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Abstract

:

This study explores the process of methane hydrate formation and dissociation in a small-scale confined environment and in the presence of a porous sediment. The research is focused on answering the shortage of information about the intrinsic properties of the hydrate formation and dissociation processes, such as memory effect and anomalous self-preservation, in a lab-scale apparatus. Experiments were carried out consecutively and with the same gas–water mixture. The temperature reached during dissociation was high enough to ensure the complete dissolution of water cages. At the same time, it was sufficiently low to keep the system able to retain the memory of the previous formation of hydrates. Different well-known phenomena were observed and described; memory effect, anomalous self-preservation and competition between ice and hydrates were shown in detail. Experiments confirmed that the memory effect improves the process mainly during the initial nucleation phase, while it does not provide significant changes in the following massive growth phase. Finally, experiments proved that the formation process can be divided in two different steps: the initial intense growth, due to the small difference in local equilibrium conditions, and the subsequent asymptotic growth, which continues until the process is completed.
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1. Introduction


The formation of gas hydrates requires the simultaneous presence of relatively low temperatures and high pressures. A wide range of thermodynamic conditions are suitable for hydrate formation, mainly as a function of the guest compound involved in the process [1]. The configuration assumed by water molecules produces a permanent electric dipole; the attraction between the positive/negative poles of these molecules generates the water hydrogen bond [2]. In hydrate structures, guest molecules are physically, but not chemically, trapped into water cages. The chemical interaction between hosts and guests only consists of van der Waals forces; the energy required to dissociate a hydrogen bond is about 5 kcal/mol, while the energy for van der Walls bond is equal to 0.3 kcal/mol [2]. For that reason, the interaction between these two compounds is considered exclusively physical [3]. Hydrate structures are composed by five polyedra and the nomenclature adopted to indicate them is    n i  mi    , where “ni” is the number of edges in the generic face “i” and “mi” represents the number of faces having “ni” edges [4]. According to the theorem of Euler, the sum of the faces and vertices is equal to the number of edges plus two. Seven different types of structure have been found to exist [1]; however, only three of them naturally occur in nature: the cubic structure I (sI) [5], the cubic structure II (sII) [6] and the hexagonal structure H (sH) [7]. The first structure, or sI, contains two small pentagonal dodecahedrons (512) and six tetrakaidecahedrons (14-hedra, 51262). It is able to host guest molecules having diameters ranging from 4.2 to 6 Å [5]. Typical examples of guest compounds for these structures are methane and carbon dioxide. Methane is able to occupy both types of cavities, dodecahedrons and tetrakaidecahedrons; conversely, carbon dioxide can enter only in the largest cavities. For that reason, the maximum efficiency that can be reached in replacement processes carried out with pure carbon dioxide is approximately equal to 64% [8,9]. The second type of structure, or sII, contains sixteen small pentagonal cavities (512) and eight tetrakaidecahedrons (16-hedra, 51264) [6]. It may host molecules having smaller diameters than those contained in sI, such as hydrogen, and also slightly higher diameters, in the range of about 6–7 Å, such as propane. The hexagonal structure H has three 512 cages, one 51, 264 cage and two irregular dodecahedrons (435663) [7]. This latter typology is able to encage large-diameter molecules (as large as 9 Å), such as pentane. As well as diameter, the shape of guest molecules also plays a significant role in the formation of hydrates. In particular, the shape of guests is negligible for structures sI and sII, while it becomes crucial for structure H [2].



