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Abstract. This study reports methane (CH,) gas storage capacity along with TetraHydroFuran (THF) as
guest molecules in mixed hydrates. This process has been studied in two reactors of 100 and 400 mL capacity,
having 4.5 and 7.5 cm internal diameter respectively, in non-stirred configuration. Experiments were conducted
in each reactor at constant initial gas pressure (7.5 MPa) and by increasing the height of the solution from 1 to
8 cm, resulting in volume scale-up factor of 5. The total CH, gas uptake (moles) passes through a maximum at
around 50% volume of the reactor indicating a transition from gas-rich to solution rich conditions. Observed
variations in gas uptake are within +20% of the maximum, upon different solution volume from 35% to
70% of reactor’s volume. Another set of experiments were conducted keeping the amount of the solution con-
stant and increasing gas pressure in the range of 0.5-11.0 MPa. The gas uptake increased upon an increase in
the gas pressure, but this is at least 40% less compared to the theoretical estimate. The stirring of solution or
addition of promoter (Sodium Dodecyl Sulfate, SDS) is also not effective in increasing the gas consumption.
Kinetics of gas uptake, in both stirred and non-stirred conditions, are quicker and 90% of gas consumption

occurs in an hour after the hydrate nucleation event.

1 Introduction

Clathrate hydrates are the ice-like crystalline solids, often
found in low temperature and high-pressure regions, namely
in the certain arctic zone and oceanic sediments. The water
molecules transform into porous ice in the presence of smal-
ler hydrocarbons such as methane, ethane, propane, etc., or
carbon dioxide; or hydrogen sulphide; and vacant pore
spaces are occupied by these guest molecules. At the molec-
ular level, a network of water molecules forms various poly-
hedral cages through hydrogen bonding, and the guest
molecules are encased in cages. There are five types of poly-
hedral cages, commonly found in hydrates, in increasing size:
pentagonal dodecahedron (5' —cage) dodecahedron (4°5%67-
cage), tetrakaidecahedron (5'%6%-cage) hexakaldecahedron
(51264 cage), and 1cosahedron (5% cage Three common
unit cells (sI, sIT, and sH) of gas hydrates are known to form
from a few types of cages depending largely on the size and
physical properties of the guest species. For example, the
sI unit lattice consists of two 5'%-cages and six 5'%6%-cages,
and the sII unit lattice has sixteen 5'%-cages and eight
5'%6%-cages. The sH hydrate comprises three different cages:
three 5'*-cages, two 4°5%>-cages, and one 5'%6*-cage [1].
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The research on gas hydrates in earlier days remained
purely as a scientific curiosity. Of late it has become a topic
of great importance because of multi-facet applications in
the energy sector, e.g., natural gas hydrates could be an
energy source, large storage capacity could be utilised for
gas storage and transportation, of course, depending on
structural stability issues. Also, the property is much useful
to sequester the greenhouse gas such as carbon-dioxide [2-7].

In particular, storage of Natural Gas (NG), where the
dominant constituent is methane, is practised by different
methods, such as Liquefaction (LNG) or Compressed
(CNG) or Adsorption (ANG) on suitable adsorbents or
via clathrate hydrates (Solidified Natural Gas, SNG).
LNG has a volumetric capacity of about 600 v/v and is a
very active mode to transport NG from source to market,
but not suitable for storage due to stringent temperature
requirements and the continuous gas boiloff issues [§].
CNG (~200 v/v at 20 MPa) as a mode of storage requires
high pressure for both production and storage and its
inherent flammable/explosive nature, practically makes it
hazardous for NG storage. In contrast, ANG requires
adsorbing NG onto sorbents, like, activated carbon, Carbon
Nanotubes (CNTs), graphene, Metal-Organic Frameworks
(MOFs), ete. [9-12]. Given the history of the development
of these materials for NG storage and known scale-up
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issues, there is a need to demonstrate process development.
Furthermore, some of them are highly sensitive to moisture
[13]. On the other hand, solid hydrates of natural gas
(SNG) are stable at moderately high pressure (5 MPa)
and 279 K. Under the assumption of complete cage occu-
pancy (8 in sl and 16 small in sIT) of methane gas, one unit
of SNG upon dissociation can release 182 and 109 units of
methane gas at 293 K and 0.1 MPa from sI and sII struc-
tures. Thereby, the storage of gas in the form of SNG is a
handy solution. The larger cages (5'%6) of sII in mixed
hydrates are often occupied by the large co-guest molecules
such as TetraHydroFuran (THF), resulting in significant
reduction in the methane gas volumetric storage capacity.
However, the thermodynamic stability conditions are vastly
different than methane hydrates in sI [14].

