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Abstract
Massive amounts of gas hydrates occur naturally in the pores of sediments or fractures in permafrost regions and beneath the oceans.  For hydrate formation in confinement, the equilibrium condition can shift to harsher conditions, lowering the water activity and subsequently depressing the hydrate freezing temperature at a given pressure. Conversely, the nucleation and rate of hydrate formation, as well as hydrate conversion can be increased in confinement. Therefore, reliable assessment of the hydrate distribution in nature requires accurate thermodynamic and kinetic models of hydrate formation; however, these models tend to be based upon the properties of bulk hydrates.  Hydrate formation and growth promotion in confinement are also potentially interesting for hydrate technological applications, such as gas separation, energy storage, and flow assurance. This paper reviews the thermodynamic and kinetic properties and their interrelations of gas hydrates in confined spaces. 
Introduction
Gas hydrates are solid crystalline compounds that form through the hydrogen bonding of water molecules to form a network of water cages. These water cages form cavities that could trap small gas molecules, such as methane, ethane, propane, carbon dioxide, and xenon (known as guests). The van der Waals forces between the trapped gas molecules and water cages stabilize the hydrate structure. In general, there are three widely known structures of gas hydrates: structure I (sI), structure II (sII), and structure H (sH). The main difference between these structures is the size of individual water cages that form the main structure. In general, the size of the gas molecules will determine the structure of gas hydrates.7 Structure I consists of two small 512 cages (12 pentagonal faces per cage) and six large 51262 cages (12 pentagonal + 2 hexagonal faces per cage) in each unit cell. This structure contains 46 water molecules per unit cell and typically formed by pure methane, ethane, and carbon dioxide. The second most common structure of gas hydrates is structure II (sII), which consists of sixteen small 512 cages and eight large 51264 cages (12 pentagonal + 4 hexagonal faces per cage) per unit cell. In this structure, there are 136 water molecules per unit cell. Natural gas compositions which typically contain a mixture of methane, ethane, and propane form sII hydrates. The last common structure of gas hydrates is structure H (sH). Unlike sI and sII structures mentioned earlier, sH requires three different cages to be stabilized: small 3(512), medium 2(435663) and large (51268) cages per unit cell. As such, there will be 38 water molecules per unit cell for this structure. It should be also noted that sH typically requires two different types gas molecules to stabilize the structure (e.g., methane + methylcyclohexane).7 

As stated earlier, gas hydrates form at high pressure and low temperature conditions. As such, gas hydrates can be found throughout the world dispersed in the sediments in the permafrost regions and under the oceans (‘hydrates in nature’).2–4 A unique property of gas hydrates is their large energy density, i.e., in 1 cm3 of gas hydrate, up to 164 cm3 of gas is stored at standard temperature and pressure (STP) conditions.7 In fact, it has been reported that the energy density of naturally occurring gas hydrates is approximately 10 times that of conventional energy resources.2,4 With the yearly increase in energy demand, natural gas hydrates are considered to be a potential future unconventional resource of clean energy (natural gas). 

Numerous studies have focused on safe and economic recovery of gas hydrate-bearing sediment reservoirs.8 Several methods have been proposed and field production tests has been also conducted.9–14 Proposed methods include thermal stimulation and/or depressurization (shifting the hydrate from its thermodynamically stable condition), as well as chemical stimulation (e.g., injection of thermodynamic hydrate inhibitors, THIs, that shift the hydrate phase equilibrium curve). Regardless of the production method used, it is necessary to know the natural gas hydrate thermodynamic and kinetic properties. In fact, this information is also important for predictions of the hydrate distribution in nature, the total amount of gas in a hydrate reservoir, and the formation/dissociation rates of hydrates.5 It should be stated that naturally occurring hydrates are typically dispersed in the pores of sediments or fractures. On the other hand, hydrate phase equilibrium calculation programs are based on bulk properties. As a result, this information may not be directly applicable to hydrates formed in sediments/confinement. In fact, studies have shown that the equilibrium properties for gas hydrates in porous media can be significantly different from bulk gas hydrates and dependence of the pore size.5

Furthermore, in oil/gas offshore production pipelines, there will be a mixture of water, oil and gas at high pressure and low temperature conditions. These offshore conditions are often well within the hydrate formation region.15 Thus, the formation of gas hydrates in these flowlines is a major concern since gas hydrate particles could agglomerate, accumulate, and jam to eventually cause pipeline blockages.16 These blockages present enormous economic and safety concerns. In recent years, studies have suggested the novel use of nanoparticles as an advanced method to prevent hydrate plugging.17 

In this paper, the effects of confinement on the thermodynamic and kinetic properties of gas hydrates are discussed. Additionally, the applications of gas hydrates in confined systems, such as for gas separation and energy storage are discussed. A summary of the effect of confinement on gas hydrates and the associated applications are shown in Table 1 and Figure 1. 

