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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 sluggish

formation kinetics and intense energy cooling requirements. The present study is the

first report on binary methane-tetrahydrofuran (THF) formation using the combination
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of seawater and an unstirred reactor at ambient temperature (298.2 K) that would

improve the process economics. Acidic zeolites with different Si/Al ratios (USY-40

and USY-10) as well as aliphatic (L-valine) and aromatic (L-tryptophane) amino acids

are employed as environmentally benign kinetic hydrate promoters. The experimental

study is combined with DFT calculations to shed light on the role of kinetic promoters in

hydrate formation. The set of experimental data revealed that hydrophobic zeolites with

a higher Si/Al ratio performed better than the more hydrophilic ones. Moreover, the

aliphatic amino acid L-valine showed better kinetic promotion performance for hydrate

formation in natural and artificial seawater than the aromatic amino acid L-tryptophan.

The optimization of the experimental condition allowed a controlled hydrate growth

boosting the gas uptake to 40 mmol gas/mol water, which is the highest reported under

mild conditions using seawater. In addition, the induction time is reduced to less than

10 minutes, and a methane recovery of 97% is reached without any foaming signs. Thus,

this study demonstrates the possibility of controlling the stochastic nature of nucleation

and hydrate growth by properly manipulating the reaction system. Our results provide

a better understanding of hydrate nucleation enhancement under realistic conditions

and open the door for a possible application of these environmentally benign kinetic

hydrate promoters (KHPs) for synthetic natural gas (SGH) on a continuous process

and industrial scale.

Introduction

Global energy demand rapid increase and movement toward less carbon emission has empha-

sized the role of natural gas as a transitional and clean fossil fuel toward decarbonization1–4.

Recent disturbances in the natural supply chain due to the pandemic and geopolitical de-

velopments highlighted the need for economic long-term methane storage5,6. Currently, the

state-of-the-art technology of LNG (liquified natural gas) is limited by short-time storage

due to the expensive cooling cost, and the need for large reserves as well as long-term con-
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tracts7–9. To overcome the above challenges, ‘zeolitic ice’ or synthetic gas hydrate (SGH)

that allows methane storage in a stable, recoverable, compact, and safe solid are consid-

ered10,11. Moreover, they enable the use of stranded and discrete gas resources such as flue

and shale gases. However, the application of such promising material is hindered by slow

kinetics and high formation condition economics12,13. Desalination costs combined with the

energy-intensive hydrate formation cooling requirement and agitation impose a high capital

overhead on SGH technology14,15. The above challenges could be faced by using accessible

seawater instead of deionized water. However, the presence of salts such as sodium chloride

and high temperature can impose a double inhibitory effect on hydrate synthesis9.

Among different reactor configurations used to study methane hydrate formation, the

stirring and unstirred reactor configurations were the most common ones. Stirred reactors

were used to overcome mass transfer limitations and consequently enhance methane hydrate

formation by continuously disturbing the gas-liquid interface where nucleation predominantly

occurs16. In general, this results in a relatively shorter induction time. For example, Pahla-

vanzadeh et al investigated methane hydrate formation in the stirred reactor in presence of

nanofluids at 275.15 K and 5 MPa. The induction time was about 15-50 mins while gas

uptake did not exceed 0.06 mol gas/mol water17. However, most of the research studies in

stirred reactors employed a bottom-mounted stirrer (usually a magnetic stirrer). Hydrate

clusters tend to float up in such an arrangement, forming a thin layer that separates the gas

from bulk water. This typical mass transfer causes a quick drop in gas uptake shortly after

nucleation. Thus, for example, Linga et al. found that fixed bed silica sand performed better

than the stirred reactor18. Recent studies such as Gootam et al showed that a top-mounted

stirrer can improve the rate constant due to more efficient mixing19. However, scale-up

studies that involved both heat and mass transfer analysis showed that the stirred-reactor

configuration is not favorable for any significant economic scale-up20. This conclusion can be

explained by the lower hydrate mass in water (≤ 5 wt%), agitation energy cost as the slurry
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thickens, and post-processing cost of filtration and packing21. On the other hand, unstirred

and packed bed reactors showed better gas uptake and hydrate yield than the other reactor

designs, including stirred reactor configuration22,23.

Recently, a huge experimental effort has been directed to enhance methane hydrate ki-

netics from natural or simulated seawater (2.7-3.5 wt% NaCl) in non-stirred reactors24,25.

