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Effect of methanol on the kinetics of methane-to-CO,
exchange in gas hydrates
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The effect of methanol on the kinetics of CH,/CO, exchange
in gas hydrate below the ice melting point was studied.
It was shown that in the presence of 2.5 wt% of methanol at
P = 2.25 MPa and T = 263 K the molar fraction of CH,
replaced with CO, increased more than three times.
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Gas hydrates are currently being considered as a potential energy
source due to the huge amount of fuel gas that is trapped in gas
hydrate bearing sediments both underwater and in permafrost
regions.' = There are three feasible approaches for production of
gas from gas hydrate deposits.*® The first one involves altering
the P-T conditions in hydrate-bearing sediments to decompose
gas hydrate and produce fuel gas by heating, depressurizing,
adding chemicals, etc.*'> The second method is crushing the
hydrate-bearing sediment and mechanical transporting of the
resulting slurry to the gas production facility.>~” The third method
is methane to CO, exchange, when carbon dioxide injected into
the hydrate-bearing sediments!3-'7 replaces methane molecules
in the crystal lattice of gas hydrates. The hydrate of carbon
dioxide is more thermodynamically stable than methane
hydrate,'317-22 hence the reaction of CH,/CO, swapping occurs
spontaneously. This method can potentially provide additional
benefits by allowing long-term sequestering of carbon dioxide
while producing fuel gas. The only field experiment on
implementation of this technology showed that when carbon dioxide
was pumped into the reservoir with gas hydrates, near wellbore area
was overgrown with CO, hydrate so the further pumping of the CO,
was not possible, and so the engineers stopped the field trial and
switched to pumping of the N,/CO, mixture.? It is known, that
addition of nitrogen decreases the dissociation pressure of CO,
hydrate,”* however the nitrogen molecules can occupy the
framework cages built with water molecules which limits the
ability of hydrate as a storage medium for carbon dioxide. Slow
reaction kinetics is another issue limiting the potential use of this
method. According to some estimates, the complete conversion of
methane hydrate into CO, hydrate may take many years.> It is
currently considered that there are two stages of the heterogeneous
reaction of CH,/CO, exchange in the hydrates.!”-?27 In the first
(fast) stage, a layer of liquid water forms on the surface of a
particle of methane hydrate. This water layer quickly converts
into a film of CO, hydrate coating methane hydrate. The second
(slow) stage occurs via the diffusion of carbon dioxide molecules
inside the hydrate particles and methane molecules diffuse in the
opposite direction. The kinetics of the methane-to-CO, exchange
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process has been studied earlier.>>-3 However, the surface area
available for the reaction, which is one of the fundamental
parameters affecting the reaction rate, has only been considered
in a few works.”=27 In many papers, the reaction kinetics was
studied in a porous hydrate-bearing medium.3'-3° In this instance,
pores may have an impact on the kinetics, and therefore pose a
challenge to the conclusions that are particularly revelant to
kinetics. Recently, the other aspects of the kinetics of formation
of the gas hydrates with CH,; and CO, from the bulk and
dispersed water phase were studied.*>*!*2 The features of the
methane-CO, exchange at temperatures below the ice melting
point have been discussed.?>3037 Almost all data were obtained
at the temperatures above the ice melting point.>>*> The alcohol
is considered to be a thermodynamic inhibitor for both methane
hydrate and CO, hydrate, lowering their decomposition
pressures, therefore the addition of even a small amount of
methanol can cause the partial dissolution of gas hydrate. At that
point the effect of methanol**** on the replacement process was
studied only for hydrate-containing porous media.*#>

In this work, we aimed to study the kinetics of methane-
carbon dioxide exchange in gas hydrates at temperatures below
the ice melting point with and without methanol additions using
‘pure’ hydrate powder and ensuring moderate stirring of the
system to avoid probable impact of factors affecting permeability
of the samples.

Here we used the methods of methane samples preparation
and analysis of composition and specific surface areas of the
methane hydrate powder samples described in our recent
work.?>" The characteristics are shown in Table 1.

¥ The powder of methane hydrate was synthesized as follows: finely
crushed ice was loaded into the cell at liquid nitrogen temperature. The
cell was flushed 3 times with 1 MPa of methane and pressurized with
15 MPa of this gas. Then it was put into the refrigerator at temperature of
277 K for at least 24 h. After that the cell was frozen to the temperature
of liquid nitrogen, hydrate was extracted, ground again and put back to
the cell cooled to 77 K. The cell was again placed into the refrigerator at
277 K for at least 24 h. Then the cell was cooled to 77 K, the hydrate
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Table 1 Basic characteristics of the initial methane hydrate samples.