[bookmark: _Ref41667114]Table 1: Summary of the effect of confinement on thermodynamic and kinetic properties of gas hydrates. 
	Properties
	Effect
	Implication and Applications

	Thermo-dynamic 
	· Equilibrium condition shifted to harsher conditions (higher pressure and lower temperature) (2.1)
· Larger equilibrium shift in smaller pores (2.2)
	· Hydrates in nature form at greater depth (2.1)
· Improved predictions of hydrates in nature distribution (2.1)
· Prediction of hydrate-water interfacial energy (2.2.1)

	Kinetic 
	· Higher overall hydrate formation rate (3.1)
· Higher conversion of water to hydrate (3.2)
	· Separation of gas mixtures (4.1)
· Energy storage (Section 4.2)
· Decreased induction (nucleation) time (4.3)
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[bookmark: _Ref42458616]Figure 1: Schematic of hydrate nucleation, growth, and formation in confinement. Hydrate formation in confinement begins with water molecules entering the pores (1); when the system enters the hydrate equilibrium condition, hydrate nucleation occurs within the pores (2). Gas hydrates continue to grow within the porous media (3), until reaching complete conversion (4). Black – porous media, blue – water, and yellow – gas hydrates.

Thermodynamic Properties of Gas Hydrates in Pores
[bookmark: _Ref41666391]Phase Equilibria of Gas Hydrates in Pores
Figure 2 shows the comparison of the phase equilibria of confined and bulk hydrates for methane, propane, and carbon dioxide.5,18–20  As shown in this figure, the equilibrium conditions shift to more severe conditions (i.e., higher pressures and lower temperatures) for confined hydrates compared to that of the bulk hydrates. In this figure, the gas hydrate stable condition is the area to the left of the measured equilibria points. (i.e., for methane hydrates, hydrate will form if the system temperature and pressure are in the shaded red area). Analysis of this data shows that on average the dissociation pressures increase between 29 – 30% in confinement compared to the bulk for methane, propane, carbon dioxide, and methane/carbon dioxide hydrates, respectively.5,18–20

It should be noted that similar observations have been reported for the ice melting temperature depression in confined versus bulk conditions19. In fact, it is well-known that the freezing point of water decreases significantly in confined pore spaces. Several authors hypothesized that this suppression in freezing point of ice is due to a decrease in the water activity.5,18,21 Similarly, studies have shown that for a constant pressure system, the water activity can decreases with increasing pressure.18 As such, hydrate formation in confined spaces at constant pressure is expected to be suppressed. Specifically, in small confined pores, as the water activity decreases, higher pressure (at constant temperature) or lower temperature (at constant pressure) is needed for hydrate formation.7 
[image: ]
[bookmark: _Ref39951266]Figure 2: Comparison between the phase equilibrium (stability curves) of confined pore (symbols) and bulk (lines) systems for methane, propane, and carbon dioxide hydrates. (edited from 5,18–20). 
Several authors have reported that a slope change of the hydrate equilibrium curve at quadruple point.5 Table 2 summarizes the quadruple points for methane, carbon dioxide, and propane. For bulk hydrate systems, there is a drastic change in the slope of the hydrate equilibrium curve at the quadruple point when the boundary of the system changes from Ice-Hydrate-Vapor to Liquid Water-Hydrate-Vapor. However in 1992, Handa and Stupin reported that for confined hydrate systems, the previous dramatic change in slope of the hydrate equilibrium curve is not observed.5 The authors hypothesized that the gradual change in hydrate equilibria for confined hydrates is because in porous materials there is a distribution of pore sizes. As such, hydrate (or ice) will melt over a temperature range instead of a single temperature. It should be noted that several other researchers have reported that if the system has a narrow pore size distribution, hydrates will melt over a smaller temperature range, resulting in a dramatic change in the hydrate pressure-temperature equilibrium curve compared to the bulk system.18,19 

