 Storage at Same Initial Water Saturation in the Presence of Different
Hydrate Formers and Water

Table 6 summarizes the experimental data and key ratios, including recovery, storage and
replacement during CH4-CO2 hydrate exchange in the presence of different additives. It should be
mentioned that the CH4-CO2 exchange was performed after CH4 hydrate formation with the same
initial water saturation (Swi ≈ 45%) for the promoters (SDS and methionine, 500 ppm) and low dosage
alcohol (MeOH, 5 wt%) and compared to the water.

Experiments 5–8 had initial methane hydrate saturations varying from 28% to 35% caused by
differences in gas uptake due to the presence of different chemicals [87] and pure CO2 injection pressure
varied from 50 to 60 bar. Due to initial water saturation above 40%, it was assumed that the hydrate
morphology was pore-filling [84,88]. During CO2 injection, the temperature inside the top hydrate
layer increased as CO2 was injected. Just after injection and venting, a gas sample was collected to
analyze the gas composition in vapor phase. Figure 13 provides the pressure profile in each experiment
after CO2 injection. Temperature returned to isothermal conditions and stayed constant during the
swapping process, in the range of 0.8–1.1 ◦C. After a 24-h soaking period, a gas sample was collected
for GC analysis to calculate the methane recovery and CO2 storage, and a P-T temperature profile was
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recorded. From this analysis, the number of moles was quantified and the key ratios after 24 h of
soaking were calculated, as described in Section 2.3. After GC analysis, controlled depressurization
was also performed, indicated by the sharp pressure drop in the pressure profile. However, discussion
of this is beyond the scope of this work.

Table 6. Collected experimental data from the CH4-CO2 exchange process and calculated key soaking
ratios 24 h after the replacement process (BS = before swapping, AS = after soaking).

Experiment No. Experiment 5 Experiment 6 Experiment 7 Experiment 8

Chemical type SDS Water Methionine MeOH

Swi (%) 43.6% 43.9 44.4% 43.5%

SH (%) 35% 35% 37% 28%

PCH4,final (bar) 27.74 26.91 27.43 37.53

Pinj,CO2 (bar) 60.01 55.38 58.61 50.87

Tinj,top (◦C) 13.80 16.72 9.71 6.29

PCO2/CH4,final (◦C) 37.61 39.42 38.43 53.94

Tfinal,top (◦C) 1.02 0.67 0.82 0.80

∆P1 (PCO2inj − PCO2/CH4,final) 22.4 15.96 20.18 −3.07

BS-nCO2 in vapor (mol) 9.58 1.928 9.537 8.265

BS-nCH4 in vapor (mol) 0.323 0.098 0.260 0.328

AS-nCO2 in vapor (mol) 1.107 1.085 1.118 1.355

AS-nCH4 in vapor (mol) 0.071 0.141 0.092 0.494

Stored CO2 (moles) 8.48 0.84 8.42 6.91

Released CH4 (moles) −0.25 0.04 −0.17 0.17

After Soaking Key Ratios

CO2 Storage, SCO2 (%) 88.45% 43.72% 88.28% 83.60%

CH4 Release, ReCH4 (%) −2.64% 2.26% −1.77% 2.01%

CH4 Recovery, RCH4 (%) −19.38% 3.31% −12.53% 15.68%

Experiments 5–7 had similar methane hydrate saturation, suggesting similar residual liquid
saturation and hydrate saturation. Comparing promoters SDS or methionine with water, they display
better CO2 storage efficiency while they result in no CH4 recovery. CO2 storage with the kinetic promoter
(SCO2 ≈ 88%) is almost doubled compared to water (SCO2 ≈ 44%), indicating their promoting effect in
pure CO2 hydrate formation due to higher water activity and lower surface tension in the presence
of the kinetic promoter at the gas–liquid interface. It also indicates that residual liquid saturation
plays an important role, as liquid saturation would be responsible for higher CO2 consumption in
the form of CO2 hydrate in the presence of a kinetic promoter as compared to water. However, the
promoter-driven enhancement of pure CO2 hydrate formation at the gas–liquid interface would drive
higher CO2 consumption in pure CO2 hydrate, leading to higher CO2 storage and creating a dense
hydrate film between the gas–liquid interfaces. The affinity of CO2 gas molecules for CO2 hydrate
formation increased compared to swapping. Due to the lower induction time of hydrate formation in
the presence of SDS or methionine, CO2 hydrate film formation at the gas–liquid interface would be
very quick, and the hydrate film would be denser compared to pure water. Due to this case, less CO2