Experiment Composition Mean particle Specific
[methanol added (volume of emitted diametl:::r Jum surface area/
(Wi%)] gas/ml gile,) " m? gl

0 207 137.5 37.0

2.5 215 127.5 32.7

Two experiments were carried out at the same P—7 conditions
(2.25 MPa, 263 K) to determine the effect of added methanol on
the kinetics of the CH,—CO, exchange process: one without the
addition of methanol and the other with addition of 2.5 wt%
(relative to the mass of hydrate) alcohol. The changes in the
composition of the gas phase during the experiments are shown
in Figure 1. Figure 2 illustrates the calculated changes in the
composition of the mixed CH,/CO, hydrate vs. time. The results
of the direct measurement of the mixed CH,/CO, gas hydrate
composition after completion of the kinetic experiment and its
melting are also shown in Figure 2.

At the end of the experiments the hydrate compositions
calculated on the basis of changes in concentration of the gases
in the gas phase were close to those measured after melting,
this indicated that the way of hydrate composition estimating
was correct. The results presented in the figures show that

was extracted and ground. Part of the obtained hydrate powder was used
to characterize its properties (composition and specific surface area) the
other part was used to study the kinetics of methane—CO, exchange in gas
hydrates.

The experiments performed to investigate the kinetics of CH,/CO,
exchange in methane hydrates comprised of three distinct stages. In the
first stage, 25 g of characterized methane hydrate powder were loaded
into 252 ml autoclave cell cooled to 77 K. The cell was then closed and
purged three times with 1 MPa of methane precooled to 255 K. The
mixer was turned on at 100 rpm and the cell was left for 1.5-2 h to reach
the intended P-T conditions. By the end of this stage, the pressure in the
cell was 5.0 £ 0.5 MPa and the temperature reached the value of 263 K at
which we planned to investigate the kinetics of CH,/CO, exchange in gas
hydrates. In the second stage a reservoir filled with CO,, which had been
precooled to the same temperature as the autoclave stirred cell, was
connected to the autoclave, the stirring speed was set at 300 rpm, and
carbon dioxide was blown through the cell for 10 min to replace methane
from the gas phase. During the replacement of the gas phase, the pressure
was not reduced below the dissociation pressure of pure methane hydrate
to prevent its decomposition. After the completion of the CO, injection
process, we immediately took samples of gas to analyze the composition
of the gas phase in the autoclave. Then the stirring speed was reduced to
100 rpm. For the experiment with methanol, the alcohol was injected into
the cell quickly after taking a sample of the gas for analysis. For its
injection, a tube with valves on both sides was filled with the required
amount of methanol. Then it was cooled to the temperature of an
autoclave and connected to a valve on the top of the cell. On the opposite
side, this capillary was connected to the reservoir with CO,. The capillary
was purged with CO, three times and pressurized. Then the valves
between the tube and the autoclave were open to push methanol into the
cell and the system was left for five days. Periodically (after 1, 3, 6, 12,
24, 48,72 and 120 h), samples of the gas phase were taken for analysis to
track its changes and to build the kinetic curves. In the third stage, the
pressure was reduced, and the autoclave was purged three to four times
with 1 MPa of nitrogen precooled to 255 K. The chiller temperature was
then set to 293 K in order to dissociate the hydrate. The samples of gas
after hydrate decomposition have also been analyzed to check the
correctness of the obtained kinetic curves. Khromos GKh-1000 gas
chromatograph equipped with a TCD detector and a Porapak column 3 m
long and 4 mm in diameter QS 80/100 mesh was used to perform analysis
of the gas phase composition. The molar volumes of the gas mixtures at
experimental P-T conditions were calculated with CSMGEM software.??
The obtained values were used for calculations of the hydrate
compositions at different stages.

methanol has dramatically accelerated the kinetics of the
reaction of CH,—CO, exchange in gas hydrates. To our best
knowledge, these results are the first evidence of the catalytic
effect of methanol on the CH,—~CO, exchange reaction in gas
hydrate obtained with the samples of ‘pure’ hydrates (not in
porous media). In both cases the fastest reaction rates are
observed during the initial 24 h of the experiment. After that,
the reaction rates sharply decrease and wherein in the presence
of methanol the reaction rates become slower than without the
addition of the alcohol.

The equilibrium compositions of the gas and hydrate phases
at 2.25 MPa and 263 K were calculated using CSMGEM
software.?’ The quantities of the components loaded into the
autoclave were used for these calculations as input data.
Figures 1 and 2 indicate that in the absence of methanol, the
compositions of both gaseous and hydrate phases have been
significantly different from their equilibrium values. These data
are consistent with the model that implied that the reaction rate
slows down with time because of the formation of a hydrate/ice
crust on the surface of the hydrate particles, which limits the
diffusion of CO, molecules inside the hydrate particles and CH,
molecules in the opposite direction.?’

