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Abstract: 

Solidified natural gas technology shows significant potential for storing safely multi-fold 

volumes of natural gas in clathrate hydrates, but the main concern is the stochastic and 

slow process of hydrate nucleation making it unstable and unpredictable in practice. To 

overcome this limitation, methane hydrate was synthesized in a silicon carbide (SiC) 

ceramic foam packing trays reactor without stirring. Results suggested that the packing 

trays should be located near the gas-water interface instead of immersed in the aqueous 

phase, which decreased the induction time by about 98%. Results also highlighted the 

synergistic effects between the capillary wicking from the porous packings and the water 

suction from the initially formed hydrate clusters, which pumped water from the aqueous 

phase into the packings’ pores to provide an unsaturated porous environment for hydrate 

nucleation. It demonstrated that these two driving forces might also compete for water 

which became adverse to hydrate formation. 

Keywords: methane hydrate, SiC foam tray, nucleation, solidified natural gas, gas 

storage



1. Introduction

Natural gas is a clean energy resource that will account for a quarter of global energy 

demand by 2040 and will pave the way for the transition from fossil fuels to zero-carbon 

energy (IEA, 2017). Natural gas can be stored and transported either in the form of 

compressed gas or liquefied gas. However, recent studies have shown that solid natural 

gas hydrate (SNG) offers a new cost-effective alternative for gas storage and 

transportation (Bhattacharjee et al., 2020). For large-scale and long-distance gas 

transportation, liquefied natural gas (LNG) is the most widly used approach, but the LNG 

storage requires extreme low temperature (-162°C) and there are safty issues due to the 

continuous boil-off. By contrast, the gas storage by SNG requires moderate temperature 

and pressure conditions, which is safer as the gas can be released in a non-explosive 

manner and it is possible to recover 100% of the stored gas by simple depressurization or 

minimal thermal stimulation (Veluswamy et al., 2018). However, the hydrate nucleation 

is a stochastic and slow process, making it difficult to control in practice. For example, 

the induction time for methane hydrate nucleation is often unstable and vary from a few 

mininutes to hundreds of mininutes under the same experimental conditions (Liu et al., 

2019). One of the chanllenges for the commercial application of the SNG technology is 

how to rapidly convert natural gas to hydrates with high storage capacity.

Therefore, there are increasing demands for developing approaches to promote hydrate 

formation by adding porous materials such as sand packs, silica gels, hydrogels, 

nanoparticles and foam packings (Linga and Clarke, 2017). Recently, a silicon carbide 

(SiC) foam ceramic (SFC) packing, which is a porous material synthesized by blending 



silicon carbide with foamed polyurethane and sintering at 1500-2000°C after curing and 

drying (Qian and Jin, 2006), was for the first time applied in our laboratory to facilitate 

hydrate nucleation and enhance the gas storage capacity (Liu et al., 2019). In addition to 

provide large specific surface area for hydrate nucleation, the application of SFC packings 

could also effectively remove the hydration heat produced from hydrate formation. For 

instance, it could decrease the overall thermal resistance by between 38% and 62% in the 

reaction system and maintain the reaction system at a low thermal resistance under 

relative low driving force (Tian and Wu, 2020b). These studies demonstrated the role of 

the stacking patterns of SFC packings on the heat and mass transfer and highlighted the 

demands for the special design of the reactor structure to support the packings in future 

works (Liu et al., 2019). It remains however unknown how the hydrate formation kinetics 

can be influenced by the relative space between the packings as a block of foam packings 

were always directly placed at the bottom of the reactor in previous studies (Yang et al., 

2011; Fan et al., 2012; Babu et al., 2013b; Liu et al., 2019). Further studies are also needed 

to decipher if and how the relative space between the packings and the gas-water interface 

would influence the packings’ performance, because the thick water layer above the 

packings provide resistance for the gas to pass through before reaction with the pore water 

inside the packings (Liu et al., 2019). Accordingly, the concept of plate-type reactor with 

SiC foam packing tray was used in the present study to address these issues. Such type of 

reactors had been previously used in other unit operations of chemical engineering (e.g., 

distillation) to provide better mixing and thus achieve better mass and energy transfer 



between liquid and vapor (Zhang et al., 2012; Zhang et al., 2013; Yan et al., 2018).

