I was an ordinary person who studied hard. There are no miracle people.

-R.Feynman [Nobel
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Chapter 1 Scope of The Thesis

Gas clathrate also called gas hydrates are crystalline nanoporous compounds with wide scale applications. Scientific research related to gas hydrates can be divided into two main categories:

1. Their natural occurrence which extends from earth such as natural gas hydrates reservoirs to space with many astrophysics applications related to planet and comet formations.

2.

Their technological application which includes -but not limited to-methane storage and transportation, gas separation, desalination, flow assurance in gas processing and hydrogen storage.

With almost half of emission of coal and crude oil, natural gas -composed mainly from methane-can play an important role as a "transition fuel" in the current energy transition from fossil fuels to renewable. With the increasing energy demand, this role is translated as increasing the natural gas share in the current and near-future energy mix. However, current natural gas storage and transportation technologies are CNG (compressed natural gas), LNG (liquified natural gas), and ANG (adsorbed natural gas) are not economically feasible when it comes long term storage or making use of discrete gas resources such as shale gas and biogas. By providing safe, compact fully reversible methane storage, synthetic gas hydrates (SGH) can be a promising alternative or complementary technology that can be integrated with existing infrastructure to improve the current technologies. However, the industrial applicability of of SGH are hindered mainly by the slow formation kinetics and poor heat and mass transfer. Last but not least, the development of safe and practical hydrogen storage represents the major bottleneck for a sustainable hydrogen economy and enable secure energy transition. Thus, solid-state storage systems such as hydrogen clathrates may have a great potential to store hydrogen in a safe, compact, and feasible manner.

The objective of this work is to present some application of gas hydrates in the context of energy transition. In particular, fundamental understanding of processes such as hydrate nu- has been used to overcome the problems related to industrial applicablity and scale-up of clathrate hydrates. Chapter 2 will give extensive literature review with focus on the role of zeolitic ice in energy transition. The different computational methods and experimental investigations will be explained in chapter 3. Chapters 4-6 are dedicated for combined experimental and first principles computational studies for methane storage in clathrate hydrates. In particular, it focuses on accelerating the methane hydrate kinetics using zeolites as green kinetic hydrate promoters and innovative reactor design. Chapter 7 studies the hydrogen storage and diffusion into clathrate hydrates and how to increase the energy content to meet DOE (US Department of Energy) targets which are the benchmark in that field. Finally, the outcome and perspectives of this work are summarized in Chapter 8.

Zeolitic Ice for Energy Transition: An Introduction

The beginning is the most important part of the work

-Plato

In COP 26, the international community reaffirmed its ambitious targets to reduce carbon emission to mitigate climate change according to Paris Agreement1 . To achieve that target, a proper combination of energy efficiency and integration of renewables should be applied to ensure a smooth energy transition that balances the increasing demand and environmental commitments. Natural gas can work as a transition fuel between the polluting fossil fuels, and zero-emission renewables such as hydrogen. Carbon capture and sequestration is another important aspect that allows reducing already existing and future carbon emissions that arise from industrial processes. However, the storage and purification of natural gas, CO 2 and H 2 is still challenging and represents an overhead cost that slows down the energy transition process. This review discusses the use of "zeolitic ice" or clathrate hydrates as an environmentally benign material to help the energy transition process. Having structural topologies and properties that are identical to some zeolites and zeolitic clathrasils, those green materials showed unique properties that enable their utilization in different purposes related to the energy transition, such as gas separation, desalination, fuel cells, and others. The review especially focuses on their possible role to purify and safely store gases such as CH 4 , CO 2 , and H 2 , which are in the heart of energy transition. Amongst the objectives of the overview is to present different possible uses of clathrates, their benchmark against existing technologies, and the possibility to integrate them into current technologies with special focus on their application for energy storage and CCS.
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Chapter 2. Zeolitic Ice for Energy Transition: An Introduction

