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Abstract

Clathrate hydrates are emerging as a novel storage medium for safe and compact
methane storage. However, their industrial-scale applicability is hindered by relatively
lower gas uptake and sluggish formation kinetics. In this study, we have employed
zeolites with acidic (H-Y, FAU-type) and basic (Na-X, FAU-type) surface properties
as kinetic hydrate promoters (KHPs). The impact of physical parameters as pressure
and the gas-to-liquid ratio has also been studied. In a combined experimental and
computational study, we assessed the performance of the two types of zeolites in dif-

ferent concentrations and pressures for binary CHy-THF clathrate hydrate synthesis in



a non-stirred configuration. The kinetic study results showed that the acidic zeolite
(H-Y) exhibited superior performance over the basic one (Na-X), reaching its optimum
at 0.5 wt% zeolite, which agreed well with the DFT calculations. The methane conver-
sion reached 94.25% at this concentration and a relatively mild pressure (6 MP). The
induction time and tgp (time to reach 90% of final gas uptake) were reduced by 35%
and 31%, respectively. Our results open the door for a better understanding of the role
of acidic zeolites as possible environmental benign KHPs that can help the utilization

of water as a medium for green energy storage and transportation.

Introduction

The international direction toward cleaner energy resources and the increasing world population have created
a strong demand for natural gas as energy source and feed for the petrochemical industry. Moreover, the
natural gas is considered a “transition fuel” with cleaner-burning that represents a good compromise between
conventional fossil fuels such as coal and oil. Thus there is an increasing demand for safe and long-term
methane storage technology 2. There are several methods and technologies to store natural gas, and each
has its advantages and disadvantages. Apart from storing natural gas in underground inventories, the main
natural gas storage and transportation technologies are CNG (compressed natural gas), LNG (liquified nat-
ural gas), ANG (adsorbed natural gas), and SNG (solidified natural gas). SNG is a new technology for safe,
eco-friendly, reversible, compact, and economic methane storage that can be suitable for both large reservoirs

and discrete, small, inaccessible, or remote gas resources®".

Despite these advantages, the applications of hydrate-based technology on an industrial scale are limited
due to the slow kinetics, poor heat transfer; gas diffusion limitation, lower storage capacity in the presence of
promoter, and scale-up challenges. Promoters are additives added to either catalyze the kinetics of hydrate
formation (kinetic hydrate promoter or KHP) or reduce the P-T requirements (thermodynamic hydrate pro-
moter or THP). Understanding the kinetic model of hydrate formation is essential for developing potential
applications of hydrates®. However, it is challenging to model the kinetics as it combines a chemical reaction
with phase transition. Above all, it is crucial to increase the rate of gas hydrate formation for feasible gas
storage and separation process. The crystallization process can be divided into two main steps: nucleation
and growth. In the first step, a crystalline phase appears gradually directly from the liquid state (homoge-

neous nucleation) or occurs at nucleation sites of foreign particles or surfaces (heterogeneous nucleation)?.



This step is usually slow, distinguished by its stochastic nature'®. After adsorption of guest molecules in the
liquid phase, it is enclathrated within the hydrate precursors, and nucleation then can be detected from the
simultaneous rapid pressure decrease and temperature increase due to the exothermic reaction. The time
elapsed until the appearance of a detectable volume of hydrate phase or, equivalently, until the consumption

of a detectable number of gas molecules is known as induction time (or lag time)!!

. In the second step,
the crystal growth is distinguished by a rapid increase in the particle size up to the full crystalline form.
This step is immediate, and the gas is more concentrated in the hydrate cages than those in the vapor'2.
Well-control of growth step enhances the gas diffusion that may be hindered by’hydrate film’ formation at

the liquid-gas interface®'3.

