

  crystals-11-00201




crystals-11-00201







Crystals 2021, 11(2), 201; doi:10.3390/cryst11020201




Article



Phase Behaviour of Methane Hydrates in Confined Media



Hao Bian, Lu Ai, Klaus Hellgardt, Geoffrey C. Maitland and Jerry Y. Y. Heng *[image: Orcid]





Department of Chemical Engineering, South Kensington Campus, Imperial College London, London SW7 2AZ, UK









*



Correspondence: jerry.heng@imperial.ac.uk







Academic Editor: Heike Lorenz



Received: 28 January 2021 / Accepted: 15 February 2021 / Published: 18 February 2021



Abstract

:

In a study designed to investigate the melting behaviour of natural gas hydrates which are usually formed in porous mineral sediments rather than in bulk, hydrate phase equilibria for binary methane and water mixtures were studied using high-pressure differential scanning calorimetry in mesoporous and macroporous silica particles having controlled pore sizes ranging from 8.5 nm to 195.7 nm. A dynamic oscillating temperature method was used to form methane hydrates reproducibly and then determine their decomposition behaviour—melting points and enthalpies of melting. Significant decreases in dissociation temperature were observed as the pore size decreased (over 6 K for 8.5 nm pores). This behaviour is consistent with the Gibbs–Thomson equation, which was used to determine hydrate–water interfacial energies. The melting data up to 50 MPa indicated a strong, essentially logarithmic, dependence on pressure, which here has been ascribed to the pressure dependence of the interfacial energy in the confined media. An empirical modification of the Gibbs–Thomson equation is proposed to include this effect.
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1. Introduction


Methane hydrates are one example of a class of crystalline substances called ‘clathrates’ [1], where host molecules are trapped inside hydrogen-bonded solvent cages—in this case a gas hydrate where methane gas molecules are trapped inside hydrogen-bonded water cages of various geometries. Natural gas hydrates occur in nature and contain more methane, the cleanest burning fossil fuel, than all the conventional oil and gas reservoirs put together [2,3]. Understanding their phase behaviour is therefore fundamental to devising safe and cost-effective processes for extracting gas from them. Methane hydrates are distributed on the continental shelf and also found in permafrost regions [1], usually distributed in porous soft sand-clay sediments. These ‘hydrate crystal’ deposits are an increasingly favoured target for future energy production [4,5,6,7]. However, most thermodynamic studies of gas hydrates have been carried out on bulk hydrates rather than under confined conditions.



In porous media, capillary forces arising from surface tension can change the equilibrium pressure of naturally occurring methane hydrates, which will in turn affect not only the conditions required to extract the gas but also the interpretation measurements seeking to locate the hydrates in the subsurface, such as the bottom simulating reflector (BSR) data [8,9] obtained from seismic surveys.



Due to the critical importance of hydrate properties in confinements to the prediction of gas production potential in natural gas deposits, an increasing number of studies have been conducted in recent decades by using porous media, such as artificial silica sands [10,11,12], fine natural sands [13], and controlled-pore Vycor glass, to simulate situations in reservoirs. Handa and Stupin [14] were the first to use laboratory prepared porous silica to study changes in hydrate equilibrium conditions caused by confinement. Since then, different techniques (e.g., PVT Measurement [14,15,16,17,18] and Differential Thermal Analysis [19]) have been employed in measuring the equilibrium conditions of methane hydrates in porous Vycor glass. The experimental conditions studied are summarized in Table 1.



Although considerable experimental data were collected, the variation of thermodynamic properties of confined methane hydrates were restricted to fairly low pressures, up to 14 MPa. In the present work, we report the equilibrium behaviour for confined methane hydrates over a much wider pressure range in both mesoporous and macro-porous media. Improved experimental procedures are introduced which enable enthalpies of fusion for hydrates to be determined with greater precision than previously reported measurements. Based on these experimental data, a modified Gibbs–Thomson equation is developed with a new parameter presenting the pressure effect. An empirical equation which combines confined melting points with pressures and pore sizes is also proposed, enabling a simple calculation of the dissociation temperatures of confined methane hydrate without its bulk properties being known.




2. Materials and Methods


2.1. Materials


CP grade methane was supplied by BOC with a minimum mole fraction of 0.995. Industrial grade nitrogen provided by BOC was used as a purging gas. Ultrapure Millipore water with an electrical resistivity higher than 18 MΩ cm at 298 K was deionized by using a Millipore Q system. Six silica-based Controlled Pore Glass (CPG, also known as Vycor Glass [22], Sigma-Aldrich) with different pore diameters were used in this study.




2.2. Characterisation


The pore morphology of CPG samples was acquired with a Gemini 1525 FEGSEM scanning electron microscope (SEM) instrument with a field emission gun. A bi-continuous solid–void structure was observed, which was consistent with previous studies [22] (see Figure 1). All the Vycor Glass samples shared a similar pore morphology.