concentration would be available at the methane hydrate–gas interface, which will further reduce the
CO2 gas molecule diffusion distance into methane hydrate compared to water and methanol.

Furthermore, the CH4 recovery ratios in Table 6 are negative under kinetic promoter addition,
suggesting the inability of released methane gas to diffuse through the CO2 hydrate film due to the
smaller time window and due to CH4 hydrate reformation from the higher driving force available in
the presence of promoter-saturated water in the pores. This phenomenon is a consequence of the quick
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CO2 hydrate film formation which controls CO2 gas diffusion into the CH4 hydrate. Consequently,
the amount of CO2 gas which was diffused into the CH4 hydrate through the pure CO2–hydrate
film was lower. Therefore, the CH4 gas released from the CH4-CO2 replacement process is trapped
beneath this barrier and participates in CH4 hydrate reformation. Thus, it can be claimed that the
presence of kinetic promoters results in higher CO2 storage efficiency, mainly driven by pure CO2

hydrate formation with additional hindering of CH4-CO2 replacement efficiency and induced CH4

hydrate reformation.
On the other hand, the presence of low dosage MeOH (5 wt%, Swi ≈ 45%) in the system subjected

to CH4-CO2 exchange shows promising results in terms of CO2 storage and CH4 recovery compared
to the promoter cases, depicted in Table 6. Considering a system where CH4 hydrate has formed in
the porous media with low dosage MeOH, CH4 hydrate saturation is expected to be lower compared
to water or kinetic promoter systems because of the alcohol inhibition and anti-agglomerate effect.
This is confirmed by the calculated CH4 hydrate saturation in Table 6. with lower observed hydrate
saturation (SH ≈ 28%) for the MeOH case. At 5 wt% MeOH, inhibition of MeOH is converted into
anti-agglomeration. Risk of methane hydrate reformation also decreased in the presence of methanol
and contributed to high methane recovery, in contrast to promoter cases, while the CO2 storage
efficiency remained approximately the same for both methanol and promoters. The presence of low
dosage methanol in the system suggests that more CO2 is believed to store in methane hydrate through
replacement reaction due to higher thermodynamic driving force. Availability of CO2 gas molecules
at the CH4 hydrate surface improved due to the enhanced relative gas permeability due to low
saturation [86], delay in CO2 hydrate formation at gas–liquid interface and enhanced thermodynamic
driving force in the presence of CH4-CO2 swapping.

Figure 13. Pressure profiles for CH4-CO2 replacement process 24 h after soaking in experiments 5–8
having similar Swi but in the presence of different additives in the water. Sudden drop in pressure at
the end of 24 h corresponds to gas collection for GC analysis followed by controlled depressurization.
(A) Pressure profile after CO2 injection and during the soaking period in experiment 5; (B) Pressure
profile after CO2 injection and during the soaking period in experiment 6; (C) Pressure profile after
CO2 injection and during the soaking period in experiment 7; (D) Pressure profile after CO2 injection
and during the soaking period in experiment 8.
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Figure 13 presents the pressure profiles for the replacement process in experiments 5–8 during a
soaking period that lasted for around 24 h. From Figure 13, after CH4 gas venting and CO2 injection,
the CH4-CO2 exchange is considered to start immediately after the isolation of the HPC from the inlet
valve. This is observed as an abrupt decrease in pressure profiles. This implies CO2 gas consumption
considering that the CH4 vapor phase from the hydrate formation stage was displaced and assuming
isochoric displacement during venting. CO2 hydrate formation is the reason for the observed gas
consumption at a very early stage after injection. Observing the pressure profiles with promoters
(experiment 5—SDS and experiment 7—methionine), the pressure was stabilized for 24 h. Similar
observation comes from the base case with only water, indicating similar behavior of promoters
regarding the replacement process and confirming quick CO2 hydrate layer formation at an early
stage after CO2 injection. When correlating the pressure profile with pressure drop (∆P1) calculated in
Table 6, we see that ∆P1 is always negative, highlighting the drop in system pressure caused by CO2