Another way to facilitate hydrate formation is to add chemical promoters. The most widly 

used promoter is surfactant such as sodium dodecyl sulfate (SDS), but the large-scale 

application of SDS may pose environmental risks as it is toxic to aquatic organisms 

(Messina et al., 2014). Moreover, the usage of surfactants would generate foams which 

impacted the efficiency of SNG method and cause the loss of surfactants (Wang et al., 

2018). Most recently, we employed cyclodextrin-SDS mixture solution to reduce the 

dosage of SDS by about 67% (Tian and Wu, 2020b). Cyclodextrin was used as it is a non-

toxic and environmentally friendly oligosaccharide which has the capability of facilitating 

the formation of water channel bridging hydrate and water and increasing the gas−water 

interfacial curvature (Ji et al., 2017). Indeed, the use of cyclodextrin-SDS mixture allowed 

us to increase the total gas uptake by more than 83% with a 7-fold higher hydrate 

formation rate (Tian and Wu, 2020b). However, our previous study was performed under 

mechanical stirring conditions which are not ideal in terms of cost-effectiveness for 

storage and transportation. Therefore, further work is needed to evaluate whether similar 

formation rate can be obtained under static (unstirred) conditions for energy savings 

purpose. This motivated us to combine the cyclodextrin-SDS mixture solutions with the 

SiC foam tray to enhance hydrate formation. Specific objectives of this study were to (i) 

optimize the position of SiC foam location by testing the performance of the tray reactor 

with packings separated by different spaces, and (ii) clarify how and why the performance 

would vary with the distance between the packings and the gas-water interface. 



2. Materials and Methods

Methane (99.99% purity) used in this study was supplied by Shenzhen Huatepeng Co., 

Ltd. Sodium dodecyl sulfate (SDS, analytical reagent grade, 99 % purity) was purchased 

from Beijing Bailingwei Chemical Technology Co., Ltd. The -cyclodextrin (CD, 98% 

purity) was purchased from Aladdin Industrial Corporation. The SDS and CD were 

dissolved in deionized water and thoroughly mixed for at least 60 min to form mixture 

solutions. The concentration of SDS and CD in the mixture solution was 100 and 200 

mg L-1, respectively. This was an optimal formulation previously screened from four 

types of cyclodextrins with different structures and concentrations in the methane hydrate 

synthesis experiments (Tian and Wu, 2020a), which was therefore directly used in the 

present study. The SFC packing in the shape of disks (diameter: 45 mm, thickness: 8 mm, 

pore size: 3 ~ 5 mm, porosity: 60%, mass: 14.1 g) were obtained from the Institute of 

Metal Research, Chinese Academy of Sciences. As shown in Fig. 1, a stainless-steel 

reactor internal was tailored by welding six parallel rings to a vertical thin column so that 

different amount of SFC packings could be located on the rings at different positions. 

The methane hydrate formation experiments were carried out in a high pressure reaction 

system which was described in our previous study (Tian and Wu, 2020a). The hydrate 

was synthesized in a cylindrical stainless-steel reactor (diameter: 50 mm, height: 80 mm) 

with the maximum pressure capability of 20 MPa. The reactor was immersed in a 

circulating coolant bath (268.2 ~ 323.2 K) for temperature control. The temperature and 

pressure were recorded every 10 s using a temperature transducer (PT-100) and a pressure 



transducer (DC1300), respectively.

Before experiments, the high-pressure reactor was washed with deionized water for three 

times and dried with compressed air. The CD-SDS mixture solution (40 mL) was added 

into the reactor, subsequently, the reactor internal with SFC packings loaded in advance 

was carefully put into the reactor. The reactor was purged with methane gas (0.5 ~ 1.0 

MPa) to remove the residual air and pressurized with methane gas to the desired pressure, 

which was then soaked in the coolant bath. The moment when the reaction system reached 

the designed temperature (275.4 K) and pressure (8.0 MPa) was recorded as time zero. 