[bookmark: _Ref39964498][bookmark: _Ref33537656]Table 2: First quadruple point for common gas hydrate formers (in bulk systems).7
	Component
	First Quadruple Point

	
	Temperature [K]
	Pressure [MPa]

	Methane
	272.9
	2.56

	Carbon Dioxide
	273.1
	1.27 

	Propane
	273.1 
	0.17 



[bookmark: _Ref41666437]Effect of Pore Size 
In order to fully evaluate the effect of pores size on the depression of the gas hydrate dissociation temperature, one can plot a graph of ΔTd,pore/Td,bulk against inverse pore diameter (Figure 3).  In this analysis, ΔTd,pore is the depression in hydrate dissociation temperature, as calculated in equation (1). In this equation, Td,pores and Td,bulk are the dissociation temperatures of hydrate in the pore and bulk, respectively. In Figure 3, the relationship between depression in hydrate dissociation temperature and pore diameter for various gas hydrates is compared with the depression in ice melting in pores.22 

	
	

	[bookmark: _Ref40011659](1)



As can be seen in this plot, there is a linear relationship between the depression in hydrate dissociation temperature and inverse pore diameter. Thus, it can be concluded that as the pore size decreases, there is a larger depression in hydrate dissociation temperature. This observation holds true for all gas hydrate systems (methane, propane, and carbon dioxide), as well as ice.22,23 Since, similar depression melting temperatures are observed for both ice and hydrates, it was concluded that the change in hydrate equilibrium temperature in porous media is mainly due to the change in water activity, that rather than the diffusion of the gas molecules into the pores. This change in water activity could cause the nucleation of water cages for both ice and hydrates to occur at lower temperatures. 
[image: ]
[bookmark: _Ref40011442]Figure 3: Relationship between hydrate and ice dissociation temperature depression and pore diameter. (edited from 5,18–20) 
[bookmark: _Ref41666629] Gibbs-Thomson Analysis
As discussed, the depression in hydrate dissociation temperature is hypothesized to be due to the change in water activity. Furthermore, this depression is linearly correlated with inverse pore diameter. Therefore, the depression in hydrate dissociation temperature can be expressed by the Gibbs-Thomson equation.18–20 The Gibbs-Thomson equation describes a relation between vapor pressure and chemical potential on a curved interface with its interfacial energy as shown in equation (2).24 In this equation, μ(r) and μ() are the chemical potentials of water droplets and bulk water, respectively. P(r) and P() are the vapor pressures of the water droplets and bulk water, respectively. kB is the Boltzmann constant, VL is the molecular volume, and r is the radius of the pore.18 
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Additionally, studies have shown that the difference in the chemical potential between pores and bulk can be described by the temperature depression as shown equation (3).18 In this equation, Tm, is the melting temperature in the bulk phase, while Tm,r is the melting temperature in pores. ΔH is the latent heat of melting of ice/hydrate. 
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Therefore, by equating equations (2) and (3), the depression in dissociation for hydrates in porous medium in terms of pore size can be expressed by equation (5); whereby in this equation, H is the interfacial energy of hydrate-water, ΔHhyd is the latent heat of dissociation of hydrate, H is the density of hydrate.18,25  

	
	

	(4)
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By comparing equation (5) with Figure 3, it can be seen that the slopes of the data shown in the figure is a product of  the interfacial energy of hydrate-water (H), the latent heat of dissociation of hydrate (ΔHhyd), and the density of hydrate (H). The latent heat of dissociation and density of hydrate can be experimentally measured and calculated. On the other hand, the interfacial energy of the hydrate-water system is more difficult to measure. Thus, by using equation 5, the interfacial energy of hydrate-water can be also estimated (Table 3).