Introduction to Clathrate Compounds

The IRENA (International Renewable Energy Agency) has defined the energy transition pathway that involves transforming the global energy mix from entirely fossil fuel-based to zerocarbon by 2050 [1]. To achieve that ambitious target, it is crucial to reduce CO 2 emissions and integrate renewable sources into the energy sector globally [2]. The polluting effects of natural gas are about half of the other fossil fuels. Therefore, natural gas is considered a transition fuel that possesses a well-established technology that can mitigate CO 2 emission while renewable energies and hydrogen economy mature both technologically and economically [3]. However, this bridging role of natural gas should be considered only as a "temporary" role because natural gas still emits CO 2 emissions [4]. In addition, the carbon emission of the natural gas processing and storage should be reduced as much as possible either through process optimization or postprocessing to produce useful products [5]. Although natural gas processing and transportation are well-established, long-term storage and utilization of discrete and remote gas resources is still a challenge, an issue that is related to appropriate gas storage. Current global storage capacity is estimated to accommodate only 2% of the global annual natural gas production. This Figure 2.1: Barrer's model to calculate the intercalation heats of clathrates (adapted from [6]). deficiency may result in an energy crisis whenever the supply chain is disturbed [7]. Moreover, the main overhead capital cost of the natural gas processing process comes from the purification process that targets the removal of acid gases and N 2 from natural gas [8]. Thus, viable and economical carbon capture and sequestration (CCS) should be coupled with the process to ensure efficiency. When it comes to hydrogen economy as a main part of the renewable energy sources, there is a significant development in the production side from both renewable and natural gas [9]. However, the bottleneck of successful hydrogen incorporation into the energy mix is connected mainly to proper and compact hydrogen storage [10]. In general, clathrates are inclusion compounds formed when guests of specific sizes (CH 4 , CO 2 , H 2 , Na, etc) are encaged in various host molecules (H 2 O, SiO 2 ) or elements (Si, Ge, C, etc.) under appropriate temperature and pressure conditions [11]. According to those conditions, one or multiple guest molecules can be entrapped in the host cavity. When the host molecules are mainly silica or water, clathrates from the well-known zeolitic clathrasils or gas hydrates, respectively [12]. The two classes are structurally analogous because both materials have a framework of several cages with voids occupied by guest species Table 2.1 [13].

Using simple models such as Figure 2.1, early statistical thermodynamic interpretation of van der Waals and Platteeuw could provide satisfactory information about the non-stoicheiometric nature of clathrate and the stabilizing action of guest gas as well as successfully expected the conditions under which clathrates phases are formed in most cases [6,14,15]. R.M. Barrer -the founding father of zeolite chemistry with a gas permeability unit named after him [16]-extended van der Waals work and dedicated a series of his early publications for those inclusion materials [6,[17][18][19]. Moreover, he had pointed out their structural and propertied similarities to zeolites in several others as illustrated in Figure 2.2 [17,20]. Based on those similarities and the success of zeolites inclusion compounds in catalysis and gas separation [21], one can anticipate that gas clathrates can have promising industrial and technological applications especially in the context of energy transition. In that particular context, gas clathrates offer the potential for environmentally benign purification and storage of natural gas, CO 2 , and H 2 , as shown in Figure 2.2.

Clathrate hydrates are non-stoichiometric nanoporous crystalline structures that are mainly composed of host water molecules [14,15]. Connected by hydrogen bonding, those host molecules are forming three-dimensional cavities which enclose guest gas molecules. Under certain pressure and temperature conditions, they can exist in nature or be artificially synthesized. Different hydrate structures are stabilized by the encapsulation of gases such as CO 2 , H 2 S, CH 4 , H 2 , or organic solvent such as tetrahydrofuran (THF), cyclopentane, or cyclooctane (Cyclo-O). Recently, gas hydrates have been the subject of intensive research related to a wide range of energy transition applications. The existence of clathrates has been known for a long time. A description of chlorine gas crystal structure was reported by Sir Humphrey Davy back in 1810 [23]. However, clathrate hydrates attracted more attention particularly with the rise of the oil and gas industry in 20 th [24]. In particular, the research at that period focused mainly on flow assurance and how to secure pipelines from being blocked by hydrates. Such blockage can interrupt the production from offshore reservoirs and the associated economic and safety concerns [25].

In recent decades, gas hydrates showed increasing potential for various industrial applications such as energy storage [26], gas separation [27,28], CO 2 capture and sequestration (CCS) [29], desalination [30,31] and fuel cells [32,33] as shown in 12 , 5 12 6 2 5 12 , 5 12 6 4 5 12 ,4 3 5 6 6 3 , 5 12 toward renewables, low-carbon and unconventional energy, electrification, and decarbonization to reduce greenhouse gases (GHGs) emissions, recent studies on gas hydrates are distributed between the following main areas: (1) the traditional field of natural gas flow assurance, (2) gas hydrate natural occurrence and the associated environmental impact and (3) possible technological applications of hydrates.