To accelerate the hydrate formation rate in such inhibitory medium, kinetic promoters such

as sodium dodecyl sulfate (SDS) and amino acids were used. For instance, Veluswamy et

al. investigated the kinetic performance of amino acids for sII mixed methane/THF hydrate

formation from saline water (3 wt% NaCl) at 283.2 K. The study showed a low concentration

of leucine (200 ppm) could improve the hydrate kinetics at 5 MPa26. Pandey et al. investi-

gated the kinetics of binary CH4-THF hydrate formation in the presence and absence of 3

wt% NaCl under similar thermodynamic conditions. They observed "cobweb-like" hydrate

formation with no significant drop in storage capacity at 283.2 K and 5 MPa in presence

of salt. However, the authors stressed the need for higher driving forces and identifying

better promoters and reactors to enable the saline solutions to have reasonable gas uptakes

comparable to non-saline ones27.

Although the above efforts were useful to understand hydrates of saline solutions, they

are still far from economic feasibility due to the low formation temperature. At higher tem-

peratures, SDS (sodium dodecyl sulfate) is commonly used to improve the extremely slow

kinetics. In that case, the presence of SDS may be also accompanied by higher pressure

(driving force) or associated with other kinetic promoters, or both. For example, Nesterov

and Reshetnikov examined pure methane hydrate formation from saline water (3 wt%) in

presence of 0.1 wt% SDS at 275 K. They found that SDS micelles did not form even if the

pressure increased from 8 to 16 MPa28. Moreover, Inkong et al. tested co-promoters of SDS

and amino acids for binary CH4-THF sII hydrates from a saline solution of 3.5 wt% NaCl
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at 8 MPa and 288 K. Despite the reduced induction time and increased hydrate formation

rate in presence of SDS, it resulted in 50% reduction of methane uptake and hydrate yield

compared to stand-alone amino acids25,29. Thus, the effect of SDS addition to saline water

is the same in both sI and sII hydrate studies. In addition to the above adverse effects of

SDS as kinetic hydrate promoter (KHP), it has been found that it is not practical for any

practical scale-up application due to severe foam formation even at low concentrations30.

Thus, there is a need to explore other KHPs that can avoid those drawbacks.

Some experimental studies have also investigated hydrate formation from seawater to ap-

proach more realistic conditions. For example, Kumar et al. examined sII hydrate formation

from both seawater and simulated seawater (3 wt% NaCl) at 7.2 MPa and 283.2 K. They

highlighted that real seawater (∼ 2.7 wt% salinity) showed slightly less volumetric storage of

86.3 V/V than that saline water (3 wt% NaCl) of 89.2 V/V in presence of THF. They have

also highlighted that sI hydrate from saline water (without THF) could not exceed 15.5 V/V

even if the condition changed to 10 MPa and 274.2 K31. Veluswamy et al. emphasized the

slight lower uptake in the case of natural seawater than an artificial one26. In another study,

the same group investigated the effect of leucine and tryptophan for sII hydrate formation

from both natural and artificial seawater and found that leucine resulted in higher gas uptake

than tryptophan while natural seawater (2.72 wt% salinity) outperformed artificial one (3.0

wt%) in terms of total methane uptake and reaction rate32.

In addition to amino acids, porous material that can act as nucleation sites that accel-

erate the nucleation process was employed as KHPs33–41. Among porous materials, zeolites

are green materials with low cost, large surface area, tunable acidity and hydrophobicity,

and above all high stability in aqueous medium42,43. The above properties of zeolites can

significantly affect the kinetics of hydrate formation44,45. For example, the zeolite hydropho-

bicity and acidity can be tuned by changing Si/Al ratio , synthesis conditions or healing
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the defect sites46,47. Moreover, zeolites are stable in aqueous medium compared to the

most common MOFs which suffer from structural deformation with their metal-coordinated

linkers replaced by water molecules48. In spite of the advantages mentioned above, only

a few studies investigated their performance as KHPs with zeolite Na-X (FAU-type) were

reported as the best performing zeolite compared to different ion-exchange forms (3A and

5A) of zeolite A (LTA-type). In all above cases SDS was added to the porous material to

get satisfactory condition especially when the temperature increased close to ambient49–52.