[bookmark: _Ref40020520]Table 3: Comparison of interfacial energy of hydrate-water for different gas hydrates and ice-water.
	Hydrate
	Interfacial Energy [mJ/m2]

	Methane
	32 – 35(20)

	Carbon dioxide
	28 – 30(19)

	Propane
	25(19)

	Ice
	29(19)



As can be seen in Table 3, the hydrate-water interfacial energy is relatively similar for both structures (sI: methane and carbon dioxide and sII: propane). Thus, it was Uchida et al. concluded that the gas molecules that are trapped inside the water cages have little influence on the interfacial energy of hydrate-water.19 This observation provides further evidence that the shift in hydrate equilibrium in a porous medium is due to the change in water activity.19
Kinetic Properties of Gas Hydrates in Confinement
The kinetics of hydrate formation is a complex process. Several parameters can affect the nucleation and growth of hydrates, and thus the conversion of hydrates from water-gas systems.7 These parameters include the driving force (temperature and pressure) and composition, as well as interfacial area.7,26 Due to these complexities, only a few researchers have investigated the formation kinetics of gas hydrates in porous materials. In this section, the kinetic properties of hydrates in porous materials will be discussed in terms of overall hydrate formation rate, as well as water to hydrate conversion.
[bookmark: _Ref41666752] Hydrate Formation Rate


Several hydrate experiments in porous media were conducted with excess gas. Thus, the hydrate formation rate can be determined by monitoring the change in moles of gas molecules in the gas phase throughout the experiments. During hydrate formation, the gas molecules will be trapped inside the hydrogen-bonded water cages. Since these gas molecules are trapped inside the solid hydrates, there will be a decrease in the concentration of gas molecules in the gas phase. Experimentally, this change in moles of gas molecules, can be calculated using equation (6).27,28 In this equation, is the total moles of gas in the gas phase at time t1 , is the total moles of gas at the initial start of the experiment. As can be seen in equation (6), the total moles of gas can be calculated using an equation of state, where P is the total pressure, V is the volume of the vapor phase, Z is the compressibility factor, R is the gas constant, and T is the absolute temperature. 
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Once the total moles of gas has been calculated using equation (6), the rate of hydrate formation,  can be then calculated using equation (7).28 In this equation, Δt is a small change in time, is the total moles of gas in the gas phase. 
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Linga et al, performed an investigation on hydrate formation rate for various gas hydrate formers using two different apparatuses: (1) fixed bed with silica sand and (2) stirred tank.29 Results of their investigation showed that the initial rate of hydrate formation is higher in the stirred system (bulk) compared to the porous system. In fact, the initial rate in the stirred system was approximately four times higher compared to the porous media system.29 However, this amount of formation gradually decreased with time and eventually remained relatively constant at a low value for the remainder of the stirred tank experiment. On the other hand, hydrate formation in porous media showed various rates. Further analysis showed that the formation rate could remain at a high rate longer compared to the stirred system.29 

Based on the above results, there appears to be a different hydrate nucleation mechanism for bulk versus porous media systems. In the stirred bulk system, the stirring of the liquid water creates entrained gas bubbles in the liquid water.29 These bubbles provide a large surface area for hydrate nucleation and growth.29,30 Due to the stirring, the hydrate nuclei could circulate within the liquid water and may promote further nucleation of gas hydrates,29  and a rapid initial hydrate formation rate. However, as more hydrate particles form in a stirred system, a hydrate slurry would form, where the viscosity of the slurry increases rapidly with increasing hydrate particle concentration.31,32 Such an increase in viscosity will create a mass transfer limitation, whereby there is an increase in the resistivity of gas molecules diffusion to the water/hydrate interface.33 For bulk systems without any stirring, there will not be any entrainment of gas bubbles, and therefore, hydrate nucleation would occur at the water-gas interface where the local concentration of both water and gas molecules is high. Therefore, there is a higher probability of hydrate nucleation at the water-gas interface.7 Hydrate then grows as a thin film and typically propagates in one direction.34 

On the other hand, in porous media, the wetting of water on the pore walls will create a large surface area for hydrate formation. However, for this system, there is a lack of/limited interconnectivity among the water molecules.35 Thus, unlike the stirred system where the first hydrate crystal nucleation can act as a seed for additional hydrate nucleation events, in porous media systems, the nucleation at one surface site may not promote additional hydrate nucleation events.29 Consequently, the initial hydrate formation rate will remain low. It should be stated that in porous media, gas molecules can diffuse throughout the system and promote further nucleation of hydrate, with multiple hydrate nucleation events.29 These multiple hydrate nucleation events can occur late into the experiment, with multiple sudden increases in the recorded temperature.29 These sudden increases in temperature can be attributed to hydrate nucleation and growth, because hydrate formation is an exothermic process. Due to these multiple hydrate nucleation events, the overall hydrate formation rate will remain high during the entire experiment compared to the bulk (mass-transfer limited) system. 
[bookmark: _Ref41666779] Water to Hydrate Conversion
In addition to the hydrate formation rate, it is also important for researchers to investigate the effect of porous media on the overall conversion of water to hydrate. In engineering applications such as energy storage, it is necessary to achieve high conversion of water to hydrate in a single formation cycle to reduce the overall cost. In general, the conversion of water to hydrate is calculated by comparing the total moles of gas molecules consumed in the experiment with the moles of water available in the experiments. Equation (8) shows the formula for calculating the conversion of water to hydrate.28,29 
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In this equation,  is the total moles of gas consumed for hydrate formation calculated using equation (6), whereby in the equation is the total moles of gas at the end of experiment. is the moles of water used in the experiment, and Nhyd is the hydration number which is the number of water molecules per guest molecules.7 