The pore size distribution was determined with Mercury Intrusion Porosimetry (MIP) injection profiles over a pressure range of 0.0005MPa to 227.49MPa, which were recorded using an AutoPore IV 9500 (Micromeritics Instrument Corporation, Norcross, GA, USA). A non-wetting contact angle of 130° and non-wetting (mercury) interfacial tension of 484 mJ/m2 were assumed to convert the measured intrusion pressures into pore diameters for the different samples. Both mesopore and macro-pore (inter particle voids) intrusion was observed. Nearly typical H1 type hysteresis loop [23] was observed for the six Vycor samples. The mean pore size of each sample was calculated by fitting the data to Gaussian peaks using Origin 9.0 software. Figure 2 shows the pore size distributions of the various Vycor materials.



The surface area was measured by nitrogen adsorption at 77 K with a Micromeritics Tristar 3000 device (Micromeritics, Norcross, GA, USA) from BET analysis and pore dimensions from BJH analysis [24]. Values of pore volume, calculated pore diameter, internal (pore) surface area, and particle size are summarized in Table 2.




2.3. DSC Measurement


A micro differential scanning calorimeter (µDSC Evo VII, Setaram, Caluire-et-Cuire, France; HP-DSC) was used in this work to study hydrate melting behaviours. Two Hastelloy cells were sealed by Nitrile rubber or Hydrogenated Nitrile rubber (Polymax Ltd., Bordon GU35 0FJ, UK) and PTFE supporting O-rings. These cells, the sample cell and the reference cell, were enclosed in a two-stage Peltier thermal element controlled furnace. The temperature was recorded by 12 evenly distributed thermocouples around the sample cell and the reference cell. The heat flux resolution was 0.02 µW. A thermostat (F-33 EH, Julabo GmbH, Seelbach, Germany) filled with deionized water at 285 K removed excess heat from the furnace. Industrial grade nitrogen (Oxygen-free, BOC Ltd., Guildford GU2 7XY, UK) was used as a purging gas to prevent condensation around the furnace. A high-pressure panel (HP 50-1000 Top-Industries, Vaux le Penil, France) was used to deliver a pressure up to 100 MPa in either a constant pressure or constant volume mode. A pressure transducer with a full-scale range of 100 MPa (33X, Keller, Dorchester DT1 1AH, UK) recorded the cell system pressure via an RS485 cable. The voltage output of the pressure transducer was displayed by a readout unit (EV-06, Keller, Dorchester DT1 1AH, UK), and the digital output (RS485) was interfaced by a USB converter (K-114A, Keller, Dorchester DT1 1AH, UK). All process variables, including the temperature, heat flux and pressure were recorded using a Calisto software package (Setaram, Caluire-et-Cuire, France). The high-pressure DSC apparatus is schematically shown in Figure 3.



2.3.1. Calibration


The calibration of the µDSC was made using ultrapure deionized water from Millipore, certificated naphthalene, and mercury. In a typical calibration experiment for ice and mercury, a 20 mg to 50 mg sample was placed in the sample cell, and the mass was measured by an analytical balance with 0.01 mg resolution (PR5003, Mettler Toledo Ltd., LE4 1AW, UK). The furnace temperature was ramped down to 237 K and kept at 237 K for 30 min to provide sufficient time for the nucleation of ice or mercury. The isothermal holding period was followed by a slow heating ramp from 237 K to 293 K with a heating rate of 0.2 K/min. For naphthalene, 4.02 mg of certificated sample was sealed into a stainless-steel plug while a reference plug with the same weight was empty. During the naphthalene calibration, the sample and reference plugs were placed into the sample cell and reference cell, respectively. The furnace temperature was ramped from 295 K to 373 K at a scanning rate of 0.2 K/min, followed by a cooling step from 373 K to 295 K with the same ramp rate.



The onset temperature, which is taken to be the intersection of the heat flux baseline and the slope of the endothermic/exothermic peak, was regarded as the melting point of the sample. The uncertainty of the melting point measurement was estimated to be ± 0.08 K. The pressure transducer was calibrated with a high-pressure pneumatic calibrator (PPCH-G, Fluke, Everett, WA, USA) over the full pressure range of 100 MPa. The accuracy of the RS485 pressure reading was estimated to be ± 30 kPa.