storage and no release of methane from methane hydrate. In experiment 8, ∆P1 is positive, confirming
additional methane recovery due to the presence of methane, not seen before in experiment 5 and 7.
All experiments had near similar CO2 storage rates. ∆P1 is further complemented by an increased
trend in pressure profile observed in the presence of the low dosage inhibitor (experiment 8—MeOH).
This can be explained since, initially from CO2 injection, the CO2 hydrate begins to form with a faster
rate than CH4 release. At some point, the CO2-CH4 exchange process continues further due to low
dosage inhibition effects, but with a slower rate than CH4 release. Thus, pressure builds up.

3.3.3. CH4 Recovery and CO2 Storage in the Presence of Low Dosage Alcohol (Effect of Initial Liquid
Saturation, Hydrate Morphology and Effect of Temperature)

In this section, we show that in the presence of similar pore water chemistry (presence of 5 wt%
methanol), degree of hydrate saturation and nature of hydrate morphology affect the CH4-CO2 hydrate
exchange due to the hydrate–gas interface controlled by hydrate surface area [41] and difference in
relative gas permeability, which controls CO2 flow into methane hydrate sediments.

In this section, we perform a total of five CH4-CO2 experiments in the presence of 5 wt%
MeOH having varying initial and residual liquid saturations. Results are presented in Table 7.
In experiments 8–10, swapping was performed at 1 ◦C, whereas in experiments 11 and 12, swapping
was performed at 4 ◦C. During the 24-h soaking period, pressure profiles (refer to Figure 14) were
recorded, and gas samples were collected at the start and end of the soaking periods to calculate the
differences in moles of CH4 and CO2 gas molecules in vapor phase. From this analysis, key ratios
concerning recovery, replacement and storage were calculated and are presented in Table 7.

During experiments 8–10, we investigated the effect of low (30%—experiment 10), median
(44%—experiment 8) and high initial water saturation (66%—experiment 9) on CH4-CO2 replacement
at 1 ◦C. Due to the difference in initial water saturation, methane hydrates with different hydrate
saturations and morphologies were formed. Experiment 10 with Swi = 30% had SH = 22%, whereas
experiment 8 and experiment 9 had SH = 28% and 20%, respectively. Hydrate morphology is also
assumed to be different and controlled by initial water saturation [84,88], as shown in Table 7.
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Table 7. Collected experimental data from the CH4-CO2 exchange process with 5 wt% MeOH under
various liquid saturations and experimental temperatures. Key ratios are calculated from 24-h soaking
period when the replacement process occurred (BS = before swapping, AS = after soaking).

Experiment No. 8 9 10 11 12

Chemical type MeOH MeOH MeOH MeOH MeOH
Swi (%) 44% 66% 30% 45% 30%
SH (%) 28% 20% 22% 29% 27%

Hydrate morphology Pore-filling Pore-filling Grain-coating Pore-filling Grain-coating
PCH4,final (bar) 37.53 44.01 48.24 41.15 42.96

TCH4,final,top (◦C) 0.79 0.86 0.80 3.76 3.81
Pinj,CO2 (bar) 50.87 56.21 59.38 59.26 62.37
Tinj,top (◦C) 6.29 4.70 1.75 5.73 8.18

PCO2/CH4,final (◦C) 53.94 59.02 60.21 48.78 58.82
∆P1 (PCO2inj − PCO2/CH4,final) −3.07 −2.81 −0.83 10.48 3.55

Tfinal,top (◦C) 0.80 0.81 0.81 3.73 3.79
BS-nCO2 in vapor (mol) 8.265 8.096 11.247 10.063 9.923
BS-nCH4 in vapor (mol) 0.328 0.208 0.421 0.203 0.054
AS-nCO2 in vapor (mol) 1.355 1.178 0.747 0.656 1.264
AS-nCH4 in vapor (mol) 0.494 0.513 1.145 0.669 1.050