Studies have shown that the conversion of water to hydrate increased for porous media compared to bulk systems.6,36 For example, investigations of methane hydrate formed at 277 K and 8.0 MPa showed the conversion of water to hydrate in a stirred tank system was 74.1 mol%, while the conversion in porous media was as high as 94.7 mol%.29 Our investigation of methane hydrate formation for bulk systems at 274 K and 10.3 MPa using a high pressure rheometer showed the conversion of water to hydrates was approximately 35.8 mol.%. Similarly, a previous study on carbon dioxide hydrate, reported the conversion of water to hydrate was 27.4 and 63.5 mol.% for stirred tank and porous media, respectively.29 

Table 4 summarizes the conversion of water to hydrate in different porous materials for various hydrate systems, and a comparison of methane hydrates formation in bulk systems with and without stirring. In our recent investigation, we performed measurements of methane hydrate formation in a bulk system without stirring using a high-pressure differential scanning calorimeter (HP-DSC). The results of this investigation showed that the conversion of water to hydrate in the bulk system without any stirring is extremely low, i.e., only between 2.4 – 4.1%, depending on pressure.37  As shown in Table 4, the conversion of water to gas hydrate in the porous materials is improved by an order of magnitude  compared to a bulk system. Our study using methane hydrates showed that the conversion increased from 4.1 mol.% for bulk hydrate to 98.9 mol.% in confined hydrate. These results are consistent with the overall hydrate formation rate discussed earlier. 

As indicated earlier, in a stirred tank system the hydrate formation rate decreases with time. This decrease is hypothesized to be due to the mass transfer limitation. Studies on the hydrate formation mechanism have shown that individual hydrate particles (or hydrate shells around a water droplet) can also agglomerate and trap unconverted water.38 This makes it difficult for the gas molecules to diffuse through the hydrate shell to convert more water to hydrate. Therefore, the conversion of water to hydrate remains relatively low. 

For bulk hydrate formation without any stirring, the conversion of water to hydrates is extremely low. Hydrates form at the water-gas interface,7 but the resulting hydrate shell/film creates a diffusion barrier for gas molecules to diffuse to the inner liquid water for further hydrate formation.39 This diffusion barrier results in low conversion of water to hydrate.   

For hydrate formation in porous media, gas molecules can diffuse through the pores and thus multiple hydrate nucleation events can occur throughout the experimental, and result in a high conversion of water to hydrate.29
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[bookmark: _Ref40389037]Table 4: Comparison of final conversion of water to hydrates in different porous media for various gas hydrate types. 
	Hydrate
	System
	T [K]
	P [MPa]
	Final Conversion [mol.%]
	Reference

	Methane (sI)
	Fixed bed, silica sand (329 μm)
	277
	8.0
	94.7
	29

	
	Undersaturation activated carbon (HP-DSC)
	248
	8.0
	96.0 - 98.9
	37

	
	Saturated activated carbon (HP-DSC)
	248
	8.0
	97.9 – 98.6
	37

	
	Oversaturation activated carbon (HP-DSC)
	248
	8.0
	8.3 - 8.4
	37

	
	Bulk (Stirred tank)
	277
	8.0
	74.1
	29

	
	Bulk (HP Rheometer)
	274
	10.3
	35.8
	40

	
	Bulk (HP-DSC)
	248
	3.5
	2.4
	37

	
	Bulk (HP-DSC)
	248
	8.0
	4.1
	37

	Methane/Propane (sII)
(90.5/9.5%)
	Fixed bed, silica sand (329 μm)
	277
	4.6
	70.4
	29