2.3.2. Formation of Methane Hydrates in Porous Media


In a typical experiment, 50 mg silica and 20 to 57 mg water were loaded into the sample cell. The pore volume, which was measured as above by MIP, determined the amount of water loading required. 110% micropore-filling ratio was used for all mesoporous and macro-porous silica samples. The system was subsequently sealed and evacuated by a vacuum pump under 0.8 kPa (BOC Edward, KNF-057500) for 30 min. The vacuum step not only removed air from the system but also facilitated water entering the pores. Methane was subsequently introduced into the system and pressurized by the high-pressure panel to an elevated pressure. In a static system such as this µDSC, the formation rate of methane hydrates was very slow. This limitation results in hydrate formation along with ice. Hence, a temperature oscillation method was applied to accelerate the formation of methane hydrates [25]. The system temperature was set to oscillate between a low-temperature set point (i.e., 243 K) and a high-temperature set point (i.e., 280 K). The high set point is above the ice point but below the equilibrium temperature of gas hydrates. Thus, with a further oscillating cycle, an increasing fraction of water with memory effect would be converted from ice into hydrates.



In each experiment, the furnace temperature was firstly slowly cooled down to 243 K from room temperature with a ramping rate of 1 K/min and followed by 10 to 30 cycles between 243 K to 280 K with a cooling/heating rate of 3 K/min. The final stage was a dynamic heating step from 243 K to 303 K at a rate of 0.2 K/min, designed to melt the now substantially 100% hydrate phase. Figure 4 illustrates the heating cycle method.



A slow initial cooling step was found to promote the conversion of more water into hydrates at the first step. The repeated annealing process between 243 K and 280 K converted a small amount of water into hydrates in each cycle while hydrates remained (meta) stable during the whole process. During the final heating step, the hydrates formed inside the pores and in the voids between particles (macro-pores) were melted and the heat flow during this process is shown in Figure 4C. The onset temperature of the endothermic peak was regarded as the melting point of the methane hydrates in the confined geometry.






3. Results and Discussion


3.1. Experimental Conditions


3.1.1. Impact of Particle Size


In the current setup, silica particles were randomly packed in the reactor. Hydrate formation occurred at two different locations. Pore hydrates were formed inside the porous structure of silica particles, and void hydrates were formed in the void spaces between silica particles. Two types of hydrates were identified in the integrated heat flow peak during the decomposition process (see Figure 5). In order to measure the phase behaviour in confined geometries, accurately controlling the formation of methane hydrates between the void spaces of different particles played a significant role in the experiment. In theory, for a packed bed of particles, the inter-particle space ranged from an infinitely small pore to essentially bulk. Therefore, the effects of the particle size along with the hydrates formed in the voids between particles was crucial to the accurate measurement of the phase behaviour of methane hydrates in the porous media.



Vycor 8 was used to investigate the particle size effect. The original particles were crushed and sieved by a series of stainless-steel sieves (IMPACT Laboratory Test Sieve, UK). The particles were sieved into five different ranges, which are 38–53 μm, 53–75 μm, 75–90 μm, 90–106 μm, and 106–120 µm respectively. The experimental procedure followed the protocol described in the previous section, working at a pressure of 20 MPa. Figure 5 shows the decomposition of methane hydrates in Vycor 8 samples with different particle sizes. Each experiment was repeated at least twice to check reproducibility.



As shown in Figure 5, the particle size did not affect the onset temperature of methane hydrates in porous media but altered the relative amount of methane hydrates formed in micropores and in macro-porous void spaces between particles. For smaller particle sizes, more hydrates were present in the pores than the void spaces. At the beginning of each experiment, capillary pressure and the initial vacuum conditions facilitated water entering the micropores. In the static (unstirred) experimental conditions, the surfaces of small particles with their larger surface area per unit volume were more accessible for the water. In the tested particle size range, fewer void hydrates were found as the particle size decreased. However, one should note that when the particle size was small enough (i.e., less than 50 μm), the void hydrates have essentially the same melting point as the micropore hydrates. The impact of particle size was also confirmed for Vycor 95 particles.




3.1.2. Impact of Sample Mass


Excess water is essential to fill all of the pore size distribution, where the mean pore diameter could be used to interpret the melting point. The effect of excess water was also tested using Vycor 8 at 20 MPa with a heating rate of 0.5 K/min. The pore volume data from MIP were used to calculate the mass of water to fill all the available pore volume. Following the protocol explained in the previous section, different amounts of water were injected into the system. Figure 6 shows the final decomposition heat flows after ten heating and cooling preparation cycles using different initial water contents.



As illustrated in Figure 6, Peak I denotes the pore hydrates, and bulk hydrates contributing to Peak II. When the amount of water increased, the area of peak II increased. Although excess water contributed to enabling nearly full filling of the pore size distribution, bulk hydrates and void hydrates affected the accurate interpretation of the micropore hydrates’ melting point. When the majority of heat flow came from void hydrates, the onset temperature was heavily influenced by the void hydrates (compare the 19.8 mg water curve with that for 14.9 mg in Figure 6). Even if deconvolution of overlapping peaks could resolve the actual onset temperature of the micropore hydrates, it was not the preferred method. Hence, the excess ratio was controlled at 110% by water mass, which was large enough to resolve slight indication of void hydrates without the latter peak markedly distorting the onset of melting of the micropore hydrates.