Recently, Omran et al. revealed that acidic zeolite (H-Y, FAU-type) exhibited superior KHP

performance over the basic one 13X (Na-X, FAU-type) for at relatively mild pressure (6 MP)

without the need for SDS45. While there are many studies that investigated saline-based

hydrate formation at elevated pressures and lower temperatures22, it has been rarely stud-

ied at ambient temperature. Bhattacharjee et al. studied the formation of methane-THF

hydrates at ambient temperature (298.2 K) and moderate pressure (9.5 MPa) in presence

of amino acids (L-arginine and L-tryptophan). However, they had to use 0.3 mol% TBAF

(tetra-n-butylammonium fluoride) as a second thermodynamic promoter (THP) to obtain

a maximum gas uptake of 29.30 mmol methane/mol of water as the reaction could survive

more than 3-4 hours in those challenging conditions. In addition to the above chemicals,

below-mounted agitation with a magnetic stirrer, at least at the beginning of hydrate nu-

cleation, was necessary53. This combination of multiple chemical additives and agitation

increased the overall cost of the process and may cancel out the expense saved from avoiding

the desalination process.

The primary objective of this study is to enhance the economic feasibility of green

methane hydrate formation by maximizing the gas uptake at conditions as close as pos-

sible under realistic conditions. To achieve that objective, we investigated (1) natural

seawater-based mixed methane-THF hydrate formation in (2) non-stirred reactor config-

uration (packed-bed) at (3) ambient temperature (298.2 K), and (4) moderate pressure (9.5
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MPa). To overcome these extreme inhibitory conditions, we employed single environmen-

tally benign KHPs of amino acids, and acidic zeolites (USY-10 and USY-40). Furthermore,

the promoting mechanism of those materials was studied with both DFT (density functional

theory) calculations and detailed kinetic data.

Experimental Section

Material and apparatus

Methane (99.99% purity) was purchased from Linde Co., Tetrahydrofuran (THF, AR grade

99.99%) from Alfa Aesar, ultra-stable acidic zeolites (H-USY40 and H-USY10) with different

Si/Al ratios were obtained from Zeolyst. Amino acids L-tryptophan (reagent grade, 99 %)

and L-valine (reagent grade, 99%) were purchased from Alfa Aesar. Sodium chloride (reagent

grade, 99%) was purchased from Sigma-Aldrich. Fresh desalinated water were prepared in

LCS (Laboratoire Catalyse et Spectrochimie), France. Natural seawater (SW) was obtained

from Ouistreham coast, Caen, France. Simulated seawater (SSW) was prepared with 3 %wt

NaCl. The acidic form of zeolites was calcined at 450◦C for 4 hours. THF 5.56 mol% solution

or its mix with zeolite or amino acid were prepared in a volumetric flask.

The instrument used for methane hydrate formation and dissociation is shown in Figure

S1. The set-up is composed of a 450 cm3 high-pressure stainless-steel reactor (CR; Parr)

immersed in a cooling bath. The reactor is immersed in a cooling bath whose temperature is

controlled by an external refrigerator (ER; Julabo, F250) which circulates a glycol solution.

The pressure and temperature measurement were monitored by a pressure transmitter (PT;

UNIK 5000, GE) with a range of 0-30 MPa and 0.1 % global error and a K-type thermocouple

(T) with ± 1.0 K accuracy, respectively. To monitor the data during different experiments, a

data acquisition logger (DAQ; Nanodac, Eurotherm) was connected to a personal computer

(PC) and collected the data every 10 seconds. To ensure reproducibility and consistency, each
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experiment was repeated at least three times and average data is reported. All experiments

were performed an isochoric quiescent system; i.e with a fixed total volume of gas and solution

or hydrate in a closed system.

Characterization

The zeolite powders were characterized using powder X-ray diffraction (PXRD), scanning

electron microscope (SEM), inductively coupled-atomic plasma emission spectroscopy (ICP-

AES), and scanning electron microscopy (SEM) equipped with energy dispersive X-ray

(EDX), and N2-adsorption. The synthesized binary CH4-THF hydrate was characterized

by PXRD and C13 NMR. Composition analysis of natural seawater was obtained from ICP.

Methods, procedures, calculations, and equipment are detailed in the supporting informa-

tion.

Experimental Procedure and Calculations

All experiment has been performed at ischoric and isothermal conditions. Detailed descrip-

tion of hydrate formation and recovery procedures and associated calculations are detailed in

supporting information. Density functional theory (DFT) calculations54 using the projected

augmented wave (PAW) method and the standard pseudopotentials supplied by Quantum

Espresso (QE) software3,55,56. A full description of the hydrate-zeolites systems, as well as

calculation details, are shown in supporting information.

Results and discussion

Zeolite Promoters and Hydrate Characterization

N2-adsorption measurements, PXRD, and SEM images confirmed the crystal structures of

USY-40 and USY-10 zeolites as shown in Table S1, Figure S2, and Figure S3, respectively.
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ICP-AES and EDX revealed that Si/Al ratio of USY-40 is 42 compared to 13 in the case of

USY-10. For hydrate characterization, we first confirmed sII formation using PXRD analysis.