The hydrate nucleation was recognized when a sharp increase in the temperature and a 

sudden decrease in the pressure were observed. The methane hydrate formation process 

was considered completed when the temperature and pressure kept constant for 3 h. Each 

experiment was repeated for at least three times. The key parameters for characterizing 

hydrate formation kinetics such as the induction time (Tind, h), methane gas uptake (mol 

gas mol-1 water), maximum formation rate (Fmax, m3 gas m-3 water min-1) and percentage of 

water conversion to hydrate (%) were calculated using the obtained gas consumption data 

according to the methods elaborated in our previous study (Tian and Wu, 2020a). 



3. Results and Discussion

Effect of separating distance between two packings on hydrate formation: In order 

to investigate the influence of the sepatating distance between SFC packings on hydrate 

formation, we designed three scenarios (Scenario A – C) by locating the bottom SFC 

packing at the first layer (L1) while changing the position of the top SFC packing. In 

Scenario A (Fig. 1a), the top packing was located at the second layer (L2). The two 

packings were very close to each other with a distance of ~ 2 mm. In Scenario B (Fig. 

1b), the top packing was located at the third layer (L3) and the distance between the two 

packings was about 12 mm. In Scenario C (Fig. 1c), the top packing was located at the 

fourth layer (L4) and the corresponding distance between packings was 22 mm. In these 

cases, the mass ratio of packing to water was 70%. In order to provide blank control, 

experiments were also performed by adding only CD-SDS mixture solution but not 

adding the stainless-steel reactor internal and SFC packings. Results indicated that it was 

insufficient to promote hydrate formation at unstirred conditions using the mixture 

solution alone as the corresponding gas uptake was almost zero within 48 h when we 

repeated the blank control experiments for five times (Fig. 2). 

In Scenario A, the final gas consumption after reaction was about 122.0 mmol gas mol-1 

water, the percentage of water conversion to hydrate was 74%, and the maximum 

formation rate was 6.5 m3 gas m-3 water min-1 (Figs. 2 - 4). These three parameters were 

very close to that obtained in our previous study where methane hydrate was synthesized 

without SFC packings, but under 600 rpm magnetic stirring conditions using the 200 mg 



L-1 CD - 100 mg L-1 SDS mixture solution (Tian and Wu, 2020a). This finding 

demonstrated that the application of SFC packings could trigger the hydrate nucleation. 

However, the induction time in this case was 22.3 h (Fig. 5), which was about 670 times 

longer than the results obtained under stirring conditions using the same concentration of 

CD-SDS mixture solution (Tian and Wu, 2020a). Therefore, it might not be the best 

way to enhance gas hydrate formation by directly stacking the packings at the bottom of 

the reactor as usually did in previou studies. 

The hydrate nucleation rate was significantly facilitated after increasing the space 

between the two packings by moving the top packing from L2 to L3. As shown in Fig. 5, 

the induction time decreased by 36% in Scenario B compared with Scenario A. 

Nevertheless, the improvement of packings’ performance in terms of the hydrate growth 

rate was relatively slight. For instance, the gas uptake inceased to 128.0 mmol gas mol-1 

water, the percentage of water conversion to hydrate increased to 78%, while the 

maximum formation rate increased to 6.9 m3 gas m-3 water min-1 in Scenario B (Figs. 2 

-4). When the distance between the two packings futher increased to 22 mm (Scenario 

C), the induction time for methane hydrate nucleation decreased to 6.5 h which was 71% 

faster than the nucleation rate in Scenario A (Fig. 5). It was found that both the maximum 

formation rate and the percentage of water conversion increased with the space between 

the two packings but the overall degree of increment was not obvious (< 15%).