3.1.3. Impact of Evacuation Duration


The sample containing the porous particles (Vycor 8) and water sample was maintained at vacuum (around 0.8 kPa) for 30 min. After the vacuum process, high-pressure methane was injected into the system and pressurized to the desired operating pressure. Pore capillary pressure, high-pressure gas, and the initial vacuum conditions facilitated water entering the pore structure. The melting peaks of hydrates indicated that the initial vacuum state promoted water occupying the pore volume, consequently leading to high pore hydrate to void/bulk hydrate ratio. Figure 7 shows the effect of vacuum and the absence of a vacuum process. Clearly, the pore/void hydrate ratio is markedly affected by the initial imposition of a vacuum before the high-pressure gas injection.




3.1.4. Impact of Formation Durations


In the absence of agitation, the conversion of water and gas into gas hydrates was a relatively slow process, which was governed by the small reaction rate at low temperatures and mass transfer of gas into the liquid–solid phase. Hence, the heating cycle method was applied to accelerate the formation rate of methane hydrates. The annealing process took place between 243 K and 280 K. When the system pressure was above 5 MPa, a temperature of 243 K was low enough to initiate the heterogeneous nucleation of methane hydrates and ice, whereas a temperature of 280 K provided a sufficient temperature difference and heat to melt the unreacted ice, whilst leaving more metastable hydrate in the solid state. Cooling back to 243 K converted some of the water into hydrates and as the number of heating-cooling cycles increased, the ratio of methane hydrates to unreacted ice increased.



The onset temperature of gas hydrate melting was independent of the number of heating cycles but depended on both the pressure and the pore distribution of the material. However, when the system was under high conversion of water/ice into hydrates, the dominant large decomposition peak of gas hydrates contributed to the accurate extrapolation of onset temperature. Additionally, it was observed that unreacted ice could form gas hydrates during the heating process, which caused an exothermic shift of the baseline (see Figure 4A). The drifted baseline was also observed by Gupta and coworkers [26].



In order to avoid low conversions and baseline drifting, ten annealing cycles between 243 K and 280 K were used for experiments above a pressure of 15 MPa and 30 annealing cycles were used for experiments below that pressure. There was one exception for Vycor 8 at 5 MPa, where pore hydrates would melt at 280 K due to the very small pore size. The annealing cycle was therefore conducted between 243 K to 278 K for this condition.




3.1.5. Memory Effects


Memory effects of gas hydrates have been widely observed in the literature [1]. In general, when hydrates were fully melted, it took less time to form hydrates again. This memory effect was also observed in mesoporous silica. It requires fewer annealing cycles to convert all water and/or ice into hydrates when a melted sample was used.



Although this memory effect had no impact on the melting point of pore hydrates and void hydrate, fresh silica and water sample were used for all experiments. In addition, Takeya, et al. [27] proposed that dissolved gas has a potential impact on the nucleation process of gas hydrates. Due to the heterogeneity of the mesoporous silica system, such an effect was not observed here for deionized water with or without degasification.





3.2. Experimental Results


3.2.1. Confined Melting Points of Ice


Melting points    T m    of confined ice in mesoporous media have been intensively investigated by various techniques, including NMR spectroscopy [28], neutron diffraction [29], differential thermal analysis [19], and calorimetry [16]. The experimental results obtained in this study are shown in Figure 7, where    T m    is plotted versus the reciprocal of the mean pore radius. It is seen that Figure 7 is consistent with the Gibbs–Thomson equation [30], which relates the change in melting point.



   T m    from the bulk ( b ) to confinement in a pore ( p ) to the pore radius    r  p o r e    , the interfacial tension   γ  , the ice density    ρ  i c e     and the enthalpy of fusion   Δ  H  f u s    :


     T m  −  T  p o r e      T m    =   2   ×   γ   Δ  H  f u s     ×    ρ  i c e     ×    r  p o r e      



(1)







The slope of Figure 8 was used to obtain the ice–water interfacial energy, values for   Δ  H  f u s      = 6.01kJ/mol and    ρ  i c e      = 917 kg/m3, assuming a fully wetted contact angle. The interfacial energy of ice/water surface from this analysis 31.4 ± 1.5 mJ/m2 is in good agreement with the literature values of (32 ± 2 mJ/m2) [19] and (31.7 ± 2.7 mJ/m2) [31].




3.2.2. Methane Hydrates in Confined Media


The melting points of methane hydrates at eight isobars were investigated in the present work over the pressure range 5 to 50MPa and pore size range 8.5 to 195.7 nm. Melting points of methane hydrates in bulk were also measured under relative conditions. The reproducibility of the hydrate melting temperature was within ± 0.1 K. The results are plotted in Figure 9.