To solve the problem of slow kinetics, KHP is added to enhance the rate of hydrate formation with-
out influencing thermodynamics. In other words, the hydrate structure, as well as the P-T conditions of
hydrate formation, are not affected. This kind of promoters is predominated by surfactants with all its
classes (anionic, cationic and non-ionic)!4. The most common example of those surfactants is the anionic
surfactant sodium dodecyl sulfate (SDS) which has extensively been studied!>"!7. In a concentration close
to or above its critical micelle concentration (CMC), it is observed that SDS increased the hydrate formation
rate significantly compared to other surfactants'®. The surfactant micelles increase methane solubility and
thus initiating the nucleation'”. Moreover, Zhang et al. explained that SDS increases the hydrate particles’
surface area and the gas-liquid interfacial area while reducing surface tension®. Increasing the carbon chain
length of sodium alkyl sulfates does not change the kinetics of the reaction, but requires much less surfactant

2021 However, the hydrate-based process suffers from foam formation, especially during gas

concentration
recovery (hydrate dissociation) in pilot-scale laboratory experiments?? 24, Adding this disadvantage to the
environmental concerns of surfactant separation or degradation, makes the use them not very attractive for

a large industrial scale application. To overcome those drawbacks, other KHPs are suggested, such as porous

materials.

Porous materials such as carbon forms (such as activated carbon and carbon nanotubes) and silica in
different shapes (silica gel, silica sand, hollow silica, and nano-silica), zeolites, and even MOFs were used to
promote hydrate formation?®2¢. In general, these materials can be utilized in two different ways: (1) in low
concentrations as nucleation sites for heterogeneous nucleation to reduce the induction time?” and (2) as
host for hydrate using the confinement effect to enable mild hydrate formation conditions?®. Each of these
two uses has its advantages and disadvantages. The use of porous materials as nucleation sites is relatively

cheaper, easier to handle??, and has higher overall gravimetric storage. However, it may suffer from slower



kinetics and relatively higher thermodynamic requirements. On the other hand, the use of porous materials
as a confinement medium has been proved to reduce the driving force and increase the water-to-hydrate
conversion®’. However, the high mass of porous material and complicated packing (or pelletizing) process
results in a storage capacity loss®!. Recently, pelletizing natural has been considered as a promising option
for SNG transportation in many pilot plants. While they provide more flexiblibilty to transfer different
quantities of solid hydrates, they add capital cost overhead due to the associated energy consumption, gas

recycling and pellet dewatering processes®.

The use of porous material as nucleation sites at low concentrations is the main focus of this article. In
this approach, the porous material increases the surface area by adding another interface (or surface) that
facilitates gas diffusion and crystallization32. Although most relevant studies showed that porous material

33-38

improved the kinetic performance , SDS is still added to get acceptable results when the conditions

tested were near ambient conditions3?.

Despite their practical advantages, such as stability, large surface area, tunable acidity, and low cost, few
studies investigated the use of zeolites for that purpose. For example, Xiaoya et al. has tested for zeolite 3A
for CH4-THF hydrate formation and concluded that it enhanced the formation rate®. In 2009, the same
group studied the gas storage in LTA-type zeolite (3A and 5A) in the presence and absence of SDS. They
concluded that the promotion effect on hydrate formation of 3A zeolite was much more obvious than that
of 5A zeolite when both zeolites are used at concentrations of 0.033 and 0.067 wt%*'. However, the authors
had to add also 0.067 wt% SDS to the initial mixture to get satisfactory kinetic performance and gas uptake.
Kim et al. showed zeolite 13X (FAU-type) at 0.01 wt% concentration showed higher gas consumption than
SDS and LTA-type zeolites, making it the most promising zeolite as KHP. The author attributed that to the
small particle size and large pore diameter of 13X compared to the other zeolites studied*?. The advantage
of using the above porous materials is that they are cheap, used in low concentration, can be easily separated,
and above all, they are environmentally friendly. However, a significant kinetic and gas uptake performance
drop upon increasing the zeolite concentration above 0.01 wt% was observed, which remained unexplained.
Other zeolites such as RHO*3, SSZ-1326 were also studied in the confinement approach as described above,

but the methane hydrate kinetic data were not reported.