As the water content of hydrates is approximately equal to 85% or higher the mechanical properties of gas hydrates are close to those of ice [1]. However, Durham and coworkers proved that the strength of methane hydrates can be up to twenty times higher than that of ice [10]. The formation process consists of two different phases: nucleation and massive growth. During nucleation, the first clusters of hydrates form and aggregate with adjacent nuclei, until they reach the so-called “critical size”. Then, the massive growth phase takes place. The nucleation of hydrates is a microscopic process which involves a few hundred molecules (per site of nucleation). Nucleation is not considered a deterministically certain process. Two different typologies of nucleation are possible: homogeneous (HON) and heterogeneous (HEN). The first typology is mainly theoretical and rarely occurs during real processes; hydrate clusters form in the bulk metastable liquid and can dissociate or continue their growth, as a function of density and composition fluctuations. This process depends on an excess of Gibbs free energy between particles of the solute and the solute in solution. The presence of impurities (i.e., dust microparticles, properties of gas–liquid interfaces, etc.) drives the process to heterogeneous nucleation. It often requires lower supercooling than HON, because the growth of a two-dimensional hydrate structure is more probable and needs less energy than a three-dimensional crystal. The time elapsed until the formation of a detectable amount of structures is named “induction time” [11,12]. It represents the time required to move the local conditions from the phase equilibrium boundary to a configuration suitable for fast and massive hydrate formation. It can also be defined as the time needed to go through the metastable region [13]. According to Wang and colleagues [12], the induction time finishes as soon as the first nuclei of hydrates are sufficiently developed to be visible.



Different theories have been defined to describe the hydrate-formation process. The first of them belongs to Sloan and Fleyfel [14] which, in 1991, characterized the formation of hydrates from ice. Immediately after, Muller-Bongartz and colleagues extended the theory to direct formation from liquid water [15]. According to this theory, when thermodynamic conditions are feasible, first hydrate clusters form and diffuse randomly in water. The clusters consist of a guest molecule surrounded by 20–24 water molecules [2]. This process mainly occurs alongside the gas–liquid interface, or where the contemporary presence of and guests occurs. In addition, the Gibbs free energy of nucleation is lower [16]. These clusters can grow via collision and aggregation with other similar structures, thus forming the first hydrate nuclei. In a similar way, these nuclei can continue their growth and reach the critical size. Precisely, on this concept, the labile cluster theory is based. Initially, water absorbs the guest molecules and produces labile clusters. Subsequently, collision and aggregation leads to the first unstable 512 cages. Similarly to clusters, these cages can dissociate or grow via aggregation. When cages share vertices, small sI units are formed; conversely, when they share faces, small sII cages are formed. The process continues until the critical size is reached. Then, the massive growth phase begins and follows a first-order chemical-kinetic equation for time dependence.



As an alternative, Radhakrishman and Trout proposed, in 2002, the “local structuring nucleation theory” [17]. According to this theory, first, “prehydrate” structures are formed by locally ordered water-guest clusters. Finally, the “blob hypothesis” combines the labile cluster theory with the local structuring nucleation theory [18].



While hydrates nucleation has been proven to be a statistically probable process, the following massive growth phase always assumes a more deterministic trend.



Usually, the representations of hydrate formation on the time axis leads to the same curve typology, which can be approximately described with the following analytical formula: y = 1 − e−kt, where “t” indicates time and “k” is a constant depending on the properties of the process. As soon as the nucleation phase is completed, the growth phase starts with a relatively high intensity, then decelerates gradually until the end of the process. Previous works proved that the hydrate-formation process always assumes this specific trend [19,20], and it can also be found elsewhere in the literature. Li [21] and colleagues studied methane hydrate formation and dissociation in the presence of different typologies of a porous medium and, for each of them, different granulometries were analysed. All configurations tested led to the same type of trend: an initial intense formation, followed by a slower phase. However, the amount of the hydrates formed during this second phase is not necessarily lower than the first phase, as clearly shown in [21]. If chemical inhibitors or promoters are not involved in the process, the formation process leads to similar results in terms of the hydrate formed and the overall trend can be well approximated with the equation shown above. However, minor but visible variations often occur; they are associated to the specific configuration of processes and the main variables that characterize them.



In addition to the initial stochastic nucleation phase, several variables can alter the overall processes, including the so-called “memory effect”. When hydrates are formed twice, consecutively, within the same gas–water mixture, the process becomes faster and requires less time to reach completion. Similar to chemical promoters, hydrate-dissociated solutions are more suitable for the process than fresh gas–water mixtures [22,23]. This phenomenon is associated to the tendency of the system to retain a memory of the previous formation of clathrate structures and appears only when hydrates are melted at moderate temperatures.