Overall a significant inhibition of the melting point was observed in the confined mesoporous and macro-porous silica, consistent with earlier work [19] and with thermodynamic expectations. As the pore size decreased, the melting point of the micropore hydrates decreased. This depression of the melting point was also observed to be pressure dependent, the effect being more pronounced at higher pressures. The trend of the pore hydrate melting points with pressure was consistent with that for bulk hydrates, which increased exponentially with increase of the pressures. The pore inhibition effect became far less significant for pore sizes larger than 200 nm. Melting points of methane hydrates in another macro-porous sample (pore size around 300 nm) showed identical melting points as bulk hydrates at the same pressure.




3.2.3. Interfacial Energy and the Gibbs–Thomson Equation


Figure 10 shows the isobaric melting point of pore hydrates versus the reciprocal of pore size; the linear behaviour is consistent with the Gibbs–Thomson equation (G-T equation) expressed in terms of hydrate properties:


     T m  −  T  p o r e      T m    =   2 × γ   Δ  H  f u s   ×  ρ  h y d r a t e s   ×  r  p o r e     × β  



(2)







The G-T equation has been adopted by different researchers [16,18,19] to explain the confinement effect of methane hydrates’ melting point in both interpreting experimental data and thermodynamic modelling. By applying the G-T equation, the data presented in Figure 9 can be used to determine the methane hydrate/water interfacial tension. As indicated by NMR analysis [28,32] and calorimetry measurements [33,34], an unfrozen water layer, which has a thickness of around 0.4 nm, is present along the pore wall. Hence, a fully wetted contact angle of    0 o    was assumed along with a constant density and melting enthalpy of hydrates to calculate the interfacial tension of methane hydrates with a porous material [33]. By assuming the same density and enthalpy used by Anderson, et al. [19] (914 kg/m3 and 53.2 kJ/mol), the calculated interfacial tension at low pressures is comparable with the values obtained by Uchida, et al. [16] and Anderson, et al. [19]. The interfacial tension obtained by Anderson, et al. [19] is 32 ± 3 mJ/m2 over a pressure range of 3.6 MPa to 14.1 MPa. The averaged interfacial tension of 5 MPa, 7.5 MPa, 10 MPa, and 15 MPa from this study is 34.3 ± 1.9 mJ/m2.



As illustrated in Figure 11, the calculated interfacial tensions increase significantly with pressure in an approximately logarithmic manner. Therefore, an empirical parameter was added into the Gibbs–Thomson equation as follows.


     T m  −  T  p o r e      T m    =   2 ×  γ   (   P  r e f    )      Δ  H  f u s   ×  ρ  h y d r a t e s   ×  r  p o r e     × β  



(3)




where    γ   (   P  r e f    )     ,   Δ  H  f u s    ,    ρ  h y d r a t e s    , and    r  p o r e     represent the hydrate-water interfacial energy at a reference pressure    P  r e f    , enthalpy of hydrate fusion, density of hydrates, and pore diameter, respectively.    T m    and    T  p o r e     are the melting points of hydrates in bulk and porous media. A parameter,  β , was used to include the pressure ( P ) effect on confined melting points using the function:


  β = 1 /  [  a + b × ln  (  P / M P a  )   ]   



(4)







Parameters  a  and  b  were fitted to the data presented in Figure 11. The fitted parameters and associated physical properties are summarized in Table 3:



The empirical parameters were calculated with respect to the interfacial energy at a reference pressure of 5 MPa and assuming constant density and enthalpy of fusion. These thermophysical properties are difficult to measure in porous media. In the bulk phase, the density of hydrates could be estimated with the thermal expansion coefficient and compressibility with an assumption of 94% cage occupancy [35]. The enthalpy of fusion is known to vary with pressures. However, the enthalpy data from this study and density data from Helgerud, et al. [35] suggest that the pressure variation in bulk density and bulk enthalpy for solid hydrate is not strong. In the light of the difficulties in obtaining properties in porous media, the bulk density, the melting enthalpy in bulk, and measured interfacial energy at 5 MPa were applied to the modified G-T Equation (3). The empirical parameter, β, was used to compensate for any pressure effects, most likely associated with interfacial tension. The modified G-T equation provides a semi-empirical equation to calculate the confined melting points under elevated pressures within the range 5–50 MPa and 274.1–298.5 K. The expanded uncertainty of the correlation was estimated to be 0.20 K with a confidence interval of 95%.