Traditionally, gas clathrate is a problem of great concern in the field of natural gas processing as it may interrupt the gas flow from offshore to onshore and affect drilling process safety [34]. Concerning clathrate's natural occurrence, the recently discovered enormous hydrates reserves, usually filled with methane, can present affordable clean energy sources and balance between the increasing energy demand and the environmental impact of using other fossil fuels such as oil and coal [35,36]. Clathrate gun hypothesis refers to possible uncontrolled methane release from clathrates in oceans due to the increased temperature [37]. In such a scenario, this methane release can accelerate global warming which destabilizes more clathrate structures and invoke further warming [37,38]. Finally, hydrates applications for green energy transition and sustainable development represent another growing area of interest. In that context, cages can be utilized for safe energy storage. With a volumetric capacity of methane that can reach about 160-180 V/V [39,40], they can also be used to store and transport other gases of economic interest such as CO 2 , N 2 and H 2 in economically feasible P-T conditions is one of the highly promising areas [41]. CH 4 -Small cage (A)

5 12 Medium cage (B) CO 2 replacement in the enormous methane hydrate reservoirs is another important application that became the focus of recent research studies [42]. The interest in that technology comes from the fact that it could achieve the double benefit of simultaneous energy recovery and carbon fingerprint reduction via permanently storing CO 2 of flue gases in the deep ocean. In fact, clathrate applications can not only be regarded as "stand-alone", but also they can be integrated within exciting technologies such as LNG or biogas production. However, despite the wide range of applications, the extensive industrial use of hydrate Chapter 2. Zeolitic Ice for Energy Transition: An Introduction faces challenges such as slow kinetics, lack of clear understanding of phenomena such as selfpreservation [43], memory effect [44] and different possibilities of cage occupancy [45]. The clathrate properties need to be further understood to resolve those problems, by combining both theoretical and experimental studies. In fact, evaluating the various interactions between the host water crystal and the enclasthrated guest molecules is an indispensable part of clathrates research. There are several detailed reviews [46][47][48][49][50] and early comprehensive pioneering books [23,51] for different aspects of hydrate research. Instead of duplicating that, this paper selectively reviews the most important contributions and current state of the art of theoretical calculations, experimental studies, and industrial research, focusing on the application side. More precisely, it aims to exhibit the current problems hindering the energy transition industrial application of clathrates from scientific and engineering perspectives and propose solutions for those challenges.

Hydrate-Based Applications for Energy Transition

Gas Clathrate Structures and Properties

The structure-property relationship within the domain of gas hydrate depends on the nature of guest molecules and various temperature and pressure conditions. This relation has a great influence on the practical application of clathrates and their impact on the environment. To illustrate, parameters such as the ability to control gas hydrate synthesis and crystallization kinetics using different methods, additives, reactor, and process design are crucial for reducing the operational cost and increasing their industrial applicability. This section will discuss different structures and properties of clathrate hydrates, which can give important insights into their applications.

Hydrate Structures

Although usually formed under high pressure, a combination of both experimental work and theoretical calculations in recent decades has enabled us to precisely determine the structure of those materials. Experimental techniques such as in situ NMR [52,53], X-ray diffraction [54,55] and Raman Spectroscopy [56,57] provided us with important information such as the nature of host structure, cage occupancy, and guest molecules motion in the cages . For example, Okuchi et al used in situ NMR single-crystal XRD (SXRD) was used to get the atomic coordinates and geometries that are not provided by the conventional spectroscopic techniques [58,59]. However, it has limited use due to the complexity of finding a suitable size clathrate single crystal. To solve that, experimental techniques can be coupled with theoretical studies to define the clathrate structure [60] or even anticipate new phases that are difficult to synthesize [61,62]. The different nature and interactions between guest or "helfsgase" [63] and host molecules are crucial to understand the thermodynamic stability of different clathrates. While early theory has considered only the guest-host interactions while ignoring others [46], recent 2.2. Gas Clathrate Structures and Properties 9 studies showed that guest-guest and host-host interactions can also affect hydrate formation and stability [64,65]. In general, water clathrates can be classified into two main categories: (1) clathrate hydrate and (2)ionic clathrates.

Clathrate Hydrates

Clathrate hydrates are nanoporous inclusion crystalline material with weak, non-directional van der Waal's attraction forces between the encaged hydrophobic guest molecules and the host water crystal that form a hydrogen-bonding network around them. The most common ones are sI, sII, and sH as summarized in Figure 2.2. They attracted more attention due to the presence of methane as a guest in all three structures depending on the formation pressure [22].

The presence of pentagonal dodecahedra (5 12 ) or small cages are common in all three struc-Figure 2.4: Structure II of pure methane hydrate can be formed at 0.25 GPa [22]. Hydrogen atoms are shown in pink, oxygen in red, carbon is black, and hydrogen bonds are with dashed lines.