Two different theories have been thought to describe the memory effect. The memory effect may depend on the permanence of residual structures randomly diffused in water, such as partial hydrate cages, or it might be associated to the presence of persistent hydrate crystallites. Takeya et al. found that, for carbon-dioxide hydrates, the memory effect remained only at melting temperatures below 298 K [24]. The same tendency has also been observed for other guest compounds [25]. A loss of memory does not exclusively depend on the temperature reached during the melting of the hydrates, it is also a function of time. Duchateau studied hydrate formation using a mixture of methane and propane (98/2%) [26]. He observed a drastic reduction in memory effect when hydrates were melted at superheating temperatures, on average 2–4 °C above equilibrium, for almost two hours. A further relevant variable is associated with the sediment in which hydrates are formed and its main properties, such as chemical composition, size, porosity, permeability, etc.



Several researchers have focused their research on the relation between the hydrate-formation process and sediments, mainly analysing the induction time, the hydrate-formation rate and the hydrate distribution in the sediment [27,28,29,30]. Studies on methane hydrate formation in fine sediments revealed the process exhibited two different periods [31]. First, hydrates formed at the interface between the gaseous phase and the sediment; then, they formed in the bulk sediment. The process was faster during the first period, similarly to what was observed in [19,20,21]. In porous sediment, the most relevant parameter is grain size. The comparison between hydrate formation in sand, having, respectively, 150–250 µm and 250–380 µm grain size, proved that a smaller size tendentially favors the process [31]. However, the relationship to grain size is also a function of the type and chemical composition of the sediment. Studies on hydrate formation in the presence of sand and clay revealed that the induction time increased when silica sand with smaller grain size was used [28]. The main property affecting gas capture was found to be mass transfer, which is strongly related to the grainsize and the chemical compositions of sediments [29]. Besides the physical and geometrical properties, chemical composition may also play a key role in favoring or hindering hydrate formation. Previous studies revealed that even small percentages of inhibiting materials in silica-based porous media may significantly alter the process [32,33]. Hackikubo and coworkers confirmed that particle size is a crucial parameter during hydrate dissociation [34]; during experiments, they also proved that the hydrate dissociation rate is higher in coarse glass sand than in fine silica sand, because water molecules form a thin layer on grains of fine silica sand. Finally, while hydrate formation is favored in the presence of relatively small-size sand grains, the dissociation process is more effective in the presence of larger grains [35].



The present work aims to describe methane hydrate formation in the presence of fresh water and pure silica sand by progressively reducing the time available for the process. Several tests were carried out consecutively in a small-scale experimental apparatus and with the same gas–water mixture. The thermodynamic conditions were always maintained within the range where the system retains a memory of previous processes. The variation in pressure over time was characterized, together with the amount of gas involved in the hydrate formation. All experiments were carried out with the same conditions, the only difference varied was their duration, which was progressively shortened. In conclusion, experiments were carried out in order to balance the advantageous action related to the memory effect, by granting less time to perform the process. In this way, it is possible to verify how the memory effect operates in the system.




2. Materials and Methods


2.1. Experimental Apparatus


The experimental apparatus consists of a lab-scale reactor, designed to reproduce gas-hydrate formation in marine sediments. A detailed description of the apparatus employed in this study was presented elsewhere in the literature [36]. Only a brief description of the main characteristics is provided. The reactor is entirely made of 316SS and has an internal cylindrical volume equal to 949 cm3 (7.3 cm diameter; 22.1 cm height), which makes it substantially greater, in term of size, than the reactors used worldwide to study gas hydrates [37]. Two flanges were used to close its ends and each was equipped with a spiral-metallic gasket, model DN8U PN 10/40 316-FG C8 OR. The reactor was positioned in a tank filled with water and glycol, which was connected to a chiller (model GC-LT) and allowed temperature control. This vessel acted as thermostatic bath for the reactor, even if this term is not completely appropriate, to allow heat exchange between the vessel and the surroundings. A scheme of the experimental apparatus, together with a picture of the reactor, are presented in Figure 1.



The gas injection was at the bottom, as shown in Figure 1. In this way, before entering inside the reactor, the gaseous compound goes through a pipe, having high surface/volume ratio, which is immersed in the thermostatic bath and allows the gas to reach the same temperature as the system before reaching the reactor.