3.2.4. Empirical Correlation


The Gibbs–Thomson equation predicts the melting temperature shifts from the bulk melting points. It requires a knowledge of methane hydrates’ bulk melting points to predict the melting points in porous media. When the bulk properties are unknown, it is helpful to have an empirical equation to correlate pressures, confined melting points, and pore sizes. The following empirical equation is valid in a pressure range of 5 MPa to 50 MPa and a temperature range of 274.1 K to 298.5 K. All data from this study were used to fit one equation, containing in total seven parameters, as follows:


       T  p o r e   / K =  a 1  +  a 2  ×  (  P / M P a  )  +    a 3     a 4  +  (  P / M P a  )    +  [   a 5  +    a 6    P / M P a    ]   ×    (   r  p o r e   / n m  )    − 1   +  a 7  × cos  (   r  p o r e   / n m  )   



(5)







The parameters in Equation (5) are given in Table 4. The expanded uncertainty of the empirical correlation was estimated to be 0.11 K at a 95% confidence interval. A comparison of the melting temperatures of confined methane hydrates from the literature (   T  r e f    ) and their calculated data based on Equation (5) (   T  e q   )   is demonstrated in Figure 12, in which the relative differences are within ± 5%, proving the validity of this empirical equation.




3.2.5. Enthalpy of Fusion


Methane hydrates’ enthalpy of fusion can be extracted from the experimental data by using the Clausius–Clapeyron and Clapeyron equations. Anderson [36] demonstrated a mathematical approach based on the Clapeyron equation to calculate the heat of dissociation with fewer assumptions. Enthalpy of fusion is known to vary with temperature. Regarding methane hydrates, we have seen that elevated pressures lead to a higher melting point which may affect the enthalpy of the methane hydrates’ decomposition. A few experimental values have been reported previously at low pressures, but there are no data above 20 MPa. Here we report the determination of the enthalpy of methane hydrates’ fusion data using an improved experimental procedure.



To determine the enthalpy of fusion accurately, a stable baseline and an accurate initial water content are crucial. It is known that the unreacted ice can form methane hydrate before hydrates start to decompose, which causes an exothermic shift of the heat flux. The shifted baseline led to difficulties in determining accurately the boundary conditions when the peaks were deconvoluted and integrated. The oscillating temperature procedure was therefore used to convert all ice/water into hydrates, which generated a stable baseline during the subsequent heating step. Another important aspect was the mass of the initial water sample. Since the sample weight for the DSC Evo 7 is typically around 5 mg to 20 mg, the sample mass determined gravimetrically led to a significant error in the enthalpy measurements. In this study, the sample weight was determined calorimetrically from the area under the DSC ice melting peak by using the ice enthalpy of fusion at ambient pressure. The experimental values determined from the heat flux area of the hydrate melting curves are summarized in Table 5.



In the investigated pressure range, the enthalpy of fusion increased slightly on increasing the pressure.






4. Conclusions


Hydrate phase equilibria of binary methane and water mixtures were measured by high-pressure differential scanning micro-calorimetry in mesoporous and microporous silica which have controlled pore size ranging from 8.5 nm to 195.7 nm. An oscillating method was used to form hydrates and the equilibrium temperatures of gas hydrates were determined calorimetrically. Other properties including enthalpy of fusion, formation, and decomposition kinetics in a static system were also experimentally measured. The enthalpy of fusion of methane hydrates showed a minor pressure dependency and increased 1.8% from 5 to 40 MPa. Memory effect and Self-preservation effect were observed when gas hydrates formed and melted at different pressures.



In conclusion, it has been demonstrated that the melting points of methane hydrates in porous media are strongly influenced by pressure and pore size. For a given surface chemistry (here silica), the melting points of methane hydrates are depressed by confinement in micropores in a way that is consistent with the Gibbs–Thomson equation, the reduction depending linearly on the reciprocal of the pore radius. This can lead to reduction of 6 K or more for pores of 8.5 nm diameter. Furthermore, this effect shows a marked (essentially logarithmic) dependence on pressure, which has been ascribed here to the known variation of interfacial tension with pressure. An empirical modification of the Gibbs–Thomson Equation has been adopted to include this effect. This has large implications for the melting behaviour of natural gas hydrates formed in sediments of different mineralogizes.
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Figure 1. SEM images of Vycor 196 samples (A) 100,000X (B) 25,000X (C) 5,000X (D) 500X; (A,B) illustrate the micro-porosity and (C,D) for the macro-porosity. 
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Figure 2. Intrusion volume versus calculated pore size of Controlled Pore Glass (CPG) samples; ☐, Vycor 8; ●, Vycor 17; △, Vycor 35; ◆, Vycor 40; ◯, Vycor 95; ▲, Vycor 196. 
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Figure 3. Schematic diagram of the high-pressure DSC apparatus; V-1, V-2, V-3, V-4 and V-5: manual valves; HP Panel: high-pressure pump panel; PS: pressure sensor; HP-DSC: high-pressure DSC; VP: vacuum pump. 
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[image: Crystals 11 00201 g003]







[image: Crystals 11 00201 g004a 550][image: Crystals 11 00201 g004b 550] 