These results demonstrated that it was possible to effectively facilitate the hydrate 

nucleation by changing the relative positions of the packings. However, it remained 



unclear whether the observed improvement on the nucleation was mainly attributed to the 

relative distance between the two packings or the relative distance between the packings 

and the gas-water interface. As shown in Fig. 1, both packings were completely immersed 

in the 200 mg L-1 CD - 100 mg L-1 SDS mixture solution in Scenario A. In this case, 

there was about 5 mm thick water column between the gas-water interface and the top of 

the two packings. In Scenario B, the bottom surface of the top packing was located at the 

gas-water interface. By contrast, the top packing was completely exposed in the methane 

gas phase in Scenario C. It was speculated that the top packing above the gas-water 

interface was critical for the hydrate nucleation while the bottom packing immersed in 

liquid contributed little to the facilitated nucleation. As shown in Fig. 6a, methane 

hydrates were only observed at the top packing while little hydrates were formed at the 

bottom packing in Scenario C.

Effect of relative position between packing and gas-water interface on hydrate 

formation: In order to validate the above speculation and reveal the effects of the relative 

position between packing and gas-water interface on hydrate formation, we added 

experiments by removing the bottom packing and placing only the top packing located at 

L2 (Scenario D), L3 (Scenario E) and L4 (Scenario F), respectively. In these cases, the 

mass ratio of packing to water was 35%. 

Results indicated that the induction time for hydrate nucleation was 47 h in Scenario D 

which was more than twice of that in Scenario A (Fig. 5). It was interesting to observed 

that the induction time was 5.4 h and 6.0 h in Scenario E and F, respectively, which was 



76% and 73% less than that in Scenario A. This finding confirmed that it was the packing 

exposed to the gas phase rather than the packing immersed in the aqueous phase that 

indeed contributed to the faster nucleation. Moreover, the rate of hydrate growth 

increased with the hight of the packing’s position. For example, the maximum formation 

rate increased from 6.4 to 7.0 and 7.8 m3 gas m-3 water min-1, respectively, when the 

packing moved from L2 to L3 and L4 (Fig. 4). The percentage of water conversion also 

increased from 51% at L2 to 69% at L3 and 79% at L4, respectively (Fig. 3). 

Neverthess, the application of only one packing remained inadequate for successful gas 

storage because the hydrate nucleation was still two-order of magnitude slower than the 

reaction under stirring conditions using the same concentration of CD-SDS mixture 

solution (Tian and Wu, 2020a). Additionally, the percentage of water conversion 

decreased when the mass ratio of packing to water decreased from 70% to 35%, especially 

when the top packing was located at L2 or L3 (Fig. 3). 

Location optimization for SFC packings: Accroding to the above results, we added 

another three experimental scenarios (Scenario G – I) by using two packings again aiming 

to find out an optimized location pattern of the packings. As shown in Figs. 1g - 1i, at 

least one packing was located above the gas-water interface while the other packing was 

placed at L2 or L3 instead of L1.

In Scenario G, the two packings were located at L2 and L3, respectively, which resulted 

in a final gas uptake of 128.0 mmol gas mol-1 water (Fig. 2) and 78% of the initial water 

was converted into hydrate (Fig. 3). These two parameters were about 5% higher than 



that in Scenario A, while the induction time (4.88 h) was only about 20% of that in 

Scenario A. Subsequently, both packings were moved upwards to L3 and L4, respectively, 

without changing the vertical distance between them (Scenario H). In this case, all 

packings were in the gasous phase as the bottom surface of the packings was 2 mm above 

the gas-water interface. Methane hydrates were observed inside the pores of both 

packings, but there was a hollow region below the bottom packings in the reactor where 

hydats were not observed (Fig. 6b). Compared with Scenario G, such location pattern led 

to little difference in the total gas uptake and the percentage of water conversion, but the 

induction time (0.33 h) could be effectively reduced by 93% (Fig. 5). The time required 

for hydrate nucleation in this case was only less than 2% of that in Scenario A. It was also 

observed that a larger distance between the two packings did not guarantee a better 

performance. For example, the induction time increased by one order of magnitude while 

the percentage of water conversion decreased by about 6% if the bottom packing was 

moved from L3 (gas phase) to L2 (aquesous phase) as shown in Scenario I. 

It was noted that the standard devisions of the induction time (error bars) were relatively 

big in some scenarios such as Scenarios A, B, C, D, E (Fig. 5). Therefore, we added three 

more parallel experiments for each of these 5 scenarios. To evaluate if it would impact 

the conclusion that Scenario H was the optimal location pattern with the best hydrate 

formation performance, we also added three more parallel experiments for Scenario H 

although the error bar from 3 trials was small. Accordingly, we totally had 6 independent 

trials for each scenario and then compared the results with that obtained from 3 trials. 