However, noticeable drawbacks are in the form of the
sluggish formation kinetics and inefficient water to hydrate
conversion. The hydrates largely form at the gas-water
interface and thus increase the surface area and helps in
attaining higher hydrate conversion. The common methods
for increasing clathrate formation kinetics, for example, use
of high pressures (driving force), vigorous mechanical mix-
ing, surfactants, or micron-sized ground /sieved ice particles,
can be adopted in the laboratory environment [2, 15-17].
Also, the hydrates formed in a porous medium have shown
rapid and efficient gas storage [18-22]. But the process of
mixing of reactants continuously may be less cost-effective
and impractical in real gas storage applications.

In the current study, we use THF, a well-known slI
hydrate former, in stirred and unstirred configurations and
investigate the formation of mixed methane/THF hydrates
by systematically varying aq-THF amount keeping initial
gas pressure at 7.5 MPa and also varying the initial methane
gas pressure in the range 0.5-11.0 MPa by keeping aq-THF
solution constant. We used THF in stoichiometry
(5.66 mol%) for sII for the following reasons: it is well-known
that under these conditions the hydrate system is known to
have the highest thermodynamic stability [16, 23-25] and
also the thermal stability at 0.1 MPa is very high [14].
However, recently some studies using a lesser amount of
THF indicated relatively higher methane gas uptake
[14, 26, 27] and also at much lower THF (1.0 mol %)
methane gas consumption is negligible, particularly in the
absence of constant stirring [26]. However, experiments con-
ducted with continuous stirring have shown significant gas
consumption due to the phase change even with lower
THF concentrations [14, 16]. Furthermore, the addition of
surfactants like sodium alkyl sulfates (C8-C16) along with
low mol% THF, helps in faster hydrate nucleation and
higher gas uptake [28, 29]. Additionally detailed structural
studies indicated that the hydrates formed with lesser
amounts of THF are crystallised into mixtures of both
sl and slII, while the hydrates with stoichiometry crystallise
into sII 30, 31].

Hydrate phase equilibrium data for the methane +
THF + water system [32-35] along with kinetic studies on
bubbling reactor [36] and stirred tank reactor [14, 37] are
reported in the literature. However, investigations of
this system in quiescent unstirred setup under experi-
mented conditions are at seldom in the literature [38, 39).

Veluswamy et al. [38, 39] have conducted studies on storage
capacity and gas uptake kinetics in CH; + THF + H,O
system and have reported process scale-up using three
different reactors, namely, in small (dia: 1.3 ¢cm), medium
(dia: 5.1 cm) and large (dia: 10.2 cm) using 2, 53 and
220 mL of ag-THF solution at comparable methane gas
pressure. However, such scale-up is deceptive as both
diameter and volume (height) of the solution vary. Our
motivation is to investigate the hydrate formation process
with different amounts of aq-THF solution and initial gas
pressure to understand the role of surface area, the volume
of solution (height) and driving force (at a fixed volume of
solution) as these are a relevant parameter in the gas storage
process.