Conversely, the upper flange contained all of the required sensors. It also contained a safety valve (model E10 LS/150, maximum pressure rating of 12 MPa and temperature range from 196 to 450 °C) and a channel for gas ejection. This latter element was divided in two subchannels: one of them was used to quickly evacuate the reactor, while the second was connected to a pressure regulator valve with a septum at the end and was used as a gas sampling port.



Temperature was constantly measured with four Type K thermocouples, having class accuracy 1. These devices were positioned at different depths inside the reactor (respectively, at 2, 7, 11 and 16 cm depth from the upper flange) and allowed the creation of a temperature profile inside the reactor and verification of the possible occurrence of gradients during experiments. The experimental solutions for temperature measurements were selected based on the literature [38,39,40].



Pressure was measured with a digital manometer, model MAN-SD, having an accuracy equal to ±0.5% of full scale. Finally, all sensors were connected to a data acquisition system (provided by National Instruments) and managed in LabView.




2.2. Materials


Experiments were carried out in the presence of distilled water and pure quartz sand. Initially, 744 cm3 of sand was inserted, then followed with 236 cm3 of water to fill intergranular space. Sand grains have spherical shape, with diameter approximately equal to 500 µm. Their porosity was measured with a porosimeter (model Thermo Scientific Pascal 140) and was equal to 35%. This value takes into account the free space inside pores and also the free space between grains. Pure methane was employed as the guest compound, consisting of ultra-high-purity (UHP) methane, with purity degree equal to 99.99%.




2.3. Experimental Procedure


Initially, the reactor was filled, then the upper flange was closed. Gas injection was performed from the bottom and, during injection, the temperature was kept sufficiently high to avoid hydrate formation. The undesired capture of gaseous molecules into water cages during this phase might cause uncertainties in the accurate definition of quantities involved in the process; thus, it must be avoided. As soon as the target pressure was reached, the injection channel was closed and the reactor started working under batch conditions. During experiments, no mass transfer occurred with the exterior while heat exchange was possible.



Experiments were carried out consecutively and with the same gas–water mixture. Considering the maximum temperatures reached during hydrates dissociation and after the first test, the system benefited from the memory effect. Only temperature was changed externally: it approached the ice point during hydrate formation and was brought to 14–15 °C during the following dissociation phase. The whole duration of experiments was about 312 h, divided among five tests. While the dissociation of hydrates occurred spontaneously as a consequence of the increased temperature, the formation phase was carried out differently as the time allocated to complete the process was gradually lowered.



Pressure and temperature were directly measured; further parameters were calculated. The ratio between pressure and time was used to describe how the experiment proceeded and, in particular, to verify if the massive growth phase occurred linearly or not and if the memory effect intervened during this phase or if it only acted during the initial nucleation step.





3. Results and Discussion


The research was divided into five experiments, where methane hydrate was repeatedly formed and dissociated. Figure 2 shows all the experiments and their pressure and temperature evolution over time.



Figure 2 clearly shows that the gas injection phase was carried out at temperatures above 20 °C, in order to ensure no formation of hydrates during the process. The comparison between the temperature diagram (in red) and the pressure diagram (in blue) reveals a visible decrease in pressure at the beginning of the series, while temperature was still above 20 °C. This is mainly due to the diffusion in water of gaseous molecules. Even if the dissolution of methane in water is negligible (equal to 0.0012 molCH4/kgH2O), considering the relatively little quantity of gas injected inside the reactor, even a small absorption of methane molecules can generate a visible variation in pressure. The diagram has been divided in five regions; each is related to subsequent experiments. Tests were numbered from 1 to 5 and two phases are well distinguishable in all of them: hydrate formation and the subsequent dissociation.



During formation, the temperature was lowered until approaching the ice point (with the exception only of Test 3, where the ice point was reached at slightly lower temperatures). Then, temperature was held constant and the process continued. The formation process finished as soon as the temperature was increased again. While the formation was operator terminated before its completion, the dissociation phase was continued until the solid phase was completely dissolved.



The relation between pressure and temperature is evident, both during formation and dissociation. However, the relationship is not linear and not the same in each test. For instance, in Test 1 and Test 2, due to the longer availability of time, temperature remained constant and slightly above 0 °C for a certain time period. During this time period, hydrates continued to form, but with a completely different trend when compared with what was observed during the previous temperature drop. Moreover, this phase was not similar between the two experiments. In Test 1, the capture of gas molecules, which is strictly related to the pressure decrease, was slower than what was observed in Test 2, even if the initial conditions were similar. A more detailed description is required for Test 2.