tures. While sI is distinguished by the presence of large cages of tetrakaidecahedra (5 12 6 2 ) that may host gases such as CO 2 or CH 4 , sII have larger hexakaidecahedra (5 12 6 4 ) cages that can host large solvent molecules such as THF [23,66,67]. Finally, sH contains medium irregular dodecahedra (4 3 5 6 6 3 ) medium cages in addition to the large icosahedra (5 12 6 8 ) cages which can accommodate larger molecules such as cyclooctane [68]. It should be noted that smaller guest size does not always result in sI hydrate. For example, although they have relatively small kinematic diameter, hydrogen and nitrogen are naturally formed sII clathrate at elevated pressure [69]. The hydrate structure is controlled by not only by guest size but also P-T conditions. For example, increasing the pressure to 250 MPa, methane hydrate can form sII hydrate rather than structure I [22] as shown in Figure 2.4.
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Cage occupancy is another important factor to determine clathrate properties and storage capacity [70]. Large and small cage occupancies depend on the type of guest molecules as well as P-T formation conditions. While increased cage occupancies can improve clathrate stability, it is not a pre-condition to get a stable clathrate host structure [71]. For instance, pure sII hydrogen hydrate can store about 5.3 wt% at elevated pressures. In the case of binary H 2 -THF sII with stoichiometric THF amount of 5.56 mol%, the large cages are completely occupied by THF and the maximum hydrogen storage capacity is about 1 wt% only but at relatively much lower pressure [72].

Semi-clathrate hydrate

Although their existence can be dated to 1893, this important class of zeolitic ice structures that has potential application in in gas separation [73], energy storage and CCS [74][75][76]. This kind of clathrate is usually called "ionic clathrate" due to the fact that hydrophobic cations or anions are encapsulated by host cages while a counter ion is incorporated into the host water framework. In other words, the walls of cages are partially removed or replaced by anions or guest molecules in addition to the hydrophobic inclusion that exists in clathrate hydrates [32].They can be distinguished from clathrate hydrates by exhibiting partial hydrogen bonding between the guest species and the water host cages in addition to van der Waals interactions. This latter properties result in a relatively high thermal stability in atmospheric conditions, enhanced ionic and hydrogen conductivity making them ideal candidates for applications such as solid electrolytes.

Numerous strong acids form semi-clathrates in which anion guests are encapsulated into the acidic host lattice. For example, HAsF 6 and HPF 6 forms sVII , which has only 4 6 6 8 cages and is distinguished by high melting point and high ionic conductivity [77]. Acidic clathrate such as HBF 4 .5.75 H 2 O or HClO 4 .5.5 H 2 O can form the cubic sI clathrate. In these structure, the anions can occupy both large and small cages. HPF 6 can also form sI too, but in this case, it occupies the large cages (5 12 6 2 ), only leaving the small cages empty. In contrast to sVI semiclathrate, sI compounds have relatively lower melting points [78]. Similarly, SF 6 neutral molecule has been shown to form sII occupying the large cages of 5 12 6 4 [77]. On the other hand, some ionic clathrate hydrates show strong or weak basicity by encapsulated cationic guests while the host lattice charge is balanced by anions such as OH -, F -, and Br -. The base-containing semi-clathrate are more diverse than acidic ones with a general formula of R 4 N + X -where (R=CH 3 , nC 3 H 7 , nC 4 H 9 , and others) while (X=OH -, F -, Cl -, Br -, and others [79].

Quaternary ammonium salts (QAS) are the most common type of these clathrates and are distinguished by a high melting point that can reach 31 • C [80]. For example, tetra-n-butyl am-monium bromide (TBAB) has the bromide anions constructing the cage along with host water. At the same time, the hydrophobic cation fills the cage without H-bonding to the host water molecules. In the latter case, all the dodecahedral cages are empty, providing potential storage sites for other guest molecules [81][82][83]. The thermal stability at ambient conditions along with the non-volatile nature of salts represent a great advantage when it comes to hydrogen storage.

Role of Zeolitic Ice for Energy Transition

In this section, we will focus on two of the main applications of gas hydrates: solid energy storage (SES) and CO 2 capture and sequestration (CCS). There is intensive research for both applications. The IPCC and Paris agreement suggested that to tackle the impacts of global warming, the carbon emissions have to be reduced systematically to zero by 2050 [84,85]. In general, gas storage can be classified into two main categories according to the state in which the gas (for example, CH 4 , CO 2 or H 2 ) is stored: (1) physisorption (physical storage) in which the gas is stored in molecular form, and physical adsorbed on the material surface and interact with the host material with van der Waals forces and (2) chemisorption (chemical storage) in which the gas is dissociating form ionic or covalent bond with the host.

The current CO 2 capture techniques such as adsorption, cryogenic separation, and membranes have been widely investigated. However, their economic feasibility is challenged by their high energy consumption and technical difficulties such as non-consistent performance and increased differential pressure. Thus, they are not suitable yet for industrial-scale applications, at least in the short and medium terms. When it comes to energy storage, a useful benchmark for those materials can be obtained from the United States Department of Energy (DOE), which sets some criteria for both methane and hydrogen storage for onboard applications. The purpose of this section is to focus on CCS, methane, and hydrogen storage in clathrates and compares them to other existing technologies.