Results demonstrated that the overall tendency did not change after 6 trials. The shortest 

induction time was still observed in Scenario H where the error bar remained small, which 

suggested that the hydrate nucleation was relatively stable in this case (Fig. S1 in the 

Supporting Information). However, the error bars of induction time in the other five 

scenarios remained big and the deviation was not significantly reduced after adding more 

trials. These results suggested that the relatively big error bars might be associated with 

the stochastic nature of hydrate nucleation which had been previously reported especially 

under unstirred conditions. This fact became one of the challenges for the stable operation 

of gas storage technology based on hydrate formation. Our results indicated that both the 

average value and the standard deviation of the induction time could be minimized by 

optimizing the location of ceramic packings using the packing tray reactor.

Moreover, it should be noted that the effects from the stainless-steel reactor internal could 

not be ignored, because our previous studies demonstrated that the metal internals such 

as coiled metal tubes (Pang et al., 2007) and stainless-steel meshes (Hu et al., 2019) could 

also promote hydrate formation. In the conext of this study, our results highlighted the 

predominant role of the SFC packings during the hydrate nucleation stage. To better 

clarify this, we repeated the experiments by adding the  CD-SDS mixture solution and 

the stainless-steel reactor internal but not adding SFC packings. In this case, hydrate 

nucleation was only observed in one of the five runs in absence of SFC packings 

(induction time: 48.5 h). When the reaction transited from nucleation to fast growth stage, 

the fast gas uptake might result from combination effects from the stainless-steel reactor 



internal and the SFC packings especially in the cases when the packings were located 

above the gas-water interface (e.g., Scanario F). 

Another important finding was that the porous packings should be located at the gas phase 

near the gas-water interface rather than immersed in the aqueous phase. This was a little 

suprising as the water inside the packings in the gas phase might be inadequate for hydrate 

nucleation, therefore, there should be some mechanisms that contributed to pump water 

from the aqueous phase to the packings’ pores to induce and maintain reaction. To better 

elaborate this process, a schematic is shown in Fig. 7. 

Before reaction, water might climb along the stainless-steel reactor internal and the inner 

wall of the reactor and subsequently move along the tortuous pathways inside the 

packings’ pores driven by the capillary force (Fig. 7a), which had been reported in 

previous studies (Linga et al., 2012; Babu et al., 2013a; Hu et al., 2018). This resulted in 

an unsaturated porous environment inside the packings, which was supposed to be more 

favorable for hydrate formation compared with the saturated packing soaked in water, 

because the decrease in pore water content might provide more free passages for gas, 

facilitate water transport and enhance mass transfer by providing larger gas-water contact 

area for reaction (Xie et al., 2020). This could be supported by previous studies on the 

hydrate formation dynamics in porous media. For example, Bagherzadeh et al. (2011) 

observed more spatially uniform and faster hydrate formation in silica sands with lower 

initial moisture content. Badu et al. (2013a) also demonstrated that the gas uptake, hydrate 

growth rate and water conversion to hydrates increased significantly as the water 



saturation in the silica sand bed decreased from 100% to 50%. 

At early stage of nucleation, hydrate film formed at the gas-water interface which might 

also contribute to the water migration uptowards the packings, because the formed 

hydrate would cause intense suction force and adsorb the surrounding water due to the 

lower Gibbs free energy on the hydrate surface (Sloan and Koh, 2007). The water 

adsorption phenomenon had been visually observed in a one-dimensional reactor (Chen 

et al., 2017) and experimentally detected by the pF-meter sensors in porous media (Zhang 

et al., 2010a; Zhang et al., 2010b). It should be noted that the gas-water interface in this 

study exsited at the top surface of the bulk water or at the surface of the pore water trapped 

inside the unsaturated packings. At the interface between the gas and the top surface of 

bulk water, the hydrate clusters served as “bridge” to assist the transport of water to the 

bottom of the SFC packing which was then lifted by the upward capillary force and 

entered the pores (Fig. 7a). At the interface between the gas and the pore water, porous 

hydrate shell would form on the surface of water droplet in the pore. According to Liang 

et al. (2022), the continual outward transport of water through the hydrate shell caused 

the hydrate shell thickening, while the mass transfer of water was initially controlled by 

diffusion and then transformed into permeation. Meanwhile, the hydrate clusters coated 

on the inner surface of the backbone framework of the SFC packing would grow to a thick 

layer and eventually formed a hydrate film network (Fig. 7b). According to Chen et al. 