Stored CO2 (moles) 6.91 6.91 10.50 9.41 8.66
Released CH4 (moles) 0.17 0.31 0.72 0.47 0.99

After Soaking Key Ratios

CO2 Storage, SCO2 (%) 83.60% 85.45% 93.36% 93.48% 86.41%
CH4 Release, ReCH4 (%) 2.01% 3.76% 6.44% 4.64% 10.04%
CH4 Recovery, RCH4 (%) 15.68% 40.84% 82.98% 44.73% 89.09%

Figure 14. Pressure profiles for CH4-CO2 replacement process at 1 ◦C and for 24-h soaking period.
Experiments 8–10 at different Swi and in the presence 5 wt% MeOH in water. Sudden drop in pressure
at the end of 24 h corresponds to gas collection for GC analysis followed by controlled depressurization.
(A) Pressure profile after CO2 injection and during the soaking period in experiment 8; (B) Pressure
profile after CO2 injection and during the soaking period in experiment 9; (C) Pressure profile after
CO2 injection and during the soaking period in experiment 10.

Figure 14 present the pressure profiles for the replacement process in experiments 8–10 during
the soaking period, which lasted for around 24 h. Pressure profiles indicate a near-similar pressure
trend in all the experiments involving methanol. The calculated swapping key ratios are plotted in
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Figure 15 to illustrate the trend concerning the effect of initial water saturation and the corresponding
hydrate saturation on CH4-CO2 swapping efficiency. Looking at pressure drop, ∆P1, values calculated
in experiments 8–12 suggest that experiments 8 and 9 have higher methane recovery and low CO2

storage, causing higher pressure at the end of the soaking period than initial injection pressure after
24 h of soaking. In experiments 10–12, we observed lower system pressure compared to initial injection
pressure, indicating higher CO2 storage and lower methane recovery. In typical swapping experiments,
system pressure is lower than initial injection pressure, suggesting higher CO2 storage than CH4

release [52,89].

Figure 15. CH4-CO2 exchange key recovery ratios for different initial water saturations and
corresponding hydrate saturations. (A) Soaking ratios for different initial water saturation (Swi) during
experiments 8–10; (B) Soaking ratios for different hydrate saturation (SH) during experiments 8–10.

Results in Table 7 show that the lower liquid saturation system (Swi = 30%—experiment 10) leads
to higher CH4 recovery and replacement efficiencies among three experiments 8–10. It can be seen
that CH4 replacement (ReCH4), recovery (RCH4) ratios for median (Swi = 44%—experiment 8) and
high liquid saturation (Swi = 66%—experiment 9) are lower compared to the low methane hydrate
saturation case (Swi = 30%—experiment 10).

Our findings could be explained based on differences in hydrate morphology between experiment
10 and experiments 8 and 9. Initial liquid saturation controls the degree of hydrate saturation and
its morphology within the pore space. Initial water saturation controls hydrate morphology as well
as degree of hydrate saturation. For initial water saturation, Swi < 35%, the hydrate morphology is
grain-coating, whereas above 35%, a pore-filling hydrate morphology is suggested [84,88]. For the
grain-coating hydrate morphology, an increase in hydrate saturation provides a higher hydrate surface
area, thus enhancing the hydrate–CO2 gas interface and improving the CH4-CO2 hydrate exchange.
For the pore-filling hydrate morphology, an increase in hydrate saturation decreases the relative
permeability of gas [86] and the permeability of hydrate-bearing sediments [41]; thus, CO2 gas flow
into methane hydrate sediments is restricted and lower CO2 concentrations arriving at the CH4 hydrate
surface cause poor CH4-CO2 exchange. Residual water saturation after hydrate formation also plays
a critical role as it controls the liquid–gas interface where CO2 hydrate film formation takes place.
Qing et al. [29] studied CH4-CO2 exchange using liquid CO2 and found that the replacement of CH4

hydrate decreased with an increase in hydrate saturation. They have also found that replacement
increased with a decrease in initial water saturation.