Figure 3 shows the pressure and temperature evolution over time exclusively for Test 2 and provides a better illustration of what was observed during this experiment.



Figure 3 clearly shows intensive hydrate formation during both the initial temperature drop and during the remaining portion of the formation process, during which temperature remained approximately unchanged. The two trends exhibit only slight differences between each other. Theoretically, the presence of lower temperatures should act as the leading parameter for the process, thus accelerating it; however, the formation rate seemed to be slightly higher during the initial phase, where temperature was still decreasing and the local thermodynamic conditions were closer to the phase-boundary equilibrium. The following drastic reduction in pressure provided a clear explanation of the phenomenon. During the experiments, because of the presence of extremely favorable thermodynamic conditions, the formation process should have proceeded faster. As a consequence of favorable conditions and at the end of the process, the system still had not reached an equilibrium condition. Considering the additional time allowed, the rate of hydrate formation changed significantly. This experiment proved that the relation between these two variables is not linear, nor constant, and cannot be forecast in advance.



Here, as in the following tests, the formation process was interrupted in advance, before its natural conclusion, then an increase in externally imposed temperature caused the gradual dissociation of water cages and the consequent release of methane molecules. During dissociation, pressure often varied with less delay than temperature. This is clearly visible in Figure 3, where vertical lines were used to better show the small delay. As soon as temperature began increasing, pressure continued to decrease, and, after four minutes, the pressure started increasing. This phenomenon is of the so-called “anomalous self-preservation” and consists of the tendency of the system to remain stable for a certain time period, even if outside of the hydrate stability zone [41].



A further decrease in temperature is required for Test 3, where temperature was brought below the ice point during hydrate formation and whose trend over time is shown in Figure 4.



Figure 4 has two black dotted lines to indicate when temperature moved below 0 °C and the return above this value. From the left to the right side of the diagram, three green-dotted lines were used to distinguish the three different phases describing the hydrate formation and dissociation processes. The first line indicates when temperature started increasing. The second shows when the increase in temperature caused visible changes in pressure. Finally, the third green line denotes the separation between the formation and dissociation phases. In the first sector, pressure dropped with a higher gradient than the subsequent gradient. When temperature moved below 0 °C, the pressure decrease was lower than that expected (considering the local thermodynamic condition and their difference with the theoretical phase-boundary equilibrium for methane hydrates). Similar to the previous, Test 2, hydrated dissociation occurred with an evident delay in time, when compared with the temperature diagram. However, such a delay (consisting of the difference in time between the first and the third green line) cannot be explained with the self-preservation of the system. A first reason, shown in Test 2, is that the delay associated to this phenomenon was quantifiable in minutes, while, in Test 3, it was approximately equal to five hours. Secondly, in Test 2, when temperature started to increase, the pressure remained constant and, after several minutes, the pressure also increased. Here, the increase in temperature caused a completely opposite effect: the pressure continued to drop and even accelerated this process, proving the more intense formation of hydrates in this phase. The second green line denotes when the pressure changed its trend: the formation process accelerated significantly, even producing a small visible local peak in temperature associated to the exothermicity of the reaction. The dissociation phase began only after the temperature approached 4 °C.



In conclusion, in this test, the self-preservation effect did not occur, because the temperature increase was initially responsible for a more intense formation of the hydrate. Differently, the time distance between the first and the second green lines can be associated to the delay, which often occurs, between the establishment of suitable conditions for hydrates and when the process effectively occurs.



This experiment confirmed what has been asserted in the literature about the competition between ice and hydrates [42]. As soon as temperature reached the ice point, ice formation inevitably started inside the reactor, thus reducing the free space and also decreasing the availability of liquid water molecules. This led to a decrease in hydrate formation. The following increase in temperature stopped this process and immediately caused ice melting (the temperatures reached in the previous time periods were only slightly lower than 0 °C). The melting of ice and the presence of a temperature very close to 0 °C made the current thermodynamic conditions the most feasible, of the entire experiment, for hydrate formation and explains the highest rate of gas capture reached in this phase.