(2017), the hydrate formation and water adsorption could occur intermittently and 

eventually form hydrate film network inside the porous materials. Another driving force 



for the migration of water towards packings’ pores might be attributed to role of the CD 

- SDS mixture solution used in this study (Fig. 7c). It is known that the cyclodextrins and 

SDS would form channel-type dimers and the H-bonds between each two dimers would 

form a fully hydrophilic zone at the gas-water interface, which had been proven to be able 

to promote the upward movement of water (Hernández-Pascacio et al., 2007).

From the above discussion, we believed that there were synergistic effects between the 

capillary force from the porous packings and the water suction force from the initially 

formed hydrate clusters which pumped water into the packings’ pores. Our results 

highlighted the role of such effects for enabling hydrate nucleation in the unsaturate pores 

exposed in gas phase. However, it didn’t mean we could conclude that porous packings 

with higher capillary performance would be better, because the distribution of the pore 

water was inhomogeneous while a strong capillary force would draw the water away from 

the hydrate film to the pores with less moisture content (Yin et al., 2016). This process 

might be adverse for hydrate nucleation by destroying the initially formed hydrate film 

structure and hindering the aggregation of hydrate clusters to form larger crystals. To 

validate this speculation, we repeated the experiments in Scenarios G and H using the 

customized SFC packings with the same pore size (3 ~ 5 mm) but with larger porosity, 

which was expected to have more pore numbers and relatively stronger capillary 

performance (Lee et al., 2019). A decreased gas uptake was observed when the packing’s 

porosity increased from 60% to 79% (Fig. 8). Results also confirmed that the hydrate 

nucleation in presence of SFC packings with large porosity was one-order of magnitude 



slower than that with small porosity in Scenario H (Fig. 9b). It appeared that the increase 

in the porosity mainly influence the hydrate formation kinetics during the initial 

nucleation stage rather than the fast growth stage because the decrease in the maximum 

formation rate was very slight (Fig. 9b). Similar tendency was observed in Scenaro G (Fig. 

9a).

Effect of pressure on hydrate formation when packings were located at the gas phase: 

In order to study the hydrate formation behavior under different pressures, the 

experiments in Scenarios G and H which were demonstrated as most effective location 

patterns were repeated at 7 MPa and 6 MPa using 60% and 79% porosity SFC packings, 

respectively. When SFC porosity was 60%, the gas uptake decreased by about 20% when 

the pressure decreased from 8 MPa to 7 MPa, which further decreased by about 30% 

when the pressure decreased to 6 MPa in both Scenario G and H (Fig. 10a). Although the 

difference in the final gas uptake was negligible in Scenario G and H at the same pressure, 

the hydrate nucleation showed obvious inconsistency. The induction time increased from 

4.88 h to 8.35 h when the pressure decreased from 8 MPa to 7 MPa in Scenario G. 

However, the fast hydrate nucleation was observed at 7 MPa as the induction time was 

only 0.28 h in Scenario H, indicating this packing location pattern was more favorable 

for gas hydrate nucleation (Fig. 11a). The hydrate formation could not be efficiently 

promoted at 6 MPa as the induction time were longer than 10 h and the gas uptake were 

only about 70 mmol gas mol-1 water in both Scenarios. When the porosity of SFC packing 

was 79%, the final gas uptake was in the range of 100 - 110 mmol gas mol-1 water at 7 



and 8 MPa in both Scenaris. However, the hydrate formation showed significant 

hysteresis in Scenario G compared with Scenario H at the same pressure. For example, 

the amount of gas uptake reached 100 mmol gas mol-1 water at 25 min in Scenario G at 8 