In contrast with KHP, which does not intervene with thermodynamic conditions, THP shifts the hydrate
formation equilibrium condition to milder P-T, lowering the energy requirements. Depending on the pro-

moter, the hydrate nature may vary, but sII or sH structure types are usually obtained. The most common



structure II hydrate promoter is tetrahydrofuran (THF), which is a hydrate former by itself**. THF is also
reported to improve the kinetics either as stand-alone or with SDS#548. Other sII formers such as cyclopen-
tane??, dioxlane®®, acetone®!, and others were reported in the literature®? but showed lower performance
than THF. A more comprehensive review of various promoters studies (KHP and THP) can be found in the
literature . The main drawback of using THP is the reduction in methane uptake compared to sI. The main
reason behind that decrease is that those promoters occupy the slII or sH large cages while stabilizing the
structure. However, the reduction of formation conditions closer to ambient temperatures can significantly
offset that storage capacity reduction. For example, it is estimated that compression cost is approximately
70-80% of the total cost of methane hydrate formation in a large-scale reactor of 25 L53. Increasing the
methane formation temperature from 274.2 K to 293.2 will reduce 80% of the cooling cost as estimated by
Veluswamy et al.>*. Finally, we have chosen to do experiments in a non-stirring tank reactor which proved
to have a higher yield while removing the additional cost of agitation. In fact, as the slurry becomes thicker,
mechanical power/energy consumption will not be economical®>. Thus, the non-stirring approach will make

it easy to adopt this technology for large-scale gas storage systems®S.

The primary objective of this study was to assess the performance of environmentally benign acidic (H-
Y)and basic (Na-X) zeolites, , in concentrations up to 0.5 wt%, in binary methane-THF hydrate formation.
Another important objective of this study was evaluating the effects of gas-to-liquid ratio and pressure on
methane hydrate at a high temperature (283.2 K). Moreover, we explored the effect of hydrophobicity, extra
framework cation, and acidity of zeolites on their role as kinetic hydrate promoters. To the best of our
knowledge, the latter two properties have not been explored in previous studies in that specific area. Finally,

we used ab initio DFT calculation to examine the effect of the extraframework cation on hydrate formation.

Experimental Section

Material and apparatus

Methane (99.99% purity) was purchased from Linde Co., Tetrahyrofuran (THF, AR grade 99.99%) from Alfa
Aesar, Na-X (Molecular Sieve Union Carbide Type 13X) from Fluka AG; and zeolite Y zeolite was offered
by UOP. Deionized water was used in all experiments . The acidic form of zeolite Y (H-Y) was prepared by
5 consecutive exchanges of Na-Y with 10 wt% NH4NO3 and calcination at 450°C for 4 hours. The zeolite
Na-X was used without modifications. The solution THF (5.56 mol%) solution or the mix of 5.56 mol% THF

with zeolite was prepared in a volumetric flask. Full description of the apparatus used for methane hydrate



formation and dissociation experiments is shown with details at supporting information.

Characterization Methods

The zeolite powders were characterized using powder X-ray diffraction (PXRD), scanning electron microscope
(SEM), inductively coupled-atomic plasma emission spectroscopy (ICP-AES), scanning electron microscopy
(SEM) equipped with energy dispersive X-ray (EDX), No-adsorption, and IR spectroscopy. The synthesized
binary CH4-THF hydrate was characterized with PXRD and Raman spectroscopy. Methods, procedures,

calculations, and equipment are detailed in the supporting information.

Hydrate formation experiment

The reactor was filled with the required level of solution and sealed. Then, it was purged three times with Ny
and then with methane to ensure air removal from the system. After reaching the target 283.2 K temperature,
( the target pressure was achieved; their values were recorded every 10 sec with the DAQ system. The time
period between this starting point and the formation of the first hydrate crystal is referred to as induction
time. The induction time was determined by a simultaneous pressure drop and temperature increase due to
the exothermic nature of the hydrate formation. As the reaction continues, the pressure drops further, and
the hydrate formation process is considered complete when there is no further drop for 1 h. All experiment
were conducted at least 3 time and average results are reported. The number of moles of the gas consumed
at any time ¢ (Angy) is equal to the difference between the number of moles of the gas ng o at time =0 (i.e.

the start of the experiment) and the number of moles of the gas present ny; at any time ¢ in the vessel as

PV PV
o === () - (7, W

Subscript G and G represent the gas phase at the start of the experiment and time t, respectively. Here, P,

shown by Eq.(1):

T, and V are the pressure, temperature, and reactor volume, respectively. R is the universal gas constant,
and z is the comprehensibility factor calculated by Pitzer’s correction®”.