In addition, C13 NMR measurements on the seawater-based binary hydrate were performed.

Spectroscopic data revealed methane occupancy in 512 small cages of sII as a sharp peak at

-4.3 ppm while the other two peaks (26.2 and 69.0 ppm) indicate the large cage occupancy of

THF as shown in Figure S4. Details on the zeolite promoter and hydrate characterization

results are provided in supporting information.

Effect of zeolite promoters on mixed CH4-THF hydrate formation

The kinetic performance of different promoters employed for mixed methane-THF hydrate

formation using seawater (SW) is summarized in Table1, while similar results for freshwater

(FW) and simulated seawater (SSW) are detailed in Table S2. We have listed the investi-

gated key parameters including reactor configuration, total gas uptake, induction time, t90

(time taken for 90% completion of methane uptake), and recovery. For each system the

hydrate synthesis was investigated at a constant pressure of 9.5 MPa and ambient temper-

ature of 298.2 K. Such a realistic condition will ensure more than 80% reduction in cooling

costs as estimated by Veluswamy et al.10. The pressure of 9.5 MPa has been chosen after

several trials to ensure optimum gas uptake without compromising the economic feasibility.

Previous studies showed that the reaction with seawater under these conditions could not be

sustained for more than 4 hours with a maximum uptake below 30 mmol gas /mol of water

despite stirring and utilization of multiple thermodynamic promoters53. To overcome that

and boost the gas uptake, a special alloy of lightweight corrosion resistance metallic packing

has been utilized to enhance heat transfer. Metallic packing has been successfully employed

in literature to improve the thermal conductivity during hydrate formation57,58.

To study the kinetic performance of zeolite promoters, USY-40 and USY-10 have been

initially tested at 300 ppm concentrations and 9.5 MPa pressure. Figure 1 compares the
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Table 1: Summary of experiments carried out with THF 5.56 mol% seawater (SW) in the
absence and presence of different promoters. In all listed experiments, temperature and
initial pressure were 298.2 K and 9.5 MPa.

System Experiment No. Reactor Type Gas uptake(mmol gas/mol H2O) Induction Time (min) t90a Revovery (%)b

A1 NSTR 20.93(±3.5) 13.10(±5.5) 403.70 97.30

SW+ 5.56 mol % THF A2 NSTR 20.80(±1.5) 14.20(±3.8) 213.00 96.50

A3 NSTR 20.20(±2.8) 15.70(±7.7) 375.00 96.30

B1 NSTR 29.57(±1.2) 7.70(±4.7) 271.30 98.00

SW+ 5.56 mol % THF+0.03% L-Tryptophan B2 NSTR 24.39(±2.6) 8.00(±1.8) 282.30 97.30

B3 NSTR 28.70(±1.8) 7.50(±3.8) 241.50 96.70

C1 NSTR 37.98(±1.5) 8.20(±2.7) 410.80 97.50

SW+ 5.56 mol % THF+0.03% L-Valine C2 NSTR 35.28(±2.7) 7.20(±3.3) 409.00 97.20

C3 NSTR 34.91(±2.9) 5.30(±2.7) 426.50 97.40

D1 NSTR 40.04(±1.4) 6.90(±1.8) 410.20 96.10

SW+ 5.56 mol % THF+0.03% US-Y-40 D2 NSTR 38.67(±2.3) 5.20(±2.2) 410.20 97.90

D3 NSTR 41.20(±2.7) 4.70(±3.5) 376.80 97.09

E1 NSTR 24.14(±1.3) 10.80(±4.2) 244.50 96.37

SW+ 5.56 mol % THF+0.03%US-Y-10 E2 NSTR 20.03(±3.3) 11.20(±5.8) 267.70 96.41

E3 NSTR 19.38(±2.1) 11.70(±4.7) 319.30 96.79

a average results of t90 varied within ±37 min
b average results of hydrate %recovery varied within ±1.54 %.

average gas uptake due to hydrate formation from natural seawater for 5.56 % blank THF

solution along with 5.56 % THF solutions with USY-40 and USY-10 zeolites. Gas uptake has

been plotted for the hydrate growth phase. In other words, time zero in that figure is consid-

ered the nucleation time. As shown in the figure, pure THF solution could achieve 20 mmol

of gas/mol of water, similar to those uptakes reported by Bhattacharjee et al.53 without

stirring or using of additional promoters such as TBAF (tetra-n-butylammonium fluoride).