Methane Storage

Methane clathrate formations can be from both natural and synthetic routes. Naturally occurring gas hydrates have been accumulated long geological periods in permafrost regions and mostly on the more accessible submarine continental margins representing a low carbon energy source and possible CO 2 storage sinks. Although there is considerable uncertainty about the methane hydrate reserves, the amount of methane gas is expected to be more than all other carbonaceous fuel reserves combined. One can refer the reader to some comprehensive reviews for gas hydrate reservoirs [35,36]. We focus here on synthetic gas hydrates (SGH) as an emerging technology.

Chapter 2. Zeolitic Ice for Energy Transition: An Introduction Natural gas can be stored in underground inventories such as salt caverns and depleted oil or gas reservoirs. This technique, which depends on the natural occurrence, is distinguished by the ease of gas recovery, but it may possess some environmental risks. Apart from storing natural gas in underground inventories, the main natural gas storage and transportation technologies are CNG (compressed natural gas), LNG (liquified natural gas), ANG (adsorbed natural gas), and SGH (synthetic gas hydrates). Storing and transporting methane in its native gaseous state via tanks and pipeline networks (PLG) require high volume and can be less economically feasible when it comes to discrete gas resources such as shale gas and biogas [86]. On the other hand, CNG can reduce the storage volume, but it needs expensive multistage compression, high-pressure tanks that exhibit safety concerns, and poor volumetric capacity. Thus, CNG is not applicable when it comes to large-scale natural gas storage [87]. Storage and transportation of natural gas in liquid form or LNG have been expanded rapidly to become the most convenient technology for industrial-scale and transoceanic transportation. This can be attributed to the that a single cubic meter of LNG can contain as high as 600 m 3 STP conditions. Although currently, LNG tankers are roaming around the world to transport methane, the technology possesses some drawbacks. First, it needs big reserves and long-term commitment to install expensive facilities and associated infrastructure such as cold insulation and cryogenic tanks (i.e., high CAPEX). Then, it also has a high operational cost (OPEX) coming from the energy demand for cooling methane to -161 • C, boil-off gases re-compression, and regasification at the customer end. Furthermore, the technique is not flexible to store methane for long periods such as several months or years due to the high OPEX [88,89]. The recent pandemic and geopolitical developments disturbed gas supply and resulted in unprecedented natural gas prices increase and highlighted the need for long-term storage technologies [90]. In general, the calculation of MOFs' storage capacity calculations commonly reported in the literature were based on a single crystal assumption. Such a calculation methodology is far from practical as it ignored the packing efficiency effect. Thus, the calculations of actual or deliverable gravimetric and volumetric gas uptakes based on bulk powder are significantly lower. Furthermore, other factors like re-usability, mechanical stability, thermal conductivity, and the high cost of the material are significant challenges that impede the use of MOFs for some onboard and all industrial-scale methane storage [91,92].

SGH can be a promising alternative or complementary technology that can be integrated with existing infrastructure to improve the current technologies. First, SGH has very competitive safety and eco-friendly advantages due to factors such as the presence of water and lower storage temperature and pressure conditions. Such factors are reflected in the non-explosive and well-controlled storage and recovery processes. Moreover, unlike chemical storage, the methane hydrate storage process depends on the physical interactions such as vdW force and thus the storage is almost fully reversible. Finally, they are economically attractive due to the simple modular synthesis arrangements and moderate storage conditions. Several studies showed that the SGH plant can have about half the cost of LNG one of the same capacity. In addition, it is that it can reduce methane transportation costs by a quarter compared to LNG [93].However, despite the above advantages, the industrial applications of hydrate-based technologies (HBTs) are still limited. The reasons behind that can be the slow kinetics, poor heat, and mass transfer, uncertainties of scale-up storage capacities.

To solve the above problems specific additives or promoters are added during hydrate synthesis. The role of promoters can be either catalyzing the kinetics of hydrate formation (kinetic hydrate promoter or KHI) or reducing the thermodynamic requirements (thermodynamic hydrate promoter or THP). However, understanding the crystallization processes -and more specifically the nucleation process-during hydrate formation is crucial to develop a suitable kinetic model for hydrates synthesis [94]. In general, the hydrate crystallization process can be divided into three main stages: gas dissolution, nucleation, and growth. First, the gas dissolves in the aqueous medium until enough guest molecules are adsorbed in the liquid phase to start nucleation. Nucleation is usually very slow and is distinguished by its stochastic nature [95]. Two types of microscopic nucleation may occur (1) homogeneous nucleation or "labile cluster hypothesis" in which the crystal formation starts directly from the liquid phase and (2) heterogeneous nucleation in which the process starts on the surface of "nucleation sites" [96,97]. On the other hand, macroscopic nucleation can be spotted experimentally due to the exothermic nature of the hydrate formation reaction. This temperature increase is associated with rapid pressure drop due to gas enclathration [98]. Based on that, the macroscopic induction time or "lag time" can be determined. Such a time then can be spotted by the above thermodynamic changes and the appearance of detectable hydrate crystals [23,99]. In the last stage, catastrophic crystal growth is distinguished by a very rapid increase in the particle size as the gas becomes more concentrated in cages than in vapor [100]. At the end of that stage, the reaction is controlled by mass transfer or gas diffusion through the 'hydrate film' at the liquid-gas interface [101].