The above explanation affirms that experiment 10 had better hydrate exchange-based soaking
ratios than experiment 8 and 9 due to the grain-coating hydrate morphology that provided additional
hydrate–gas contact. The surface area in a grain-coating hydrate system is higher compared to the
pore-filling analog [90]. Grain-coating hydrate morphology-based methane hydrate systems also have
better relative gas permeability, thus enabling better fluid movement through pores in the sediment
matrix compared to a pore-filling hydrate morphology [86]. Low initial water saturation reduced the
free active water in the pore space and hydrates were formed as grain-coating hydrates due to the
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water-wet nature of silica sand. Therefore, the better soaking ratios observed in experiment 10 are
attributed to the larger hydrate–gas interface and better fluid migration within pores.

Comparing experiments 8 and 9, both had a pore-filling hydrate morphology but experiment 9
had a better hydrate swapping-based soaking ratio compared to experiment 8. This is attributed to
the difference in hydrate saturation between experiments 8 and 9. Experiment 9 had lower hydrate
saturation SH = 20% compared to SH = 28% in experiment 8. It is known that for a pore-filling hydrate
morphology, an increase in hydrate saturation leads to a decrease in relative gas permeability [86].
Pore-filling hydrate also reduces the intrinsic permeability of the hydrate-bearing sediments by
blocking the pores and creating more obstruction for fluid migration in comparison to the grain-coating
hydrate-bearing sediment matrix [91,92]. The lower the hydrate saturation (experiment 9, Sh ≈ 20%),
the less pore space is occupied, and, thus, the higher the relative gas permeability inside the pore-space
leading to higher gas exchange efficiency compared to the higher hydrate saturation system (experiment
8, Sh ≈ 28 %). Experiments 8–10 consistently had CO2 storage efficiency above 80%, highlighting the
role of residual liquid phase saturation during CO2 hydrate formation at the gas–liquid interface after
CO2 injection into the CH4 hydrate. CH4 recovery and CH4 replacement ratios were also correlated,
highlighting enhanced CH4-CO2 replacement as a contributing factor in CH4 recovery, apart from the
release of CH4 gas caused by CH4 hydrate melting due to CO2 hydrate formation.

The comparison between the two experiments (experiment 11 vs. experiment 12) at T = 4 ◦C,
having different initial water saturations (Swi ≈ 45%—experiment 11 vs. Swi ≈ 30%—experiment 12),
reconfirms that the difference in hydrate contact surface area due to different the hydrate morphology
plays a key role in CH4-CO2 hydrate swapping efficiency. Swi controls the hydrate morphology,
which in turn controls hydrate surface area. Experiment 12 has shown better replacement and recovery
efficiency (RCH4 ≈ 89%, ReCH4, CO2inj ≈ 10%) due to lower initial water saturation (Swi = 30%) at 4 ◦C
compared to the efficiency of the pore-filling type hydrates of experiment 11 at 4◦C (RCH4 ≈ 45%,
ReCH4, CO2inj ≈ 5%), due to higher initial water saturation (Swi = 45%). Grain-coating hydrates also have
higher relative gas permeability and improved fluid movement due to a connected pore network [86].

Table 2 shows that temperature has an effect on CH4-CO2 replacement in the presence of 5 wt%
methanol, such that an increase in swapping temperature from 1 ◦C to 4 ◦C improves the driving
force (∆P) from 21 to 27 bars. Driving force (∆P) is defined as the hydrate stability pressure difference
between CH4 and CO2 gas hydrate stability pressure at a given temperature. As seen in Table 2,
the presence of 5 wt% MeOH increases the hydrate stability pressure difference between CO2 and
CH4 for given temperatures compared to pure water. From Table 2, CSMGem-based calculations
suggest that the biggest pressure difference was observed at 4 ◦C in the case of 5 wt% MeOH. Therefore,
the temperature effect on CH4-CO2 swapping was also investigated during this study. In experiments
11 and 12, exchange was performed at 4 ◦C and calculated data are presented in Table 7, where a
pressure profile is plotted (refer to Figure 16). The following discussion is focused on comparing the
effect of temperature on CH4-CO2 swapping-based soaking ratio experiments with similar initial water
saturations (experiment 8 vs. experiment 11, experiment 10 vs. experiment 12).