Normalized methane gas uptake is calculated by the following Eq.(2):

A
Normalized wuptake = 20Hy (2)
nHQO

Water-to-hydrate conversion, methane gas conversion as well as methane recovery percentage calculations

are detailed in supporting information.



Computational Methods

We performed density functional theory (DFT) calculations®® using the projected augmented wave (PAW)
method and the standard pseudopotentials supplied by Quantum Espresso (QE) software9 %1, Full descrip-

tion of the hydrate-zeolites systems as well as calculation details are shown in supporting information.

Results and discussion

Zeolite Promoters and Hydrate Characterization

Nj-adsorption measurements, PXRD, and SEM images confirmed the crystal structures of Na-X and H-Y
zeolites. ICP-AES and EDX revealed that while Na-X zeolite maintained high concentration of sodium, most
of the sodium extra framework cation has been exchanged, and Si/Al ratio of H-Y is 2.7 compared to 1.2 in
the case of Na-X. The acidity of the H-Y zeolite and of the Na-X zeolite were determined via IR and Pyridine
TPD (temperature programmed desorption). For hydrate characterization, we first confirmed sIT formation
using PXRD analysis. In addition, Raman spectroscopic measurements on the synthesized binary hydrate
were performed. Spectroscopic data revealed methane occupancy in 5'2 small cages of sII as a sharp peak at
~ 2911.1 em~!. Detailed zeolite promoter and hydrate characterization results are provided in supporting

information.

Effect of Reactor Level and Pressure

It is well-known that the hydrates tend to nucleate in the gas-water interface and then grow into the water
bulk phase. The first set of experiments was performed with the aim to determine the effect of liquid/gas
level on the gas uptake and conversion at 6 MPa and 283.22 K. During that process, the volume expansion
due to hydrate growth causes the formation of a thin hydrate layer. It consumes the excess gas via diffusive
transport%2. Previous experimental observations showed that the molar liquid water-gas ratio significantly
affects methane hydrates’ nucleation and growth®3. Recently, Burla and Pinnelli dedicated their study to
investigate the effect liquid water—gas ratio on hydrate kinetics and storage capacity. They found that gas
uptake gradually increases with the solution volume and then falls after an optimum threshold point 5.
Therefore, we systematically increased the level of THF aqueous solution without the use of any promoter to
obtain the optimum uptake. As shown in Figure 1, the normalized methane gas uptake initially increased
with increasing the THF solution level. After reaching an optimum level of about 53%, the amount of

gas uptake decreased significantly with the increasing solution level. Similarly, the conversion followed the



same trend and reached its optimum (= 90%) at a liquid level slightly above half. Such a high conversion
is important from a technical and economic point of view as it reduces the energy need to recycle that
unconverted excess gas. Thus, if well-optimized, such a slight positive pressure of 2-4 bar can be used as

a gas preservation blanket above the hydrate for long-term storage without further processing. The above
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Figure 1: Effect of THF aqueous solution level on the gas uptake (in red) and conversion (in
black) at 6 MPa.

results can be explained as follow. Initially, when there is excess gas, the rapid growth consumes the gas
dissolved. Then, as the volume increases, the diffusive transport increases until a certain optimum level at
which the gas uptake reaches its maximum. After that, the gas consumption decreases gradually with further
solution increase. On the other hand, when there is excess THF aqueous solution, the less uptake is due to
the less initial gas volume, and thus the overall gas uptake drops. Based on that, it is important to fill the
reactors slightly above half of their volumetric capacity to gain the highest possible uptake, which agrees
well with previous experimental observations®?:%6. In order to increase the gas uptake and conversion, we
examined two approaches: (1) introducing higher pressure (i.e., higher driving force) and (2) using a zeolite
as KHP.