Then, we tested two acidic zeolites of a similar framework (FAU) type to examine the effect

of different Si/Al ratios and hydrophobicity on the performance of zeolites as kinetic hydrate

promoters. The selection of acidic zeolites is based on our earlier experimental studies and

DFT calculations that showed that the presence of an extra framework cation such as sodium

could limit zeolite’s promoting effect by binding to water molecules and breaking the inter-

molecular hydrogen bonds preventing water arrangement for hydrate cage formation44,45,59.

Such behavior resulted in disturbing the intrinsic water network of hydrate cages. As seen

in Figure 1, USY-10 (Si/Al ratio ≈ 13) zeolite showed a slightly better promoting effect

than pure THF solution. One can observe that the induction time has been reduced by

about 25% from 15 min to 11 min. However, the improvement is not high enough to be
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noticed especially when it comes to gas uptake which has been increased only by about 10%

compared to the blank THF solution. A worth noting observation is that in both cases the

uptake is relatively low and the hydrate formation was difficult to be initiated and sustained.

On the hand, USY-40 (Si/Al ratio ≈ 42) showed a significant increase in overall kinetic

performance and enhanced the gas uptake of synthetic gas hydrates (SGH). The induction

time has been reduced to less than 7 mins or more than 50% compared to the blank THF

solution. When compared to USY-10, it initially showed lower uptake for the first hour.

However, the hydrate formation kinetics were accelerated and the reaction could be sus-

tained for more than 9 hours despite the presence of salt (NaCl) at high concentrations in

seawater. In this particular scheme, the action of acidic zeolite as kinetic hydrate promoter

comes from (1) its role as a nucleation site and (2) its ability to extract hard cations such

as sodium from the aqueous solution which allows smooth hydrate growth, and (3) it does

not result in foaming. The presence of these hard cations can work as hydrate inhibitors

even at low concentrations60. Moreover, the superior performance of USY-40 over USY-10

can be attributed to its higher Si/Al ratio. The relatively lower Si/Al ratio in the case of

USY-10 resulted in a more hydrophilic nature and electrostatic structure that can reduce the

water activity coefficient61 which ultimately limits the promoting effect of zeolite as KHP.

To further explain, one can say that the adsorption involves specific interaction 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 aluminum62. Nguyen and Nguyen

demonstrated that the moderate hydrophobicity of additive results in organizing the sur-

rounding water into a clathrate-like structure and thereby promotes hydrate formation44.

Recently, Denning et al. demonstrated that the more hydrophobic SSZ-13 (Si/Al ratio =

20) promoted 2.6 times more water-to-hydrate conversion than the hydrophilic SAPO-34

(Si/Al ratio = 0.6)34. Thus, the absence of sodium cation and the higher Si/Al ratio of

USY-40 resulted in enhanced hydrophobicity. Combined with the additional gas-to-water
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contact area indicated by the higher Sext compared to USY-10, such hydrophobicity nature

improved better orientation of water molecules for hydrate formation.

Figure 1: Comparison of average methane gas uptake owing to hydrate formation runs in the
presence and absence of zeolite promoters: all solutions contain THF in the stoichiometric
concentration of 5.56 mol% and hydrate synthesis temperature and pressure are 298.2 K and
9.5 MPa, respectively.

It is agreed that those salts such as NaCl have a thermodynamic inhibitory effect on

hydrate formation in a way such as it is difficult to initiate the nucleation or maintain

hydrate formation reaction61,63. Thus, the presence of these salts reduces the performance of

zeolite hydrate promoters as illustrated in Figure S6. One can observe that zeolite kinetic

promoter USY-40 performed better in natural seawater (≈ 2.75 wt% salinity) compared to

simulated seawater (SSW) which contains 3 wt% or 1.1 mol% NaCl. In spite of the initial

higher methane uptake in the case of SSW, both natural and simulated seawater achieved

the same methane uptake after about 4 hours. However, while the hydrate growth could

not be sustained for more than 4 hours in the case of artificial seawater due to the high

concentration of inhibitory NaCl salt, the methane uptake continued in the case of natural

seawater. This can be explained by the presence of other salts in seawater that are potentially
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less inhibitory to hydrate growth than NaCl. Moreover, the induction time increased in the

case of simulated seawater compared to the natural one. The reduced t90 in the case of

simulated seawater can be seen as a reflection of the reduced methane uptake compared to

natural seawater. On the other hand, using pure water resulted in significantly enhanced

hydrate growth kinetics and much higher methane uptake. This indicates the efficacy of

USY-40 zeolite as KHP in absence of the inhibitory effect of salts.