As previously described in Section 2, experiments were carried out consecutively and with the same gas–water mixture. Considering the maximum temperatures reached inside the reactor during hydrates dissociation and according to the literature, excepting Test 1, the system retained a memory of the previous formation of hydrates, thus enhancing the process during subsequent tests. This aspect was observed and clearly appears in Figure 1. In Test 1, the pressure drop associated with gas capture into water cages was less pronounced than in other tests, even if it was the only experiment during which the formation phase was not externally terminated and continued until pressure stabilized inside the reactor (thus denoting the completion of the process). Such a difference proved the so-called memory effect occurred and inevitably promoted the process, leading to higher quantities of hydrates.



Table 1 shows, for each test, the time spent during formation, the observed pressure drop and the final pressure value.



The time employed for the formation process constantly decreased; in Test 1, it was slower than in the other experiments, because the pressure stabilized and further time would not have led to any additional information. Finally, the last two tests were carried out for approximately the same time. Parameter ΔPform confirms the contribution of the memory effect: the difference between Test 1 and Test 2 is meaningful. Even without a time restriction, the previous decrease in Test 1 was drastically lower than Test 2. In the later experiment, the relation between time spent and pressure drop remained substantially unchanged. This proves the memory effect did not increase its contribution significantly with the results of the experiments. Time only ensured a strong difference between hydrate formation and its absence. The ratio between the pressure drop observed during formation and the time to cause hydrate formation is shown in Table 2.



Results shown in Table 2 seem to confirm what was previously asserted; however, with two inconsistencies. The ratio of pressure decrease and time assumed the same value in Test 1 and Test 2 and did not reflect what effectively happened in terms of hydrate formation. While that value is acceptable for Test 1, it did not adequately describe Test 2. Moreover, the value measured in Test 3 should have been nearer to that observed in Tests 4 and 5.



This latter inconsistency can be easily explained with the lower hydrate formation observed in this test, due to the formation of ice crystals and the consequent competition between these two compounds. Differently, the similarity between the first two tests needs to be better described. In Tests 3 to 5, the formation of hydrates was interrupted before its completion; thus, the mean variation of pressure over time is higher than in Tests 1 and 2. This concept is quite visible in the subsequent panels of Figure 5, where the evolution of parameter ΔPform/Δt over time is shown.



These diagrams demonstrated clearly how the memory effect controlled the hydrate-formation process. As expected, all experiments showed a similar trend, with Test 1 being the only exception. Tests 2–5 confirmed the theory that memory is an advantage primarily during the nucleation phase. At the beginning of Test 1 (during which the memory effect was clearly absent), the process proceeded slowly, while, in all other experiments, it started rapidly. The trends observed in successive panels of Figure 5 allowed to answer the critical question emerging from the evaluation of Table 2. The values shown in Table 2 do not reveal any difference between Test 1 and Test 2; however, the memory effect should have provided a positive contribution during Test 2 (compared with Test 1). The diagrams proved that the hydrate-formation process in Test 2 was extremely similar to what was observed in Tests 3–5, while it was noticeably different than the trend observed for Test 1. This aspect was numerically demonstrated in Table 3, where the same parameter, ΔPform/Δt, shown in Table 2 was calculated again but only for a limited time period, or for the first 500 min of each test. Therefore, in the last three experiments, the formation process was interrupted before its completion, while, in the first two tests, there was the possibility of reaching equilibrium inside the reactor. The comparison was more coherent when performed in the first portion of the formation process, which occurred in all experiments and not in the whole process.



Table 3 highlights the difference between Test 1 and Test 2 and the similarity between tests from 2 to 5. In addition, Test 1 showed an increase in parameter ΔPform/Δt, from 0.13 to 0.18 bar/h. Also in this test, the last part of the process occurred with a formation rate significantly slower than that assumed at the beginning of the massive formation of hydrates.