i situ Raman showed that it had been observed that increasing the pressure would result in increasing
the small cage occupancy in CHy-THF binary hydrates®7-%%. Accordingly, we conducted experiments at pres-
sures of 6, 7 and 8 MPa at the same temperature (283.2 K). These conditions are selected to reach the phase
boundary conditions for CH4-THF sII. As we used the same concentration of THF, we expect no change of
system equilibrium due to THF composition variation and the only effect came from pressure variation as
agreed in literature3®. Figure S10 reports the gas uptake and conversion for blank THF aqueous solution

at different pressures. One can observe that the increase in gas uptake is insignificant when the pressure



increases from 6 to 7 MPa. On the contrary, increasing the pressure from 7 to 8 MPa resulted in a slight
decline in gas uptake. Noteworthy, the gradual decrease of pressure from 8 to 6 MPa resulted in a significant
increase in the gas conversion. The gas conversion increased from 59% to 90% when the pressure decreased
from 8 MPa to 6 MPa. Thus, despite the decrease in induction time, as shown in Table S4 and Figure
S12 , trying to populate the small cages of (5!?) with methane molecules by increasing the pressure did not
result in the expected increase of final gas uptake or conversion as reported Figure 2. These results indicate
that increasing the pressure shorted the reaction time and did not allow methane molecules to diffuse to the
majority of bulk THF solution that remained inaccessible for hydrate conversion. Hence, we employed the

zeolites as KHPs at different pressures to get the appropriate trade-off between slow kinetics and gas uptake.
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Figure 2: Methane uptake profiles during the hydrate formation after hydrate nucleation at
6 MPa (dark blue), 7TMPa(orange), and 8 MPa(green) and 283.2 K.

Influence of Zeolite Kinetic Promoters

To study the kinetic performance, zeolite Na-X has been initially tested at various concentrations and
pressure. Generally, the presence of Na-X zeolite increased the induction time and tgy compared to blank
THF. For example, after adding 0.225 wt% to the THF aquous solution the induction time of hydrate
formation at 8 MPa from 7.3 min to 17 min. For instance, using a concentration as low as 0.01 wt% of Na-X
to test the hydrate formation at 7 MPa increased the induction time from 19.3 min to 47.3 min while the tgq
increased by 47%. Such an increase is also associated with less conversion and gas uptake. This reduction
trend in gas uptake, and conversion persists at 6 MPa despite the reduction of tyg as shown in Table S4

and Table 1.



Table 1: Average data for binary CH,-THF Hydrate formation at different zeolite concen-
trations and pressures at 283.2 K.

Svs Zeont‘j . Induction Gas uptake(mmol . 167\ . o7 . o b
ystem No. Cmon;:)% P (MPa) fime(min)  gas/mol H,0)? Gas Conversion(%)" Hydrate Yield (%) tgo (min) % Recovery'
X-255-80  0.255 80 17.0(£5.2) 48.68 60.70(£3.22) 41.37 257(£17) 97.40
X-001-70  0.01 70 47.3(£10.5) 49.64 72. 47(i1.24) 42.19 339(+19) 96.41
X-225-70  0.255 70 110.3(£17.3) 4120 1.88(+1.35) 23.37 387(£27)  96.10
X-500-70 0.5 70 141.2(+247) 841 12. 28(i2.85) 7.15 ATA(£48)  96.39
X-500-60 0.5 60 53.8(+12.4) 48.95 85.38(+2.78) 41.61 295(+37) 97.70
Y-500-60 0.5 60 17.0(£3.8) 54.00 94.25(41.47) 45.94 320(19) 96.59
Y-255-60 0.225 60 20.0(£2.4) 51.98 90.67(+1.92) 44.19 312(£16) 97.02
Y-001-60 0.01 60 24.2(+4.7) 52.67 91.87(£0.76) 44.78 327(£31) 96.24
Y-255-70 0.225 70 11.8(£1.8) 53.54 78.18(+3.49) 45.51 218(+12) 95.83
Y-001-80 0.01 80 8.5(+2.2) 57.54 71.75(£1.33) 48.91 248(£28) 96.12
Y-255-80 0.225 80 2.5(£1.3) 57.16 71.29(£1.78) 32.41 235(+18) 95.40
Y-500-80 0.5 80 1.3(£3.5) 59.95 74.76(£1.65) 50.96 257(£25) 95.51