Experiments 8 and 11 have similar initial water saturation (ca. 45%), similar hydrate saturation
(ca. 28%) and similar hydrate morphology (pore-filling). In experiment 8, swapping was performed at
1 ◦C, and in experiment 11, the temperature was 4 ◦C. Soaking-based ratios shown in Table 7 confirm
better efficiencies for experiment 11 (4 ◦C) versus experiment 8 (1 ◦C). For experiment 11, the CO2

storage efficiency (SCO2) was 93%, while for experiment 8, the SCO2 was ≈ 84%. Additional CO2 storage
in experiment 11 can be attributed to CO2 storage in the CH4 hydrate due to higher driving force
at 4 ◦C in the presence of 5 wt% MeOH, as in experiments 8 and 11, all parameters were identical
except for a difference in swapping temperature. As more CO2 replaced CH4 from hydrate cages,
we recorded additional methane recovery in experiment 11, as confirmed by better methane recovery
and replacement ratio (RCH4 ≈ 45%, ReCH4, CO2inj ≈ 5%) compared to experiment 8 (RCH4 ≈ 15%,
ReCH4,CO2inj ≈ 2%).
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Figure 16. Pressure profiles for CH4-CO2 replacement process 24 h after soaking during experiment
11 and experiment 12. These experiments were performed at T = 4 ◦C. Experiments were performed
with different Swi and in the presence of 5 wt% of MeOH in the water. Sudden drop in pressure at
the end of 24 h corresponds to gas collection for GC analysis followed by controlled depressurization.
(A) Pressure profile after CO2 injection and during the soaking period in experiment 11 (B) Pressure
profile after CO2 injection and during the soaking period in experiment 12.

Experiments 10 and 12 also have similar initial water saturation (ca. 30%) and similar hydrate
morphology (grain-coating). In Experiment 10, swapping was performed at 1 ◦C and in experiment
12, it was 4 ◦C. Higher methane hydrate saturation in experiment 12 (SH = 27%) resulted in higher
hydrate surface area compared to experiment 10 (SH = 22%), as hydrates formed are grain-coating.
We recorded the enhanced methane recovery at elevated temperatures for experiment 12. Improved
CH4 recovery and replacement efficiency (RCH4 = 89%, ReCH4 = 10%) were recorded in experiment 12
compared to ratios (RCH4 = 83%, ReCH4 = 6%) recorded in experiment 10, which are attributed to the
higher temperature and higher hydrate surface area available in experiment 12.

CH4-CO2 exchange mechanisms include different phenomena, including CO2 hydrate formation,
CH4 hydrate dissociation and CO2 gas diffusion into the CH4 hydrate to initiate CH4-CO2 replacement.
Energy released by CO2 hydrate formation initiates CH4 hydrate dissociation, causing the release of
methane gas and improving pore connectivity within the sediment matrix. This allows additional CO2

gas molecules to reach the CH4 hydrate surface. Hence, total CH4 recovered is the sum of methane
recovered from hydrate dissociation plus methane recovered through CH4-CO2 swapping. It is known
that grain-coating methane hydrates are more unstable and dissociate faster compare to pore-filling
hydrates [90–93]; therefore, energy released from CO2 hydrate formation would be able to dissociate
grain-coating hydrates faster compared to pore-filling hydrates. We report supporting observations in
our studies when we compare the CH4 recovery ratios in experiments 8–12. Due to the grain-coating
morphology in experiments 10 and 12, we recorded additional methane recovery 83–87%, compared to
15–45% recorded in experiments 8, 9 and 11, which had pore-filling morphologies. Low replacement
ratios (2–10%) but high methane recovery ratios (15–89%) recorded in experiments 8–12 also suggest
that a high percentage of methane recovered during CH4-CO2 hydrate swapping comes from methane
hydrate dissociation and the release of trapped methane within the pore space caused by CO2 hydrate
dissociation. Thus, the difference in RCH4% in experiments 8–12 is the cumulative result of differences
in hydrate morphology, degree of hydrate saturation, CO2 transportation via different barriers and
thermodynamic driving force between CH4 and CO2 hydrate.