Another important phenomenon that is closely related to the understanding of the nucleation process is called the "memory effect" [51,102,103]. When a hydrate undergoes decomposition, the resulting solution can form hydrate more readily. In other words, it needs a relatively shorter induction time compared to a fresh solution used to make hydrate [44,[START_REF] John | Some current challenges in clathrate hydrate science: Nucleation, decomposition and the memory effect[END_REF]. The sI methane clathrate showed the highest methane uptake among all clathrate structures with volumetric storage that can reach 170 V/V relatives to STP, as shown in Figure 2.5. Early investigation of Vysniauskas and Bishnoi for sI methane hydrate formation kinetics showed that it depened on P-T conditions, gas-liquid interfacial area, and degree of supercooling [102]. After that, there were many other investigations for sI methane clathrate such as those Englezos et al. [START_REF] Englezos | Kinetics of gas hydrate formation from mixtures of methane and ethane[END_REF], and Kim et al [START_REF] Kim | Kinetics of methane hydrate decomposition[END_REF]. A common observation of these studies is that at the gas-water interfaces, hydrate films grow laterally along with the interface, and it is crucial to increase the surface Chapter 2. Zeolitic Ice for Energy Transition: An Introduction area of gas-water contact to enhance both mass and heat transfer. Indirect methane hydrate formation can start from ice and could result in a high yield. However, this approach may not be economic due to the high energy spending and longer time associated with the ice formation [START_REF] Faizullin | Formation of clathrate hydrates under crystallization of gas-saturated amorphous ice[END_REF]. To solve the problem of slow kinetics, KHP is added to reduce the time required for hydrate synthesis without influencing thermodynamic requirements. In other words, the hydrate structure, as well as the P-T condition of hydrate formation, are not affected. Surfactants (anionic, cationic, and non-ionic) are commonly used for that purpose [START_REF] Nasir | A review on the role and impact of various additives as promoters/ inhibitors for gas hydrate formation[END_REF]. In particular, the anionic surfactant sodium dodecyl sulfate (SDS) is predominant and has extensively been studied in different concentrations [START_REF] Najibi | Experimental investigation of methane hydrate formation in the presence of copper oxide nanoparticles and SDS[END_REF][START_REF] Pan | Effect of silica sand size and saturation on methane hydrate formation in the presence of SDS[END_REF][START_REF] Deng | New Insights into the Kinetics and Morphology of CO 2 Hydrate Formation in the Presence of Sodium Dodecyl Sulfate[END_REF]. Close to its critical micelle concentration (CMC), SDS can relatively increase the hydrate formation rate significantly [START_REF] Zhong | Surfactant effects on gas hydrate formation[END_REF]. Micelles formation increases methane concentration in the aqueous phase and thus enables the nucleation to start earlier [START_REF] Deng | New Insights into the Kinetics and Morphology of CO 2 Hydrate Formation in the Presence of Sodium Dodecyl Sulfate[END_REF]. Here, it's worth mentioning that selection of the suitable surfactants should take into account their Krafft temperatures. The Krafft temperature is the minimum temperature from which the micelle formation takes place. Surfactants are usually employed above their Krafft points otherwise hydrated surfactant crystals are formed [START_REF] Ando | Surfactant effects on hydrate formation in an unstirred gas/liquid system: An experimental study using methane and micelle-forming surfactants[END_REF]. To illustrate, Du et al. found that hydrate formation at 274 K has been little affected by dodecyltrimethylammonium chloride (DTAC) whose Krafft point below 273 K compared SDS, dodecylamine hydrochloride (DAH), and dodecyltrimethylammonium chloride (DTAC) whose Krafft points near room temperature [START_REF] Du | Effects of ionic surfactants on methane hydrate formation kinetics in a static system[END_REF]. Moreover, Zhang et al. explained that SDS increases the hydrate particles' surface area and the gas-liquid interfacial area while reducing surface tension [START_REF] Zhang | Kinetics of methane hydrate formation from SDS solution[END_REF]. Increasing the carbon chain length of sodium alkyl sulfates showed the same kinetic promotion behavior of SDS under similar conditions but required much less concentration than SDS [START_REF] Ah Kwon | Synthesis of anionic multichain type surfactant and its effect on methane gas hydrate formation[END_REF][START_REF] He | Surfactant-based Promotion to Gas Hydrate Formation for Energy Storage[END_REF]. However, the utilization of surfactants for the hydrate-based process has a serious drawback related to foaming which is a serious problem in gas processing. This has been particularly observed during hydrate dissociation and scale-up experiments [START_REF] Bhattacharjee | Kinetic promotion of methane hydrate formation by combining anionic and silicone surfactants: Scalability promise of methane storage due to prevention of foam formation[END_REF][START_REF] Pandey | Alleviation of Foam Formation in a Surfactant Driven Gas Hydrate System: Insights via a Detailed Morphological Study[END_REF][START_REF] Pang | Experimental study on the scale-up effect of gas storage in the form of hydrate in a quiescent reactor[END_REF]. Moreover, it has been seen the presence of surfactants at certain concentrations may have inhibiting effect probably due to the presence of sodium ions. The intrinsic water network around that hard cation collapses due to the hydrogen bond breaking and strong binding between the ion and water molecules [START_REF] Nguyen | Hydrophobic Effect on Gas Hydrate Formation in the Presence of Additives[END_REF][START_REF] Nguyen | Critical Review on Gas Hydrate Formation at Solid Surfaces and in Confined Spaces-Why and How Does Interfacial Regime Matter?[END_REF]. In addition to not being environmentally friendly, such drawbacks hinder the industrial applicability of this class of promoters.