@ average results of gas uptake varied within £0.42 mmol

b average results of hydrate yield and %recovery varied within & 4.17% and +1.35 %, respectively.

Increasing the concentration of Na-X zeolite from 0.01 to 0.5% w/v at 7 MPa and 283.2 K, the kinetic
performance and gas uptake has been significantly reduced (Figure S11). Those reductions in gas uptake
agree with Kim et al.*? for sI methane hydrate when Na-X promoter concentration increased slightly above
0.01 wt%. A possible reason for such a behavior could be the presence of sodium as an extra framework
cation. It is well-known that hard cations such as sodium strongly bind to water molecules breaking the
intermolecular hydrogen bonds and thus causing the intrinsic water network to collapse®®. This observation
agrees with the experimental studies showing that Na-X act as hydrate inhibitors even at low concentra-

tions70.

In addition to the sodium cation, the relatively lower Si/Al ratio resulted in a more hydrophilic
nature and electrostatic structure that can reduce the water activity coefficient'! and thus ultimately cause
thermodynamic inhibition of hydrate formation. Consequently, the inhibiting effect is expected to increase

with increasing the zeolite concentration.

To verify such an assumption, we have explored the acidic form of zeolite Y for hydrate formation in different
concentrations and pressures, as shown in Table 1. At 8 MPa, an obvious increase in the gas uptake and
water-to-hydrate conversion compared to the blank THF aqueous solution at the same pressure is observed.
The raise of zeolite concentration from 0.01 wt% to 0.5 wt% results in a high gas uptake and methane conver-
sion; despite a minor decrease in induction time. The slight increase in tgqg is probably due to the additional

time for higher gas uptake. After decreasing the pressure to 7 MPa, we observed a significant reduction in

10



the induction time and tgg. However, there was no significant effect on the gas uptake or hydrate conversion
relative to 8 MPa. At 6 MP, the optimum methane gas conversion of ~ 94.25% along with high gas uptake
could be achieved. Unlike Na-X zeolite, the increasing H-Y concentration at both 6 MPa and 8 MPa did
not affect the relatively high conversion and gas uptake that was either maintained or even increased. The
increase of storage capacity could be attributed to the removal of sodium cations from Y-54 zeolite and its
acidity and higher hydrophobicity. It has been shown that the presence of acidic additives, such as perchloric
acid (HCIO,4), modify the THF sII hydrates flexibility ! by increasing gas insertion and improving the gas

diffusion coefficient 72

. Thus, zeolites can be an excellent alternative to such extremely corrosive additives
from environmental, safety, and economic points of view. Moreover, the adsorption involves specific interac-
tion between the water molecule and the hydrophilic centers in zeolite, which can be either a silanol group or
a cation associated with the tetrahedrally coordinated aluminum ™. Nguyen and Nguyen demonstrated that
the moderate hydrophobicity of additive results in organizing the surrounding water into a clathrate-like
structure and thereby promotes hydrate formation®®. Recently, Denning et al. demonstrated that the more
hydrophobic SSZ-13 (Si/Al ratio = 20) promoted 2.6 more hydrate growth than the hydrophilic SAPO-34
(Si/Al ratio = 0.6)26. Thus, the absence of soduim cation and the higher Si/Al ratio of H-Y resulted in
enhanced hydrophobicity. Along with the additional gas-to-water contact area indicated by the higher S,

compared to Na-X, such hydrophobicity nature improved better orientation of water molecule for hydrate

formation.