In the first two experiments, where the process had the possibility to reach completion, hydrate formation assumed an asymptotic trend that can be approximated with the equation y = 1 − e−kt. With time, the process reached completion and equilibrium was achieved in the reactor. As the experiments were batch experiments, the internal conditions gradually approached equilibrium and the process decelerates. While the equation approximately describes the hydrate-formation process, the constant “k” must be determined for specific conditions. Future research will exclusively focus on quantifying “k” for specific conditions. For instance, as the phase-boundary equilibrium curves can be described with a general equation but may change significantly as a function of the specific guest molecule (see equilibrium diagrams shown in [2]). In addition, the trend of hydrate formation may vary depending on the guest compound. In sI structures, methane molecules can occupy both the small and the large cavities, ensuring more complete filling of structures. Conversely, carbon dioxide has higher solubility in water, which makes the hydrate-formation process faster. Besides the guest compound, other key parameters must be included in the definition of “k”; among them, the initial thermodynamic condition (including the distance between the thermodynamic condition and the equilibrium-phase boundary). The presence of sediments and their physical properties (granulometry, size, porosity, composition, etc.), also influence the memory effect.



Figure 6 shows the pressure–temperature trend of each experiment. This figure also shows the phase-boundary equilibrium for methane hydrates, using data from the literature [43,44,45,46,47,48,49,50,51]. In the figures, black dots were used to represent the phase-boundary equilibrium for methane hydrates, while experiments were shown in red. The evolution during the experimental time is indicated with red arrows.



The system initially moved from right to left as temperature was decreased and pressure consequently decreased. Conversely, the dissociation phase moved from left to right and shows the increase in pressure to its initial values due to the increase in temperature.



The panels of Figure 6 demonstrated that experiments did not describe the equilibrium conditions for the system: there is no similarity between the experimental and the theoretical values. However, the formation process was verified on the left side of the equilibrium line, or in the methane-hydrates stability zone. On the right side, the pressure varied only as a consequence of the temperature increase/decrease according to the equation of state for gases. For this reason, the formation and dissociation curves almost perfectly overlap, proving the absence of hydrate structures inside the reactor at this step. Only in Test 1 is a visible difference between the two phases apparent. Hydrate-formation and dissociation curves remained parallel as in other tests, but spaced out by about 1.5–2 bar. Test 1 was the first experiment of the series and the dissolution of methane in water occurred during the experiment. Even if the dissolution of methane in water is almost negligible (0.0012 molCH4/kgH2O), the relatively low quantity of gas injected inside the reactor and the surplus of water caused an observable decrease in gaseous methane.



As explained above, the formation/dissociation process of hydrates is confirmed in these diagrams, because the relation between pressure and temperature was no longer exclusively dependent on the equation of state and, consequently, the two curves showed meaningful differences between each other. This deviation was verified only at the left of the equilibrium line, where the thermodynamic conditions were suitable for gas hydrate formation.



The only exception to the present discussion was found in Test 2, where the dissociation of hydrates also continued on the right of the equilibrium curve. As explained in the description of Figure 2, the evolution of this experiment was affected by the occurrence of the self-preservation effect, which delayed the process and postponed the dissociation of water structures, which inevitably required higher temperatures.



In these diagrams, the difference between the first two tests and the remaining three was even more evident. Once the minimum temperature was reached during the formation phase in Test 1 and Test 2, the system had enough time to complete the process. The P–T curve has an almost vertical drop, associated to the abundant production of hydrates at a constant temperature. Then, the dissociation phase began and the system initially moved horizontally to the phase boundary equilibrium, then approached the trend of the latter portion of the curve. The horizontal trend occurred because of the initial stability of hydrates, even if the local temperature was already increasing. It happened because the overall thermodynamic conditions were again suitable for hydrates stability, thus pressure remained unchanged. Finally, the dissociation also started when the internal configuration was close to the theoretical equilibrium values and approached the equilibrium trend. Conversely, the similarity between the experimental dissociation of hydrates and the equilibrium line was completely absent in Tests 3 to 5. That is associated to the modality adopted to carry out experiments. The formation phase was interrupted in advance of the completion of the process of hydrate formation. Consequently, in these tests, the dissociation curve remained close to the formation curve and, consequently, far from the phase-boundary equilibrium.