CO2 storage ratio varied between 83% and 94% during experiments 8–12. The CO2 storage
ratio had less variation compared to the CH4 recovery ratio. This suggests that factors like methane
hydrate saturation, its morphology and thermodynamic driving force did not control CO2 storage
in methane hydrate reservoirs. We propose that CO2 storage during CH4-CO2 swapping is highly
influenced by residual water saturation and pore water activity [85] as pure CO2 hydrate will form
first at the gas–liquid interface, as it is a more thermodynamically favorable process. In the presence
of 5 wt% methanol, we have near-similar pore-water activity, and deviation among each experiment
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can be contributed to enhanced CO2 storage by CH4-CO2 swapping. Experiments 10–12 had better
replacement efficiency compared to experiments 8 and 9, thus resulting in better CO2 storage ratios in
experiments 10–12 in addition to CO2 stored as CO2 hydrate film at the gas–liquid interface.

This is further confirmed by comparing CO2 storage ratios in experiments 5–8. In the presence
of hydrate promoters including SDS and methionine, the CO2 storage ratio was recorded as 88% in
experiments 5 and 7 without any CH4 recovery. CO2 storage was recorded as 83% in the presence of
5 wt% MeOH, indicating the weaker promotion capability of MeOH during CO2 hydrate formation
at the gas–liquid interface. Hence, based on this study, we report different controlling parameters to
enhance CH4-CO2 hydrate exchange, as illustrated in Figure 17 below.

Figure 17. Flow chart illustrating different factors contributing to enhanced CH4-CO2 exchange as
discussed in the manuscript and influence of anti-agglomerate/inhibitor compounds in improving
exchange and its impact on different factors (highlighted in yellow).

Through this study, we have demonstrated the novel application of anti-agglomerate and
hydrate inhibitor additives when used in low concentrations to enhance CH4-CO2 hydrate exchange.
The presence of these chemicals in water would delay hydrate formation at the gas–liquid interface
during CO2 injection into methane hydrate and would create a dispersed hydrate morphology.
The delay in hydrate film formation and its dispersed nature would allow additional CO2 gas molecule
availability for CH4-CO2 swapping, thus improving both CH4 recovery and CO2 storage. Low dosage
kinetic inhibitors and anti-agglomeration compounds are well studied and frequently used chemicals
in the petroleum industry to prevent hydrate plug formation in oil and gas pipelines. We call for
more research on the usage of environmentally friendly, anti-agglomeration and hydrate inhibition
compounds to enhance methane recovery and CO2 storage. Further research is required to study the
effects of impurities, such as clay material, water salinity, porous material properties, degree of hydrate
saturation and CO2 concentration, in injected gas through core flooding-based flow experiments.

4. Conclusions

Both CO2 storage and CH4 recovery were enhanced during the CH4-CO2 hydrate exchange process
in the presence of low dosage methanol. In the presence of methanol, delayed hydrate film formation at
the gas–liquid interface allowed additional CO2 gas molecules to be able to arrive at the hydrate surface.
Higher CO2 concentrations at the surface allowed higher diffusion into methane hydrate. Due to
thermodynamic force enhancement, more CO2 molecules were able to replace CH4. Other surface-active
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chemicals, such as SDS and methionine, enhanced CO2 storage at a similar range as methanol, but they
did not release any methane through exchange. The grain-coating morphology caused by low initial
water saturation was more advantageous during CH4-CO2 replacement. This research opens the
possibility of CO2 storage in methane hydrate without disturbing the geological formation using
the CH4-CO2 hydrate exchange processes in the presence of anti-agglomeration additives. We also
demonstrated the thermal capabilities of 5 wt% methanol, as CO2 storage was enhanced as temperature
increased from 1 to 4 ◦C.
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