In addition to the high gas uptake and conversion, the induction time and fyy have been reduced signif-
icantly by 35% and 31% compared to blank THF aqueous solution,respectively. Similar concentrations of
both zeolites were used for direct comparison at two different pressures. In all cases, H-Y outperforms
Na-X kinetics at all pressures and concentrations, as shown in Figure 3. For example, at 7 MPa and
a concentration of 0.255 wt%, the acidic zeolite increased gas uptake by about 30% compared to Na-X.
Similarly, at 6 MPa and 0.5% w/v, the induction time is reduced 3 times in the case of H-Y compared to
Na-X. In fact, Na-X showed a rather inhibiting effect at such a relatively high concentration, and the tgg
has been reduced. The latter observation can be explained by the less gas uptake and conversion, which
required less reaction time. Moreover, the positive effect of H-Y zeolite on the gas uptake could outperform

SDS reported in the literature® at same or even lower concentrations and pressures as shown in Figure S13.

To shed light on the molecular level reactions leading to these results, we have utilized DFT calculations.
Recently, ab initio DFT calculations have been commonly used to determine the promoting or inhibiting

effect of different additives on hydrate formation”. In this study, DFT was employed to analyze zeolite-

11



120 — . . 100
B Induction time(min) B Conversion(%)

100 80
8 70
60
6 0
0
4 0
5 0
0

0

X-500-60 Y-500-60  X-225-70  Y-255-70 X-255-80 Y-255-80

o

o
a

o
N

Induction time (min)

w

Methane Conversion (%)

o
N

=Y

o

Figure 3: Average data of the effect equal concentrations of Na-X and H-Y zeolite promoters
on the induction time (in green) and methane conversion (in dark red) of 5.56 mol% THF
solution at different pressures (6-8 MPa). All experiments are conducted at 283.2 K.(For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

hydrate systems in terms of 5'2 hydrate cage energies and geometrical changes upon their interaction with
finite zeolite clusters. In addition, the energetic of host-guest cage system was calculated in the presence
or absence of the zeolite KHPs. The optimized geometry of CH4@5'2? cage is shown in Figure S2. The
host-guest interactions are a key property that characterizes the clathrate stability " and can be assessed

through interaction energy (AEHG). This energy can be defined as follow:
AEMC = E(CH,@5'%) — [E(CHy) + E(5'2)] (3)

where E(CH,@5!?), E(CHy), and E(52) are the energies of CH;@5'2, methane molecule and the 52
empty cage, respectively. Weak interactions such as H-bonding van der Waals forces dominate the hydrate
and zeolite systems interaction.

Thus, we initially calculated the interaction energy of methane with small cage with revPBE and vdW-
DF?2 levels of theory. The values were +2.03 and -27.78 kJ /mol for revPBE and vdW-DF2 levels, respectively.
Notably, while revPBE failed to accurately determine the host-guest interactions, the small difference be-
tween the value obtained from vdW-DF2 and the previously reported value of -32.55 kJ/mol at the highly
accurate MP2/6-311++G(d,p) level ™ emphasized the quality of vdW-DF2 level in describing the host-

guest interaction, and thus we had used it for all calculations. The optimized zeolite-cage structures are
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AEZ°= -136.04 kJ/mol AEZ°=-79.12 kJ/mol
(a) Na-X (b) H-Y

Figure 4: Optimized configurations of small (5'%) cage with zeolite clusters of (a) Na-X and
(b) H-Y . Sodium, silicon, and aluminum atoms are shown in light blue, brown, and grey
colors, respectively.

shown in Figure 4. Two types of interaction energies can be defined. The first one assesses the degree of

zeolite-clathrate interactions (AE“ ) and is defined as follow:

AE%C = E(Z-CH,@5'?) — [E(Z) 4+ E(CH,@5'?)] (4)

where AEZC and E(Z) are the energy of the optimized Z-CH4@5'? structure and isolated zeolite cluster,
respectively. In this case, the more negative interaction energy between a host water molecule and the ad-
ditive molecule indicates more attractive interaction or inhibitory effect”®. The second type considers the
effect of promoter host-guest interactions as calculated from (AEY®) and eq (3) to get insights into the
relative stability of hydrate cages in the presence and absence of zeolite promoters. This is achieved by
taking into account the new arrangement of CH4@5'2 upon interaction with zeolite. For that, single-point
potential energy calculations were performed over different filled cages of CH,@5'2 using their coordinates
obtained from the optimized Z-CH,@5'2 systems. The optimized geometries and calculated values of AEZ%C€

are illustrated in Figure 4.