4. Conclusions


This manuscript analysed methane hydrates formation in a confined environment and in the presence of pure-silica-sand porous medium. Five tests were carried out and the main difference between them consisted of the time spent for hydrate formation. While, in Test 1 and in Test 2, the time was sufficient to reach the process completion, in the other experiments the process was terminated early. The experimental conditions were defined in order to observe and describe with accuracy crucial parameters that play key roles during hydrate formation and dissociation, including the memory effect, anomalous self-preservation and the competition between ice and hydrates. The competition between ice and hydrates was investigated by lowering the internal temperature during the formation phase, until moving slightly below the ice point. Then, temperature was increased again while monitoring pressure variations. The following conclusions were possible:




	(i)

	
The memory effect mainly occurred and led to a substantial difference between the first test and the subsequent test, both in terms of moles of hydrate formed and time required for the process.




	(ii)

	
The memory effect contribution primarily intervened during the initial step of hydrate formation, or during the nucleation phase. Data reported in this work characterized the massive growth phase and proved that it occurred similarly in all experiments.




	(iii)

	
The hydrate-formation and dissociation processes occurred in the hydrate-stability zone; in particular, hydrate dissociation began once the internal thermodynamic conditions approached the phase-boundary equilibrium and then proceeded by showing a certain similarity with the configuration of equilibrium.




	(iv)

	
In some tests, the dissociation of hydrates occurred with a certain delay, when the system had already moved outside of the stability zone. This specific behaviour was associated to the anomalous self-preservation.




	(v)

	
When the temperature was brought below 0 °C, the formation of hydrates decreased significantly and continued when temperature was increased above the ice point. When water molecules have the possibility to organize themselves in a solid crystalline structure without a guest molecule, the formation of hydrates is hindered and cannot be completely associated to the difference between local and equilibrium thermodynamic conditions.









Initially, the relevant distance between the pressure and temperature values and those describing the phase-boundary equilibrium showed the process proceeded intensively and led to the fast formation of hydrates. Then, the system assumed an asymptotic trend until reaching completion. The present description is suitable for each system; however, the formation process can be characterized in advance by defining the influence on the process of primary properties such as the size and shape of the guest compound, the main properties of sediments, the presence or absence of memory, and the initial thermodynamic configuration.
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Figure 1. Scheme of the experimental apparatus (left) and picture of the lab-scale reactor (right). 
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Figure 2. Pressure and temperature evolution over time in Tests 1 to 5. Pressure (measured in bar) is shown in blue, while the temperature (°C) in red. 
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Figure 3. Pressure and temperature evolution over time in Test 2. 
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Figure 4. Pressure and temperature evolution over time in Test 3. 
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Figure 5. Evolution of parameter ΔPform/Δt during hydrate formation in Tests 1–5. 
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Figure 6. Description of Tests 1–5 in a pressure–temperature diagram and comparison of tests with the phase-boundary equilibrium (shown with black dots). 






Figure 6. Description of Tests 1–5 in a pressure–temperature diagram and comparison of tests with the phase-boundary equilibrium (shown with black dots).



[image: Sustainability 14 04807 g006a][image: Sustainability 14 04807 g006b][image: Sustainability 14 04807 g006c]







[image: Table] 





Table 1. Time spent, pressure drop observed and final pressure reached during hydrate formation in tests 1 to 5.
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	Δt [h]
	ΔPform [bar]
	Pf [bar]





	Test 1
	45.3
	6.04
	47.22



	Test 2
	72.9
	9.5
	40.85



	Test 3
	20.5
	6.29
	43.36



	Test 4
	7.75
	2.97
	45.85



	Test 5
	8.6
	3.42
	45.82
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Table 2. Ratio between pressure drop (which is strictly related to the amount of hydrate formed) and the time spent for the formation process, calculated for each experiment.
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	ΔPform/Δt [bar/h]





	Test 1
	0.13



	Test 2
	0.13



	Test 3
	0.31



	Test 4
	0.38



	Test 5
	0.40
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Table 3. Ratio between pressure drop (which is strictly related to the amount of hydrate formed) and the first 500 min spent in the formation process, as calculated for each experiment.
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	ΔPform/Δt [bar/h]





	Test 1
	0.18



	Test 2
	0.39



	Test 3
	0.37



	Test 4
	0.38



	Test 5
	0.40
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