In order to overcome those drawbacks, two other classes of kinetics promoters were suggested: amino acids and porous materials. It has been found that amino acids increase the rate of hydrate formation at a certain concentration [START_REF] Sai Kiran | Synergistic and antagonistic effects of amino acids in clathrate hydrates of greenhouse gases[END_REF]. Although the rate is less than SDS in some cases, the final methane uptakes are still comparable in both cases [START_REF] Shanker Pandey | Screening of amino acids and surfactant as hydrate promoter for CO2 capture from flue gas[END_REF]. Amino acids are promising biodegradable materials that can work as hydrate promoters. Low dosage hydrophobic or aromatic amino acids such as tryptophan and methionine or have shown better performance than hydrophilic or aliphatic ones such as KHP for methane hydrate synthesis [START_REF] Nguyen | Critical Review on Gas Hydrate Formation at Solid Surfaces and in Confined Spaces-Why and How Does Interfacial Regime Matter?[END_REF][START_REF] Ahmad | Thermodynamic and Kinetic Promoters for Gas Hydrate Technological Applications[END_REF].

Porous materials such as those from carbon origin (such as activated carbon and carbon nanotubes) or silica origin (silica gel, silica sand, hollow silica, and nano-silica), zeolites, and MOFs has been proposed as KHP [START_REF] Borchardt | Methane Hydrate in Confined Spaces: An Alternative Storage System[END_REF]. In general, these materials can be utilized in two different ways: (1) in low concentrations as a nucleation site for heterogeneous nucleation to reduce the induction time [START_REF] Khurana | A review of clathrate hydrate nucleation[END_REF] and (2) as host for hydrate using the confinement effect [START_REF] Linga | Enhanced rate of gas hydrate formation in a fixed bed column filled with sand compared to a stirred vessel[END_REF]. In the first approach, the porous material increases the surface area by adding another interface (or third surface) that facilitates crystallization and gas diffusion. For example, hollow silica was also examined in many studies and showed kinetic improvement. However, it needed the addition of SDS to get acceptable results when the conditions tested were near ambient conditions [START_REF] Inkong | Innovative Approach to Enhance the Methane Hydrate Formation at Near-Ambient Temperature and Moderate Pressure for Gas Storage Applications[END_REF]. Xiaoya et al. has tested for LTA-type zeolite (3A and 5A) for methane hydrate formation and concluded that 3A has better promoting effect. However, a reasonable gas storage capacity above 120 V/V could be only achieved in presence of SDS [START_REF] Ya | Influence of 3A molecular sieve on tetrahydrofuran (THF) hydrate formation[END_REF][START_REF] Ya | Influence of 5A-type zeolite powder on tetrahydrofuran hydrate formation and dissociation process[END_REF]. Kim et al. showed zeolite 13X (FAU-type) at 0.01 wt% concentration showed higher gas consumption than SDS and LTA-type zeolite, making it the most promising zeolite as KHP. The author attributed that to the small particle size and large pore diameter of 13X compared to the other zeolites studied [132]. In addition to being cheap and eco-friendly, the above zeolites are used in low concentrations and can be easily separated.