Figure 4. (A) Temperature profile during DSC experiment; (B) Heat flow during DSC experiment, and (C) Endothermic melting peak of hydrates (expansion of hydrate melting section in plot (B)). 
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Figure 5. Effect of particle size on DSC melting peak shape with different particle sizes; (A), 106–120 µm; (B), 53–75 µm; C, 38–53µm. 
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Figure 6. DSC melting peak shape of methane hydrates formed from different water loadings; (A), 40.2 mg (200.9% micropore filling); (B), 19.8 mg (99.0% micropore filling); (C), 14.9 mg (74.5% micropore filling). 
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Figure 7. DSC Thermogram of methane hydrates using Vycor 8 samples formed at 5 MPa without the vacuum step (A) and with the vacuum step (B). 
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Figure 8. Confined melting points of ice in mesoporous silica. 
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Figure 9. Melting points of methane hydrates in a range of porous particles and in bulk; ☐, Vycor 8; ●, Vycor 17; △, Vycor 35; ◆, Vycor 40; ◯, Vycor 95; ▲, Vycor 196; ◯, Bulk hydrates. 
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Figure 10. Melting point of methane hydrate versus reciprocal of pore sizes; ☐, 50 MPa; ●, 40 MPa; △, 30 MPa; ▼, 20 MPa; ♢, 15 MPa; ■, 10 MPa; ◯, 7.5 MPa; ▲, 5 MPa. 
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Figure 11. Interfacial Tension of Methane Hydrates in Silica Media; ☐, interfacial tension calculated from experimental data; solid line, fitted exponential trend based on Equation (4). 
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Figure 12. Comparison of the melting temperatures of confined methane hydrates from the literature and their calculated data based on Equation (5). ☐, Handa, Y.P et al. [14]; ×, Uchida, T. et al. [15]; ♢, Uchida, T. et al. [16]; +, Smith, D.H. et al. [17]; ◯, Seo, Y. et al. [18]; △, Anderson, R. et al. [19]. 
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Table 1. Literature experimental parameters of confined methane hydrates in porous Vycor glass.
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	Pressure (MPa)
	Temperature (K)
	Pore Size (nm)





	Handa and Stupin [14]
	2.6–5.19
	263–276.2
	7



	Uchida et al. [15]
	4.80–8.50
	277.2–283.7
	10, 30, 50



	Uchida et al. [16]
	1.65–9.86
	259.7–283.7
	4, 6, 10, 30, 100



	Smith et al. [17]
	1.60–4.26
	244.0–276.0
	2, 3, 5, 7.5



	Seo et al. [18]
	4.01–10.50
	275.3–284.5
	6, 15, 30



	Anderson et al. [19]
	3.69–14.07
	271.8–287.5
	9.2, 15.8, 30.6



	Kang et al. [20,21]
	2.38–9.94
	269.7–284.3
	6, 30, 100
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Table 2. Physical properties of Controlled Pore Glass (CPG) samples.
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	Sample
	Pore Size (nm)
	Pore Volume (mL/g)
	Surface Area (m2/g)
	Particle Size * (µm)





	Vycor 8
	8.5
	0.40
	162.42
	74–125



	Vycor 17
	17.1
	0.40
	118.62
	37–74



	Vycor 35
	34.8
	0.72
	59.23
	74–125



	Vycor 40
	40.3
	0.98
	57.52
	74–125



	Vycor 95
	95.4
	0.79
	25.96
	74–125



	Vycor 196
	195.7
	0.93
	11.11
	37–74







* Particle size was obtained from the Manufacturer (Sigma-Aldrich, UK).
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Table 3. Parameters and physical properties used in the modified Gibbs–Thomson Equations (3) and (4).
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	Hydrate Density
	kg/m3
	914



	Hydrate Heat of Fusion
	kJ/mol
	53.2



	Hydration ratio
	-
	6.0



	Interfacial Tension at Pers 5 MPa
	mJ/m2
	33.72



	a
	-
	1.002612



	b
	-
	−0.031533
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Table 4. Parameters in Equation (5) for the correlation of the melting temperature of confined methane hydrates.
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	a1
	294.738839



	a2
	0.134310



	a3
	−137.059913



	a4
	3.752531



	a5
	−48.159863



	a6
	−0.186206



	a7
	−0.116622
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Table 5. Enthalpy of methane hydrate dissociation at different pressures.
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	Pressure (MPa)
	Enthalpy (J/g)





	5
	494.6 ± 2.0



	10
	500.5 ± 3.9



	40
	503.6 ± 4.4
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
'Peak Il !