2 Experimental method

Figure 1 shows the schematic experimental layout
employed in our study. We used two different SS-316
cylindrical reactor vessels of volume 100 and 400 mL for
these experiments. Cold fluid (water + glycol mixture)
was circulated in the vessel with the help of AN CYRO-
LTCCB-40 circulator, to maintain the temperature inside
it at the desired level. A platinum resistance thermometer
(Pt100) inserted into the vessel was used to measure tem-
peratures within +0.2 K. The thermometer is placed in a
thermowell, which was fixed closer to the bottom surface
of the reactor vessel and therefore the measured tempera-
ture is always in liquid/hydrate phase. The pressure in
the vessel was measured with a WIKA pressure transducer
(WIKA, type A-10 for pressure range 0-16 MPa) and this
sensor measures the variations in the vapour phase. The
stoichiometric 5.66 mol% THF was taken to prepare the
aqueous solution. The solution filled to different heights in
the vessel. Note that the vessel was flushed with methane
gas to remove atmospheric gases. The required amount of
methane gas was filled into the experimental vessel at ambi-
ent temperature (~298 K) and the hydrate formation and
dissociation cycles were conducted in standard isochoric
configuration. The reactor vessel temperature was rapidly
decreased by circulating the cold fluid. Since a high sub-
cooling and driving force played a major role in hydrate
crystallisation. The P-T (pressure-temperature) profile
was recorded at fixed time intervals. A sudden pressure
drop was observed due to gas consumption in the hydrate
cages. Within 1-2h 90% of the total consumption
happened. Then the reactor vessel was warmed up to
315 K to ensure complete hydrate dissociation and recovery
of consumed methane gas. The complete process of hydrate
formation and dissociation is shown in Figure 3. The pro-
cess was repeated 2-3 times to ensure the reproducibility
and the reusability of aqueous THF solution. The content
of methane gas (moles) in the hydrate phase during the
experiment at time ¢, is defined by the following equation:

AnH, ¢t = ng,0 —ng,t = PyV/ZyRTy — (P,V/ZRT,), (1)

where, Z is the compressibility factor calculated by the
Peng-Robinson equation of state. The gas volume (V)
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Fig. 1. Schematic diagram of the experimental set up.
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Fig. 2. Observed methane gas uptake in two reactors with by varying aqg-THF volume (reactor-1 — @; reactor-2 — @). The symbols
(¥, ¥¢) are the data points from Refs. [38, 39] and dotted lines are polynomial regression for the experimental points. For clarity
experimental data for a) reactor-2 and b) reactor-1 are shown in expanded scale.

was assumed as constant during the experiments, i.e., the
volume changes due to phase transitions were neglected.
ng,0 and ng,t represent the number of moles of feed
(methane) gas at hydrate onset point (zero time) and in
the gas phase at any other time ¢, respectively.

3 Results and discussion

The decomposition temperature for pure THF hydrates
(i.e., with empty 5'% cages) is 278 K at ambient pressure.
However, the highest decomposition temperature for THF
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hydrates with CH, molecules in 5'2 cages is reported as
377K at 1.5 GPa pressure [40]. Therefore the mixed
hydrates system with THF is interesting for methane gas
storage and transportation applications. Moreover, thermo-
dynamic stability is most significant for the THF + CH,
system. Thus, the mixed hydrate system with THF has
been chosen for assessing methane gas uptake capacity
and kinetics using relatively larger amounts of the solution
in two laboratory scale reactors. Generally, experiments on
hydrates are conducted under stirring of the liquid phase
which helps in improving the gas-liquid interfacial area.
However, this could add cost while adopting this technology
for large-scale gas storage systems.