Effect of Amino Acids Promoters on Mixed CH4-THF Hydrate For-

mation

Amino acids are a class of eco-friendly compounds that has been recently investigated to ac-

celerate the hydrate formation kinetics64. However, there is a contradiction in the literature

about their role in the clathrate formation65,66. For example, Sa et al. showed that amino

acids, especially the hydrophobic ones can work as effective kinetic inhibitors for methane

hydrate67, while studies such as Veluswamy et al. showed they could work as promoters if

used at concentrations of 300 ppm68. Prasad and Kiran came also to the latest conclusion but

for CO2 clathrates69. Thus, in this study, we have investigated two non-polar hydrophobic

amino acids as kinetic promoters at concentrations as low as 300 ppm: the aliphatic amino

acid (L-valine) and aromatic amino acid (L-tryptophan). The selection of hydrophobic amino

acids is based on previous studies that showed that they are likely to perform better than

hydrophilic ones as KHPs44,70,71. Moreover, L-valine and L-tryptophan have been previously

reported to enhance hydrate kinetics in saline environments in synergism with THF29,32. As

shown in Figure 2, both the aliphatic (L-valine) and aromatic (L-tryptophan) showed ki-

netic promoting effect for mixed CH4-THF hydrate formation at ambient temperature when

compared to blank solution. The average induction time is slightly reduced in the case of

L-valine compared to L-tryptophan. On the other hand, L-tryptophan showed initial higher

methane uptake than L-valine. Such a high methane uptake sharply drops down after 4 hours

while L-valine could sustain relatively higher methane uptake for about 9 hours. Thus, L-
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valine could achieve higher final methane uptake of 36 mmol gas/mol water compared to 28

mmol gas/mol water in the case of L-tryptophan.

Figure 2: Comparison of average methane gas uptake owing to hydrate formation runs
in the presence and absence of amino acid promoters: all solutions contain THF in the
stoichiometric concentration of 5.56 mol% and hydrate synthesis temperature and pressure
are 298.2 K and 9.5 MPa, respectively.

Finally, we have explored the behavior of L-valine in artificial seawater (3 wt% or 1.1

mol% NaCl) and freshwater. Similar to USY-40, L-valine showed slightly better performance

in natural seawater than in artificial one as illustrated in Figure 2. Removing the effect of

inhibitory salts, the gas uptake increased significantly by 75% to about 63 mmol gas/mol

water. This reveals the real efficacy of L-valine as KHP. In addition, one can attribute the

lower performance of amino acids in the seawater environment to the neutralizing effect of

those salts, especially at ambient temperature. On the other hand, there was no foaming

observed for both amino acids during hydrate dissociation. This crucial observation along

with their kinetic performance, strengthened the possibility of their use to relieve surfactants
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as KHPs due to their common structural similarities. To illustrate, while surfactant such

as SDS is composed of a hydrophilic head and hydrophobic tail, L-valine is composed of

hydrophilic carboxylic and amine groups associated with a hydrophobic side chain. In the

next section, we will employ DFT calculations to further understand the relative kinetic

performance of zeolite and amino for hydrate formation on the molecular level.

Molecular Level Interaction of Hydrate Cages with Promoter

We have utilized DFT calculations to shed light on the molecular level interactions leading

to these results. Ab initio DFT has been commonly used in literature to report the effect of

different promoters or inhibitors on hydrate formation72,73. In this study, DFT was employed

to analyze zeolite-hydrate and amino acids-hydrate systems in terms of 512 hydrate cage

energies and geometrical changes upon their interaction either with finite zeolite clusters

or with amino acid molecules. In addition, the energy of the host-guest cage system was

calculated in the presence or absence of KHPs. The host-guest interactions are a key property

that characterizes the clathrate stability74 and can be assessed through interaction energy

(∆EHG). This energy can be defined as follow:

∆EHG = E(CH4@512)− [E(CH4) + E(512)] (1)

where E(CH4@512), E(CH4), and E(512) are the energies of CH4@512, methane molecule

and the 512 empty cage, respectively. The weak interactions such as H-bonding van der

Waals forces dominate the hydrate, zeolite and amino acid systems interaction. Thus, the

proper selection of exchange-correlation functional that capture those interactions is essen-

tial to represent those systems.