I Peak |

Ice Peak

50 |

L
2
<

(Mw) moy4 3esH

2 | 8 °

a0

310

00

3

290

280

270

260

250

Temperature (K)





media/file4.png
E
|
|
f
A4

%
5

T
.
%
l ‘
by

O
T
o

?
|
|

o

—0

Moo oo

A
:
A
1
&

u -
M e g
Q.*
u ]
00— —0 - -lul
g a g
S
ol
u E
_ _ :
o i o
— (@) o

(8/7w) sawn|OA uoisnJlu| pasi|ew.oN

1000

100

10

Log,, [ Pore Diameter(nm) ]





media/file8.jpg
HeatFlow (mW)






media/file18.png
Melting Point (K)

272

271

270

269

268

267

266

R-Square 0.99996

1 4 1 A 1 A |

20

40

60 80 100 120
1000*Pore size (1000*nm™1)

140





media/file21.jpg
Melting Point (K)

300

297

294

291

288

285

282

279

276

273

20

40 60 80
1000*Pore size™? (1000*nm)

100

120





media/file26.png
Relative Difference [(Teqg-Tref)/Tref]

5%

4%

3%

2%

1%

0%

-1%

-2%

-3%

-4%

-5%

255

! %o
++ ﬁ+°°
! + 'Eﬁ++ o
b ]
+ +5C ®
! o
v+ +g 8 %o O‘Sg%ogéi:%ﬂ a
+ <& 00
+ -P_poooo
i + o
+++
+
i +
+
+
260 265 270 275 280 285 290

Melting Tepmerature (Tref)





media/file3.jpg
i

R
—_— ==
< R ORI
o8
e "
——pt————6————
Y
AIA\AA\AAA‘
§
——————
 —
nm
B—— "
——f——nx
2
i ; 8
) n o
3 3 3

(8/7w) awn|oA uoisnuu| pasiewloN

1000

100

10

Log,, [ Pore Diameter(nm) ]





media/file9.png
Temperature (K)

310

300

290

280

270

260

250

240

230

1 i

-3

8
Time (h)

20

Heat Flow (mW)

20

r
\ Hydrate Melting
Ice Melting
1 L 1 i 1 1 A 1
0 a 8 12 16

Time (h)

20





media/file22.png
Melting Point (K)

300

297

291

288

285

282

279

276

273

294

1000*Pore size! (1000*nm™1)

100

120





media/file19.jpg
40

8

(ed) @insseig

8

10

285 200 205 300
Temperature (K)

280

275





media/file7.jpg
mmmmmmmmm





media/file10.png
HeatFlow (mW)

Time (h)

13 14 15 16 17 18
1 1 I ] 1 v
i . C
On-set Temperature
.,
" .
" Void Hydrates
- _/’(’
Pore Hydrates l
1 1 1 i 1 1 1 L 1 i L 1
250 260 270 280 250 300 310

Temperature (K)





media/file14.png
Ice Peak

50 -

1
o
<

1
o
m

1 1
o o
o~ —

(Mw) moj4 1eaH

-10

310

300

290

280

270

260

250

Temperature (K)





media/file11.jpg
Heat Flow (mW)

30

10}

a0k

250

260

270 280

Furnace Temperature (K)

290

300





media/file6.png
HP Panel V-4

: | plk—» Vent
|
, L]
| i PS
| |
| |
__1__ |
> \Vent
V-2 i : V-3 1
V-5
CHe| | N2 — —@-&» Vent

HP-DSC Thermost VP





media/file15.jpg
Heat Flow (mW)

2

-
T

o
T

&
T

Peak |

Peak Il

260

270 280

Temperature (K)

290

300






nav.xhtml


  crystals-11-00201


  
    		
      crystals-11-00201
    


  




  





media/file16.png
Heat Flow (mW)

12 |-

4 -

\

’//'
Peak Peak Il

\

Peak| — Peak Il

260 270 280 290

Temperature (K)

300






media/file2.png
.

10 4






media/file20.png
|

60

|
o
wn

|
o
4

o
9p)

(edIN) @inssald

|
o
N

10 |

285 290 295 300
Temperature (K)

280

275





media/file23.jpg
Interfacial Tension (mJ/m?)

39

38 F

37F

36 |

35

3

" L

32
1.0

: & 5

24 a
In[Pressure (MPa)]

38

45





media/file5.jpg
— Vent
{
Ps
-
Vi V2 V3 Nent
CHe| | N2
HP-DSC Thermost






media/file24.png
45

3.1
In[Pressure (MPa)]

2.4

1.7

39

38

> &8 ® &

(,w/rw) uoisua |e1dep91u|

1.0

32





media/file1.jpg





media/file25.jpg
Relative Difference [(Teq-Tref)/Tref]

5%

%

3%

%

1%

0%

1%

2%

255

260

265

270 275
Melting Tepmerature (Tref)

280

285

290





media/file12.png
Heat Flow (mW)

30

[ s il
A
20 -
10 - \ , B
0
C
-10 |-
! . ! . ! . ! .
250 260 270 280 290

Furnace Temperature (K)





media/file0.png





media/file17.jpg
22

71 R-Square 0.99996

270

269 |

268

Melting Point (K)

267

266 [

L L s L s L
20 40 60 80 100 120 140

1000*Pore size’! (1000*nm-1)