We conducted first set of experiments in two reactor
vessels with 4.5 cm (reactor-1) and 7.5 cm (reactor-2) inter-
nal diameters in non-stirred configuration. The volume of
aqueous THF solution required to fill these reactors up to
1 cm height is 18 and 50 mL respectively. Identical initial
methane gas pressure (~7.5 MPa) has been chosen in these
experiments to probe the effect of surface area (internal
diameter) and amount of aq-THF solution in the reactor.
All the experiments were conducted in rapid mode,
i.e., circulating bath was set to lower temperatures during
hydrate formation and it was set at a high temperature
to ensure rapid melting of hydrates. Typically entire process
has been completed in 4-5 h duration. The trajectories of
gas content in the vapour phase (pressure) and temperature
variations over time are shown in supporting information
(Fig. SI-1). Completion of the experimental cycle in
reactor-2 is slower and this could be due to its size and less
efficient heat transport. However, the process of gas con-
sumption and release, respectively due to hydrate formation
and dissociation in these reactors occurred in comparable
time scales.

To get a better insight into the process, we systemati-
cally increased the height of the solution in two reactors.
Figure 2 shows observed total gas uptake values with
aq-THF volume. The process of hydrate formation was
investigated in these reactors at different ag-THF volumes.
Amount of aq-THF solution used in reactor-1 for heights of
1 cm and 6 cm respectively is 18 and 85 mL. Similarly, in
reactor-2 we used 50 and 345 mL of aq-THF solution to
attain the height of 1 cm and 8.5 cm respectively. Thus,
the volume of aq-THF was increased by 4-7 times by
increasing the solution height. As shown in Figure 2 the
methane gas uptake initially increased with an increase in
the volume of the solution. At a later stage, the gas uptake
decreased significantly at higher volume. Ke and Svartaas
have shown that the molar water-gas ratio plays a vital role
in hydrate formation and the gas uptake attains a maxi-
mum at some optimum ratio [41]. It is well known that
the hydrates nucleate at the interface between the gas
and water phases and it does not grow homogeneously as
a planar front, but advances in the form of lobes that invade
the water phase [42]. Volume expansion during hydrate
growth causes water to flow out of the meniscus. The dis-
placed water forms a coating on the surface which converts
into thin hydrate layers. Rapid hydrate growth consumes
the excess gas that dissolved by diffusive transport [42].
With increasing volume the diffusive transport increases

to a certain height and the gas consumption is maximum
at these heights, indicating an optimum level of solution
in a reactor. The gas uptake gradually decreases with
further height increase. The maximum gas uptake is 0.093
and 0.417 mol in these reactors is observed with 50 and
240 mL of ag-THF solution, which is about 50% of reactor
capacity. Therefore, it is advantageous to fill the reactors to
half of its volumetric capacity to achieve higher methane
gas uptake in hydrate conversion. Initially, the amount of
gas available for hydrate conversion is more as the vessels
are not filled with excess solution and this region can be
termed as ‘“‘excess gas” region.

On the other hand “excess solution” in the vessel will
lead to less space for gas molecules and therefore the lesser
amount of gas will be utilised in the hydrate conversion
process. It would be interesting to study the gas uptake
process with the optimised solution under isobaric condi-
tions. However, it is not possible with available experimen-
tal facilities in our laboratory.

It is worthwhile to compare the present results with
recent studies of Veluswamy et al. [38]. They conducted
experiments using fixed amounts of ag-THF solution
(2, 53 and 220 mL) in three reactors (small — dia 1.3 cm,
medium — dia 5.1 ¢cm and large — dia 10.2 ¢cm). The height
of aq-THF solution in their medium and large reactors is
2.7 cm. As shown in Figure 2, methane gas uptake values
measured by Veluswamy et al. [38] in three different size
reactors are in good agreement with our studies. However,
all their experiments were conducted in “‘excess gas’ region.
The present studies vindicate that both the solution height
and internal diameter of the reactor are important in
maximising the gas uptake in hydrate formation.