Thus, we initially calculated the interaction energy of methane with a small cage with

three different levels of theory. The values were +2.03, -24.97 and -27.78 kJ/mol for revPBE,
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rvv-10 and vdW-DF2 levels, respectively. While rvv-10 and vdW-DF2 exchange correlation

functionals could successfully capture the dispersion forces, revPBE failed to accurately de-

termine the host-guest interactions at all. Compared to -32.55 kJ/mol obtained by the

highly accurate but computationally expensive MP2/6-311++G(d,p) level of theory74, the

interaction energy value obtained from vdW-DF2 shows better accuracy in describing the

host-guest interaction compared to rvv-10. Consequently, we used it for all remaining cal-

culations.

(a) USY-40 (high Si/Al cluster) (b) USY-10 (low Si/Al cluster)

Figure 3: Optimized configurations of small (512) cage with zeolite clusters of (a) USY-40
and (b) USY-10. Silicon, hydrogen, carbon, and aluminum atoms are shown in brown, white,
black, and gray colors, respectively.

The optimized zeolite-cage structures are shown in Figure 3. We aimed to assess the

degree of zeolite-clathrate interactions (∆EZ-C) with different Si/Al ratios. The interaction

energy is defined as follows:

∆EZ-C = E(Z-CH4@512)− [E(Z) + E(CH4@512)] (2)

where ∆EZ-C and E(Z) are the energy of the optimized Z-CH4@512 structure and isolated

zeolite cluster, respectively. In this case, the lower energy values of the interaction between

a host water molecule and the additive molecule indicate a more attractive interaction or

inhibitory effect75.
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While the value for the low Si/Al cluster representing USY-10 zeolite is -189.957 kJ/mol,

the high Si/Al cluster representing USY-40 showed only -149.69 kJ/mol. The relatively

higher value in the case of a low Si/Al cluster indicates that the zeolite binding to the

clathrate cage is much stronger and thus disturbs the hydrate growth. This slight stronger

interaction could be explained as follows: with the presence of more Al atoms in the zeolite

framework, the surface Brønsted acid sites (BAS) can form hydrogen bonds with hydrate

cages as shown in Figure 3. Such an explanation is also applicable to hydrophilic surface

silanol groups and agrees with the literature76. However, our previous studies showed that

such hydrogen-bonding interactions due to BAS are much lower than that of alkali metal ex-

tra framework cations such as sodium which can cause the clathrate structure to collapse45.

In particular, these cations possess high charge density and lower polarizability. Thus, they

interact strongly with hydration shell around them with water dipoles pointing out from

it77. Moreover, the higher hydrophilicity which can also disturb clathrate cage formation

is another consequence of the lower Si/Al ratio. Accordingly, one can say that the USY-10

zeolite strongly binds to the clathrate cage and disturbs the hydrate growth due to its high

Al content and thus higher hydrophilicity which agrees with the experimental observations.

On the other hand, the effect of USY-40 zeolite particles as nucleation sites that enhance

heterogeneous nucleation prevailed as the more hydrophobic acidic zeolite helped the water

surrounding molecules to arrange for hydrate formation and promoted further cage growth.

Similarly, as illustrated in Figure S7, we have studied the interaction of both L-valine

and L-tryptophane molecules with hydrate cage. The promoting effect of amphipathic amino

acids depends on their chemical structure and relative hydrophobicity44. Our results showed

that the aliphatic amino acid (L-valine) has interaction energy of -31.51 kJ/mol compared to

-49.49 kJ/mol for aromatic amino acid (L-tryptophan). The more negative interaction energy

in the case of L-tryptophan agrees well with our experimental observation that showed less

methane uptake in the case of L-tryptophan despite the higher initial kinetic performance.
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The optimized structures showed that while hydrate cage disturbance L-tryptophan could

be attributed to hydrogen bonding with both the amino group and secondary amine group,

it comes only from the amino group in the case of L-valine. In addition, one can attribute

these promoting effects of L-valine to its relatively higher hydrophobicity. According to Kyte

and Doolittle, the hydrophobicity value of L-valine (+4.2) compared to (-0.9) in the case of

L-tryptophan78. Thus, based on computational data and experimental observations, one can

conclude that the hydrophobic aliphatic group in L-valine enhanced the local water structure

and create an increased gas concentration around the amino acid which is finally reflected

in higher gas uptake and more sustained kinetics.

Controlling Hydrate Growth Phase: A Step Toward Flow Chemistry

of Hydrate Process

One of the main objectives of this study is to give engineering and technological perspectives

on economic methane hydrate formation on an industrial scale. To achieve that goal, we

have chosen realistic conditions (seawater and ambient temperature) and made technological

choices (non-stirred tank reactor, selection of low cost green promoters, and pressure below

10 MPa) to boost the process economics as detailed in the introduction. However, while our

approach could reduce the induction time, enabled sustained hydrate growth, and increased

the gas uptake in extremely inhibitory conditions compared to literature as illustrated at

Figure 4 , we are aware that the reaction time is still too long for a typical economic bath

process.