While the value for Na-X zeolite is -136.04 kJ/mol, H-Y showed only -79.12 kJ/mol. The high value in
the case of Na-X indicates that the zeolite binding to the clathrate cage is much stronger and thus disturbs

the hydrate growth, which is attributed to the presence of sodium cation. The comparison of the optimized
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cage structured shown in Figure S14 confirms this conclusion. Clearly, the cage structure in the case of
zeolite H-Y is kept intact compared to that of Na-X. This is reflected in the relative AE®® in the presence
and absence of zeolite promoter. The energy values of optimized methane cages for zeolite Na-X and H-Y
are +39.56 and +15.44 kJ/mol, respectively. The higher value in the case of Na-X showed that the hydrate
cage structure is destabilized. In summary, the interaction of zeolite with clathrate cage determines their

function as heterogeneous nucleation sites and thus as KHPs.

The zeolite efficiency as KHP is highly affected by the (1) presence of extra framework cations, (2)
zeolite hydrophobicity, and (3) acidity. The effect of H-Y zeolite particles as nucleation sites that enhance
heterogeneous nucleation prevailed as the hydrophobic acidic zeolite helped the water surrounding molecules
to arrange for hydrate formation and promoted further cage growth. On the other hand, the Na-X zeolite
strongly binds to the clathrate cage and disturbs the hydrate growth due to sodium cation and higher
hydrophilicity. Moreover, increasing the concentration Na-X zeolite makes their electrostatic interaction
that restricts water molecule orientation prevails over their promoting role as a nucleation site and results

in both delay in induction time and reduction of gas uptake.

Conclusions

The aim presented study is to provide a fundamental understanding of the role of zeolite as a kinetic hydrate
promoter for hydrate formation at different pressures from both molecular and macroscopic levels. To achieve
that, we have used combined experimental and computational techniques to compare the performance of two
zeolites of FAU-type typology: Na-X and H-Y. The effect of liquid-to-gas ratio and initial pressure on CHy-
THF hydrate formation at 283.2 K was studied. The set of results showed that the maximum conversion and
gas uptake can be achieved at 53% liquid level and 6 MPa in a non-stirred tank reactor. While increasing
the pressure could reduce the induction time, the gas uptake was not significantly improved, and the gas
conversion was reduced. Similarly, we have found that the conversion and gas uptake is maximized at the
optimum THF aqueous level at a certain pressure. Below that level, the rapid formation of thin hydrate
shell hinder the excess gas diffusion and reduce the normalized gas uptake. Similarly, going above that level
will also reduce the normalized gas uptake due to the excess solution and reduced initial gas volume. In
the present study we have also revealed the effect of zeolite extra framework cation and surface acidity on
their performance as KHPs. Our results show that increasing the Na-X concentration above 0.01 wt% has
negatively affected the kinetic and reduced gas uptake and conversion. The DFT calculations showed that

the sodium cation and higher hydrophilicity in Na-X zeolite destabilize the hydrate cage and thus negatively
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impact hydrates formation. On the other hand, the acidic and more hydrophobic H-Y showed excellent
performance as KHPs. A gas uptake of 54 mmol gas/mol HoO, methane gas conversion of 94.25%, and
recovery as high as 96.59% could be achieved using 0.5 wt% H-Y at 6 MPa. Such results show the promising

perspective to use zeolites as KHPs and shed light on the hydrate nucleation mechanism.
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This study provides fundamental understanding of acidic zeolite as green kinetic promoters for accelerating

sustainable methane storage in clathrate hydrates.
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