Mixed hydrates with CH, and THF as guest molecules
forms sII structure with composition 16(CH,)-8(THF):-
136H,0 and methane and THF are encased in 52 and
5'26* cages. Thus the maximum methane gas uptake due
to complete hydrate conversion will be 0.117 mol/mol.
From Figure 2 it is seen that the maximum gas consump-
tion of 0.093 and 0.417 mol occur at 50 and 240 mL of
aq-THF solution and this accounts for only 30% of water
usage in hydrate conversion. In other words, a large portion
of ag-THF solution remained unutilized. Veluswamy et al.,
have reported a similar amount of hydrate conversions [38].
By the visual observations, they reported the formation of a
craton like structure, concealing below part of the uncon-
verted solution, and therefore became inaccessible for inter-
acting with the gas phase. It is worthwhile to conduct
experiments to enhance the accessibility of unconverted
aq-THF solution to improve the hydrate conversion. Some
of the classical ways are conducting the experiments with
(1) higher gas pressures (driving force), (ii) in stirred condi-
tions, and (iii) in the presence of additives like SDS. In the
following paragraphs, we describe the experimental results
under those conditions.

4 Methane uptake at higher pressure

Experiments were conducted in reactor-2 with 185 mL of
aq-THF solution at different initial methane gas pressures
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Fig. 3. P-T trajectories of THF + CH, system at three
different pressures along with the computed phase boundary
curves (grey colour) for sI (CSMGem — pure CH,) and sII (blue
colour; CH,-THF). The red (m=m) and the black lines (wmm) are
observed behaviour during cooling and warming cycles.

in the range 0.5-11.0 MPa. Figure 3, shows the pressure-
temperature (P-T) trajectory at three different pressures.
The phase boundary curves for sI methane hydrates
(calculated by CSMGem) and sl phase boundary curve
for the THF + CH, + H,0 system [43]| are also plotted.
Observed P-T trajectories vindicate that the experimental
conditions can only promote sII hydrates and observed
dissociation points are shifted to the right of the sII phase
boundary curve. This could be due to faster warming
employed in these experiments.

Figure 4 depicts the consumption of methane gas in
hydrates at different pressures. We conducted the experi-
ments in reactor-2 with 185 mL of an aq-THF solution by
varying the pressure in the range 0.5-10.3 MPa. As already
stated the absolute amount of gas consumption is larger at
this volume. Further, we also conducted another set of
experiments with a lesser amount (60 mL) of ag-THF to
understand the role of ag-THF volume. In all these experi-
ments the gas consumption increased (grey colour lines)
with gas pressure increase. Yoon [43] reported a gradual
increase in the cage (5'%) occupancy of CH, molecules in
THF-CH, with increasing pressure. The black line in
Figure 4 represents the gas consumptions based on Yoon’s
cage occupancy at different pressures. It is worthwhile to
note that the observed gas consumption is lower at least
by 40-45% at higher pressures and it is much higher at
low-pressure conditions. An increase in the gas consumption
with a lesser amount of aq-THF is insignificant. Veluswamy
et al., have conducted similar experiments at three pres-
sures with 32.5 mL aq-THF solution and their results also
compared in Figure 4. The observed gas consumption in
all these cases shows an increasing trend with pressure
increase, but it is significantly less compared to the pre-
dicted values. Thus, it is not feasible to populate all the
small cages (5'%) with methane molecules even at higher
pressures. In other words, a significant amount of ag-THF
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Fig. 4. A plot showing methane gas uptake (mol/mol-H,0) in
hydrates at various initial gas pressures. The solid line is the
computed gas uptake with small cage (5'%) occupancy reported
by Yoon [43]. Symbols (W) and (@) represent gas uptake values
with 60 and 185 mL of aq-THF solution in the reactor. (%)
symbols are used to depict the similar observations with lesser
(32.5 mL) amount of solution for hydrate formation (Ref. [39]).
The dotted grey lines are guides to the eye.
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Fig. 5. Comparison of methane gas uptake in stirred (red bars)
and non-stirred (black bars) conditions at different pressures.
The green and blue bars represent the gas uptake with 0.5 wt%
and 0.05 wt% SDS in THF + CH, system.

solution remained inaccessible for hydrate conversion. One
way of achieving a higher solution to hydrate conversion
is to conduct the experiments in stirred reactors.