Traditionally, the laboratory scale studies of hydrate formation are performed to increase

the gas uptake in the shortest time possible. However, when it comes to pilot and industrial

scales, establishing a continuous process or "flow chemistry" could save costs by eliminat-

ing multiple start-ups and shut-downs between different batches and low maintenance costs,

among other reasons discussed in the literature79. However, continuous process requires a
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Figure 4: Comparison of average methane gas uptake owing to seawater-basted hydrate
formation in this work compared to literature53: all solutions contain THF in stoichiometric
concentration of 5.56 mol% and hydrate synthesis temperature and pressure are 298.2 K and
9.5 MPa, respectively.

steady-state process with controlled reaction conditions. In this study, we could achieve a

controlled hydrate growth phase during the batch reaction by carefully selecting the proper

reaction systems (reactants, reactor, and P-T condition) as shown in Figure S8. This tem-

perature control within a tight range could eliminate the usual sudden, uncontrolled and

stochastic hydrate growth associated with hydrate nucleation. With such controlled behav-

ior, it is possible to extend the process from batch to continuous hydrate production.

Finally, there is naturally inherited lower gas uptake in seawater than in freshwater due

to the inhibitory effect of salts regardless of the change in the reaction system. While higher

gas uptake is an advantage for stationary storage, it bears challenges in hydrate transporta-

tion either within the hydrate production facility or outside. Previous experimental and

computational observations showed a greater tendency for brittleness as the hydrate satu-

ration increased80,81. Thus, increasing the gas uptake in seawater-based hydrate "slurry"

while maintaining reasonable brittleness gives them an advantage during transporting hy-

drates without plugging the pipelines within the hydrate production plant or outside for

long distances. Moreover, the above study addess the economic challenges associated with
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the process. At similar hydrate formation conditions (300 K and 6 MPa), Javanmardi et

al. earlier economic simulation studies of showed that pure water SGH process can reduce

the capital cost for natural gas transportation by 48% compared to LNG especially with

stranded gas resource82. Thus, the above study is an important step toward the feasible

process. Furthermore, detailed and updated economic analysis are ongoing to accurately

evaluate the process using seawater.

Conclusions

The goal presented study is to provide a molecular and macroscopic understanding of the

role of green promoters of acidic zeolites and amino acids as kinetic hydrate promoters. To

boost the reaction economics, we investigated binary methane-THF formation using both

natural and simulated seawater in the unstirred reactor at ambient temperature (298.2 K)

for the first time. Two types of environmentally benign kinetic hydrate promoters, acidic

zeolites with different Si/Al ratios (USY-40 and USY-10) and amino acids (L-valine and

L-tryptophane), were employed. Despite the challenging, extremely inhibitory environment

due to the presence of salts and high temperature, the presence of green kinetic hydrate

promoter was able to enhance hydrate formation kinetics and methane uptake. Our exper-

imental results showed that zeolite (USY-40) with high Si/Al showed superior gas uptake

than the low Si/Al zeolite (USY-10). DFT calculation showed that (USY-10) disturbed the

hydrate cage due to its higher hydrophilicity and hydrogen bonding with surface BAS. On

the other hand, the hydrophobic zeolite (USY-40) promoted the hydrate formation as it

works to arrange water surrounding molecules for hydrate formation. The aliphatic amino

acid L-valine showed better kinetic promotion performance and higher gas uptake in hydrate

formation than the aromatic amino acid of L-tryptophan. The computational investigation

revealed that the relatively less hydrophobic and aromatic L-tryptophan slightly disturbed

the hydrate growth due to hydrogen bonding between the amino and secondary amine groups
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and the local cage structure. On the other hand, the more hydrophobic aliphatic L-valine

strengthened the local organization of the cage water structure. The use of aminoacids re-

sulted in a substantial reduction of induction times to less than 10 minutes, and a methane

recovery of 97%. The later being the highest gas uptake (40 mmol gas/mol water) reported

under those challenging conditions. Finally, we have shown that the nucleation process can

be controlled to a steady-state by selecting the proper reaction system, which paves the

way for continuous hydrate production on an industrial scale. Our results provide a better

understanding of hydrate nucleation enhancement under realistic conditions and open the

door for a possible application of these green KHPs for SGH on the industrial scale.
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This study provides fundamental understanding for green kinetic promoters for accelerating

sustainable methane storage in seawater-based clathrate hydrates.
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