In the case when methanol was added, the situation becomes
more complicated. One can see from Figure 1 that the gas phase
composition is close to the equilibrium composition. However,
as shown in Figure 2, for the hydrate phase, the difference
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Figure 1 Changes in the composition of the gas phase vs. time during the
CH,—CO, swapping process at 2.25 MPa, 263 K. Black lines (without
addition of methanol): / — methane concentration, 4 — carbon dioxide
concentration. Blue lines (with addition of 2.5 wt% methanol): 2 — methane
concentration, 3 — carbon dioxide concentration. Horizontal dashed lines:
5 and 6 — equilibrium concentrations of CH, and CO, in the gas phase,
respectively (without methanol addition).
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Figure 2 Changes of the fractions of CO, in gas hydrate vs. time during
the CH,—~CO, swapping process at 2.25 MPa, 263 K: / — without addition of
methanol, 2 — with addition of 2.5 wt% of methanol. The empty squares
present the results of direct measurement of hydrate composition after its
melting. The horizontal dashed line 3 corresponds to the equilibrium
composition of the hydrate phase calculated for the experiment without
methanol.
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Table 2 Calculated equilibrium compositions and molar fractions of the phases for the used mixtures of components.

Composition (mol%)

Methanol

added hydrate phase gas phase liquid aqueous phase

(wi%) CH, CO, H0 CHOH CH, CO, H,0 CH,OH CH, o,  HO CH,OH

0 4.1 9.87 86.03 - 444 55.6 0.0 - - - - -
PMF¢=0.821 PMF¢=0.179 PMF¢=0

2.5 3.76 10.36 85.88 0 39.02 60.94 0.01 0.03 0.01 2.11 79.74 18.08
PMF*=0.739 PMF*=0.204 PMF“=0.057

¢ PMF — phase molar fraction.

between its determined and equilibrium compositions is much
greater. In general, there is no doubt that the addition of a small
amount of methanol dramatically promotes the conversion of the
CH,—CO, exchange process in gas hydrates. It is important to
note that in this case the estimation of errors for the calculated
values of the gas hydrates composition is not possible, thus the
assumptions about the origin of the observed difference between
the compositions of the phases and the equilibrium values
(random or random + systematic error) are challenging. The
analysis of the experimental data with added methanol suggests
that sharp decrease in the reaction rate can be caused either by
achieving thermodynamic equilibrium between the outer layers
of the mixed CH,/CO, particles or by abrupt decrease in the
thermodynamic driving force of the reaction due to approaching
the phases compositions to the equilibrium values. Inasmuch as
carbon dioxide concentration in the hydrate phase is 10-20%
lower the one obtained with CSMGEM equilibrium values, it is
safe to assume that the central part of the hydrate particles still
contains the fragments of unreacted methane hydrate, but its
quantity is significantly lower than in the experiment without
addition of methanol.

Let us discuss the possible mechanism of the CH,~CO,
exchange in gas hydrates in the presence of methanol. When
methanol is injected into the autoclave, part of it evaporates
into the gas phase (Table 1). The remaining portion of the
methanol comes into contact with the hydrate powder, bringing
partial dissolution of the hydrate. One can consider that due to
the stirring, the methanol quickly and evenly distributes in the
hydrate sample. The data presented in Table 2 indicate that
addition of 2.5 wt% of methanol results in the formation of
about 10% of liquid phase (relative to the quantity of solid
phase) that mainly consists of water and methanol. During the
process of methane hydrate dissolution, methane molecules are
being emitted into the gaseous phase. At the same time, the
dissolved water molecules capture CO, molecules from both
gas and liquid phases forming the CO, hydrate that at these
P-T conditions is more stable than the methane hydrate. It is
safe to assume that the amount of the liquid phase is sufficient
to cover the entire surface of the solid particles with a thin film
and to fill the cracks and pores between and inside these
particles. We believe that in such a system, the process of
methane—CO, exchange occurs not via a solid-phase process,
but rather through multiple processes of dissolving—
recrystallization of hydrate particles. Presumably, during the
reaction the locations of these simultaneous processes differ,
which results in a deeper conversion of the methane hydrate
owing to the larger surface area of the hydrate exposed to the
gas/liquid phase. Thefore, the presence of the unreacted
methane hydrate at the end of the experiment can be explained
by the inhomogeneous distribution of the hydrate sample in the
cell after flushing it with CO,. Part of the hydrate powder may
remain on the walls of the cell and the injected methanol may
not get into contact with it, so the necessary liquid water/
methanol layer is not formed.

Thus, the obtained data prove the effectiveness of methanol as
the catalyst in the process of CH,/CO, exchange in gas hydrates.
We assume that the findings reported here can be useful for
further development of the approach and methods of gas
production from gas hydrates deposits.

The study was funded by a grant of the Russian Science
Foundation no. 23-29-00488, https://rscf.ru/project/23-29-00488/.
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