	
	Bulk (Stirred tank)
	277
	4.6
	18.2
	29

	Methane/Ethane (sI)
(91/9%)
	Fixed bed, silica sand (329 μm)
	277
	8.0
	81.0
	29

	
	Bulk (Stirred tank)
	277
	8.0
	64.5
	29

	Carbon Dioxide (sI)
	Sand (30 – 400 μm)
	274
	3.0
	23.1 – 25.1
	36

	
	Quartz (200 – 100 μm)
	274
	3.0
	18.3 – 19.1 
	36

	
	Pumice (210 – 420 μm)
	274
	3.0
	29.0
	36

	
	Pumice (> 420 μm)
	274
	3.0
	13.6
	36

	
	Fixed bed, silica sand (329 μm)
	274
	3.1
	63.5
	29

	
	Stirred tank
	274
	3.1
	27.4
	29

	Methane/Ethane/Propane (sII) (93/5/2%)
	Fixed bed, silica sand (329 μm)
	277
	8.0
	74.9
	29

	
	Stirred tank
	277
	8.0
	53.3
	29

	Methane/Hydrogen /Propane (sII) (93/5/2%)
	Fixed bed, silica sand (329 μm)
	274
	5.1
	86.4
	29

	
	Stirred tank
	274
	5.1
	19.8
	29



Potential Engineering Applications of Gas Hydrates in Confinement 
Hydrate formation in porous media can exhibit a higher hydrate formation rate and conversion of water to hydrate compared to bulk systems, hence the former properties can be beneficial to various engineering applications. For instance, the improved hydrate formation rate can reduce the overall experimental/process time. Consequently, gas hydrates in porous media are potentially interesting for engineering applications, such as hydrate-based separation and energy storage.  
[bookmark: _Ref41666872] Gas Separation
During gas hydrate formation, there can be a preference for certain gas molecules to be in particular cages.7 Therefore, there will be a composition difference between the gas and hydrate phases. This allows hydrate formation to be used for gas mixture separation in a method known as hydrate-based separation.41 Warrier et al. discussed the use of an integrated gas hydrate-membrane system for the purification of natural gas. In this integrated gas hydrate-membrane system, gas hydrates are used as a “pre-treatment” of the natural gas to remove any impurities. The treated gas is then being sent to a membrane unit for further purification of natural gas. This process could reduce the cost in purification of natural gas and could be extended for separation of other gas mixtures. Additionally, the process is environmentally benign since it requires only water. The water can be reused after gas hydrate dissociation to promote hydrate nucleation due to the memory effect.7  Such a separation process has several challenges that need to be addressed. Firstly, rapid gas hydrate nucleation and growth is needed, which requires a high driving force (subcooling). However, hydrate formation at a high driving force could lead to different gas hydrate compositions compared to the thermodynamic composition (i.e., metastable structure).42,43 This can cause a reduction in the gas separation performance. Secondly, as discussed earlier, hydrate formation in a stirred tank can result in water trapped between hydrate particles. This trapped and unconverted water can reduce the performance of the separation. These challenges could potentially be resolved by hydrate formation in confinement. As discussed earlier, a higher overall hydrate formation rate at similar driving force was observed in confined versus bulk systems. This can be beneficial to the hydrate-based separation technology. Next, trapped water between gas hydrate particles could be also reduced for hydrate formation in confinement. 

A couple of additional studies have suggested the possibility of using hydrates in confinement for separation.44,45 For example, Seo et al. conducted a study on carbon dioxide separation from fuel gas (carbon dioxide/hydrogen) at various pressures using hydrates,44 showing carbon dioxide separation improved by 15 mol% when silica gel of 100 nm pore diameter was added. 
[bookmark: _Ref41666923] Energy Storage
Gas hydrates can be found naturally in marine and permafrost sediments and present a potential future unconventional resource of clean energy (natural gas) due to their large energy density. 46,47 In order to assess the distribution and amount of this potential energy resource, the mechanism of hydrate nucleation and growth in porous media over geological timescales is needed. Furthermore, evaluation of the gas production rates from hydrate reservoirs  requires knowledge on the kinetics of hydrate dissociation in confinement and and also hydrate-sediment interactions, particularly for geomechanical assessment.