MPa, but such time was 200 min in Scenario G. Similarly, the amount of gas uptake 

reached 90 mmol gas mol-1 water at 50 min in Scenario G at 7 MPa, such time increased 

to about 125 min in Scenario G (Fig. 10b). Despite a shorter induction time (7.94 h) at 7 

MPa when the porosity was 79% compared to 60% in Scenario G, such value exceeded 

10 h in Scenario H at the same pressure. The above results demonstrated that the packing 

location pattern in Scenario H was optimal with the fast hydrate nucleation at 7 and 8 

MPa, but a higher SFC packing porosity didn’t aid the hydrate formation.

4. Conclusions

This study demonstrated that the usage of the CD-SDS mixture solution alone could not 

effectively induce methane hydrate nucleation under unstirred conditions, while the 

addition of SiC foam trays in the reactor could successfully induce hydrate nucleation in 

the CD-SDS mixture solution. However, the average induction time was 670 times 

longer than that with mechanical agitation if all SFC packings were immersed in the 

aqueous phase. The hydrate formation could be significantly facilitated by optimizing the 

positions of the SiC foam trays under unstirred conditions. The most pronounced 

improvent was observed when all the SFC packings were exposed in the gaseous phase 

near the gas-water interface, which could decrease the hydrate induction time from 22.3 



h to 0.33 h. The maximum formation rate and the percentage of water conversion to 

hydrates after optimization differed insignificantly with that obtained under mechanical 

agitation. Such improvement was mainly attributed to the formation of unsaturated porous 

environment inside the packings which was more favorable for hydrate formation 

compared with the saturated packing soaked in water. Results also suggested that the 

hydrate formation was induced and maintained by pumping water from the aqueous phase 

to the pores, which was driven by several processes such as the capillary force from the 

porous packings, water adsorption from the hydrate clusters at the gas-water interface and 

from the hydrate film network at the inner surface of the packings’ pores, and the water 

channels formed by the CD-SDS dimers at the gas-water interfaces. 
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Fig. 1 Experimental scenarios with SFC packings located at different positions in the 

packing trays reactor. The blue bars show the height of the aqueous phase inside the 

reactor. A to I show the Scenario A to Scenario I, respectively.   
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Fig. 2 Gas uptake during methane hydrate formation in different experimental scenarios
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Fig. 3 Percentage of water conversion to hydrates during methane hydrate formation in 

different experimental scenarios. SA to SI represent Scenario A to Scenario I.
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Fig. 4 Maximun formation rate during methane hydrate formation in different 

experimental scenarios. SA to SI represent Scenario A to Scenario I.

4

5

6

7

8

9

10
   

M
ax

im
um

 F
or

m
at

io
n 

R
at

e
(m

3  g
as

 m
-3

 w
at

er
 m

in
-1

)

SB SISHSGSFSD SESCSA



Fig. 5 Induction time during methane hydrate formation in different experimental 

scenarios. SA to SI represent Scenario A to Scenario I.
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Fig. 6 Pictures showing the formation of methane hydrate at different regions in the SiC 

foam tray reactor
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Fig. 7 Schematic showing the drving forces for water migration and hydrate formation in presence of SFC packings at the gas-water interface  
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Fig. 8 Changes in the gas uptake during methane hydrate formation when the SFC 

porosity increased from 60% to 79%
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Fig. 9 Changes in the induction time, maximum formation rate and percentage of water 

conversion to hydrate during methane hydrate formation when the SFC porosity increased 

from 60% to 79%
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Fig. 10 Changes in the gas uptake during methane hydrate formation at different pressures 

when SFC porosity was (A) 60% and (B) 79%
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Fig. 11 Changes in the induction time at different pressures when the SFC porosity was 

(A) 60% and (B) 79%. SG and SH represent Scenario G and Scenario H 
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Highlights

 SiC foam tray reactor was for the first time used to enhance gas hydrate formation

 Foam packings should be located at the gas phase near the gas-water interface 

 Stochastic hydrate nucleation time was stabilized by optimizing packing’s location