Figure 5 shows a comparison of gas uptake in stirred
(red bars) and non-stirred (black bars) conditions at differ-
ent pressures. It is seen the gas uptake is marginally (~5%)
higher in stirred conditions, but still significantly less com-
pared to the predicted value. We also investigated the
hydrate formation in the THF + CH, system by adding
0.05 and 0.5 wt% SDS to an aq-THF solution. As shown
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Fig. 6. a) Hydrate formation kinetics of mixed hydrates with
185 mL of ag-THF solution under Non-Stirred (NS) conditions
at three different pressures. Standard deviation for three repeat
measurements is shown as shaded portion. b) Formation kinetics
of mixed hydrates under different experimental conditions. NS
and S denote the non-stirred and stirred conditions. Also
observed behaviour by adding of 0.5% and 0.05% SDS to aq-
THF solution is shown in the graph.

in Figure 5 addition of SDS (green and blue bars) also is not
helpful in increasing hydrate conversion. There is a
marginal decrease in gas uptake. There are some conflicting
reports on the role of SDS in the THF + CH,4/CO, system.
Addition of SDS improves the kinetics in hydrate forma-
tion, while the gas consumption was reduced significantly
[39]. On the other hand, simultaneous usage of SDS
(0.05 wt%) in ag-THF (5 mol%) in THF + CO, hydrates
allows faster nucleation and a significant increase in gas
storage capacity [44]. Interestingly SDS also helps in pro-
moting the methane gas uptake in hydrates formed with
lesser mol% THF, e.g., the gas uptake is 129.6 mmol/mol,
while there is no gas consumption in this system in the
absence of SDS [26]. As noticed in the present study the
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gas uptake remained same in THF + CH, system with or
without SDS. Thus, more investigations are necessary for
understanding the gas trapping mechanism in these hydrate
forming systems.

5 Kinetics of methane uptake at higher
pressure

Another important aspect is the kinetics of gas uptake in
the hydrate process. In Figure 6a, we show the gas uptake
(mol/mol H,0) with time in the reactor-2 at three pres-
sures. Also, the kinetics for gas uptake is compared for
THF + CH; in stirred and non-stirred conditions in
Figure 6b. Observed kinetics for the THF + CHy system
along with 0.05 and 0.5 wt% of SDS, in non-stirred config-
uration, is also included in Figure 6b. The time zero is from
the onset of hydrate nucleation. It is worthwhile to note
that there are no dramatic variations in the kinetics. The
maximum gas consumption occurred within 60-70 min at
all pressures under non-stirred conditions. The gas uptake
under stirred conditions is marginally faster. Addition of
SDS (0.05 and 0.5 wt%) induces insignificant variations in
the kinetics. Interestingly, gas consumption is in two stages
and similar behaviour has been reported earlier [38, 39].

6 Conclusion

Presently we demonstrate that the methane gas can be
stored in mixed hydrates with THF rapidly in non-stirred
configuration. We conducted experiments in two different
capacity reactor vessels namely 100 mL (¢ = 4.5 cm) and
400 mL (¢ = 7.5 cm). Observed maximum methane gas
consumption (0.093 and 0.417 mol) occurred at half the
reactor capacity. The effect of initial gas pressure on the
methane gas uptake, in the range 0.5-10.3 MPa range, is
also investigated. The gas uptake increased by pressure;
however, it is significantly less than the predicted gas
uptake. There is an insignificant improvement in gas uptake
in the experiments conducted under the stirred condition
and also with SDS addition. The kinetics of the gas uptake
process is also significantly faster (i.e., 6070 min), paving
the way for a larger number of hydrate formation cycles.
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