The formation of hydrates in nature is a clear indication that nature has successfully stored enormous amounts of gas in the form of solid gas hydrates in porous media. It is also possible to form hydrates synthetically to store gas, especially methane and natural gas . The large energy density of hydrates provides an added benefit for solid gas hydrates to be potentially used for energy storage48 However, similar to a hydrate-based separation technology, energy storage using gas hydrates high efficient conversion of water to hydrates. For commercial application, complete conversion of water to hydrate is necessary in order to be economically viable. In order to achieve high conversion in a bulk system, a high driving force  and/or multiple stages of hydrate formation are needed. This could certainly increase the operating costs.  As discussed earlier, several studies have shown that in porous media, complete conversion of water to hydrates could be achieved in a single hydrate formation cycle37 . This could potentially reduce the operating costs. Therefore, hydrates stored in porous media may be potentially  interesting application for gas storage and transportation. 

Recent studies have shown that high conversion of water to methane hydrate in confinement. In our recent work, we investigated methane hydrate formation and dissociation in a confined nanospace of an activated carbon.37 We conducted investigations of methane hydrate formation using a high-pressure differential scanning calorimeter (HP-DSC). In the work, methane hydrate was formed at constant pressure of 3.5 and 8.0 MPa and a temperature cycle from 293 K to 248 K. Results of this investigation showed that for the bulk system, the conversion of water to hydrate is very low, i.e., only 4.1 mol.%  of water was converted to hydrates. In contrast, for methane hydrate formation in activated carbon, the conversion of water to hydrate ranges from 96.0 to 98.9 mol.%, at similar experimental condition. Next, Prasad et al. investigated methane hydrate formation in using two different silica powders of different pore sizes.49 The tests were conducted using a constant volume (isochoric) method with the initial pressure of 7 – 8 MPa and the temperature was cycled from 300 K to 260 K. Similar to our previous work37, the authors reported that a high conversion (almost complete conversion) of water to hydrates was obtained in the silica powder. It should be noted that in both studies, high conversion could not be achieved when the porous media is oversaturated with water. It was hypothesized that in an oversaturated system, gas hydrates formed on the outside of the pores and thus create a barrier for the gas molecules to diffuse to inside of the pores that contain unconverted water. This mass transfer limitation prevented further formation of gas hydrates and thus significantly reduces the overall water to hydrate conversion. 
Conclusions and Way Forward
This paper provides a discussion on gas hydrate formation in confinement. Both the thermodynamic and kinetic properties of gas hydrates can change in confinedt porous systems. For thermodynamics of hydrates in confinement, it was observed that the equilibrium condition can shift to harsher conditions. This shift in hydrate dissociation temperature at constant pressure can be as large as 42 %.This shift in hydrate equilibrium condition depends on the pore size distribution, i.e., there is a larger shift in the equilibrium condition for smaller pore sizes. This change in equilibrium condition is attributed to the decrease in water activity in the pores compared to the bulk system.  Since hydrates in nature form in pores of sediments or fractures, it is thus necessary for researchers to take this into account in predicting the distribution of gas hydrates in nature (when the pore size is < 60 nm).50  

For the kinetic properties of gas hydrates in confinement, this paper also discussed the change in hydrate formation rate, as well as the overall conversion of water to hydrates. The initial hydrate formation rate in the bulk system can be higher compared to the porous media system. However, the hydrate formation rate gradually decreased in the bulk system, while the formation rate remains relatively high for the confined system throughout the reaction process. The latter is suggested to stem from multiple nucleation events occurring in the system. Additionally, the overall water to hydrate conversion can be also improved in porous media. For example, it has been observed that methane hydrate formation in the bulk system without stirring showed only 4.1 mol.% conversion of water to hydrate; whereas in porous media the conversion of water to hydrate was 98.9 mol.%. 
 
The improvement in both hydrate formation rate as well as conversion of water to hydrate could be beneficial to hydrate-based engineering applications. These applications include gas mixture separation, energy storage, and energy production, as discussed briefly in this paper. However, these applications are far from commercialization, and further investigations are needed to better understand and establish the feasibility and limitations of the potential technologies. Such investigations should include a systematic study on hydrate nucleation, formation rate, and conversion, which have been shown are highly dependent on the porous media material characteristics, hydrate type, and reaction conditions of temperature, pressure, and composition. In order to advance these potential technologies, it is also important for researchers to conduct reactor design and development. 
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