On the other hand, the porous material in the second approach can act as a medium for hydrate synthesis within the confinement approach. It has been found that high-pressure phases and reactions were found to occur in confined spaces in pressures that are magnitudes lower Chapter 2. Zeolitic Ice for Energy Transition: An Introduction than required for bulk ones [START_REF] Casco | Methane hydrate formation in confined nanospace can surpass nature[END_REF][START_REF] Mohammed | Interfacial and Confinement-Mediated Organization of Gas Hydrates, Water, Organic Fluids, and Nanoparticles for the Utilization of Subsurface Energy and Geological Resources[END_REF].For example, Siangsai et al. investigated the effect of activated carbon (AC) particle size on methane hydrate kinetics. They found that in the size range of (841-1680 µm) showed higher conversion while the highest recovery could be achieved in the range of (250-420 µm) [START_REF] Siangsai | Investigation on the roles of activated carbon particle sizes on methane hydrate formation and dissociation[END_REF]. Celzard et al. took advantage of activated carbon nanopore space to synthesize methane hydrate at mild conditions of (3.5 MPa and 2 • C) and faster kinetics than nature [START_REF] Celzard | Optimal wetting of active carbons for methane hydrate formation[END_REF]. It is also suggested that hydrophobic MOFs (ZIF-8) can show a high yield of methane hydrate uptake by combining methane hydrate formation and adsorption of methane in the interior pore spaces [START_REF] Casco | Paving the way for methane hydrate formation on metalorganic frameworks (MOFs)[END_REF]. Borchardt et al. reviewed such an approach in detail and showed that in addition to hydrophobicity and pore size, water loading R w (g H 2 O/g soild) plays a crucial role in the uptake yield and kinetics [START_REF] Borchardt | Methane Hydrate in Confined Spaces: An Alternative Storage System[END_REF]. The approach is very promising as those materials may act as both KHP and THP. However, several factors need to be examined in that approach for possible scale-up application. For example, there is packing efficiency that needs to be taken into account, additional cost to handle those materials, and the considerable loss in the gravimetric capacity. KHP does not affect with thermodynamic conditions of hydrate formation. For that, another type of promoter is required. THP works to move the hydrate formation P-T conditions to a more moderate range and thus lowering the energy requirements. Depending on the nature of promoter and thermodynamic conditions, different hydrate structures can be obtained. For example, THF can direct hydrate synthesis toward sII formation. It is also reported to work in synergy with SDS to improve the kinetics [START_REF] Zhang | Coal mine gas separation of methane via clathrate hydrate process aided by tetrahydrofuran and amino acids[END_REF][START_REF] Prasad | Laser Raman spectroscopy of THF clathrate hydrate in the temperature range 90-300 K[END_REF][START_REF] Talyzin | Feasibility of H2-THF-H2 O clathrate hydrates for hydrogen storage applications[END_REF][START_REF] Ricaurte | CO2 removal from a CO2-CH4 gas mixture by clathrate hydrate formation using THF and SDS as water-soluble hydrate promoters[END_REF]. Other sII formers such as acetone [START_REF] Behzad Partoon | Impact of acetone on phase boundary of methane and carbon dioxide mixed hydrates[END_REF], cyclopentane [START_REF] Liang Zhong | Recovery of CH4 from coal mine model gas mixture (CH 4/N2) by hydrate crystallization in the presence of cyclopentane[END_REF], dioxlane [START_REF] Torres Trueba | Phase equilibrium measurements of structure II clathrate hydrates of hydrogen with various promoters[END_REF], and others were reported in the literature [START_REF] Maekawa | Equilibrium conditions for clathrate hydrates formed from methane and aqueous propanol solutions[END_REF]. On the other hand, sH formation needs larger molecules to stabilize the large cage of 5 12 6 8 . Common sH formers are neohexane [54], methyl cyclohexane [START_REF] Chaturvedi | Enhanced formation of methane hydrate using a novel synthesized anionic surfactant for application in storage and transportation of natural gas[END_REF], cyclooctane [START_REF] Gaikwad | Effect of Cyclooctane and l -Tryptophan on Hydrate Formation from an Equimolar CO2-CH4Gas Mixture Employing a Horizontal-Tray Packed Bed Reactor[END_REF]. Theoretically, sH can store gases such as CH 4 , CO 2 , or H 2 in both small and medium cages and may result in high storage capacity. A more comprehensive review of various promoters studies (KHP and THP) can be found in the literature [START_REF] Nasir | A review on the role and impact of various additives as promoters/ inhibitors for gas hydrate formation[END_REF]. The main drawback of using THP is the significant reduction in methane uptake compared to sI. The main reason behind that decrease is that those promoters occupy the sII or sH large cages while stabilizing the structure. However, the reduction of formation conditions closer to ambient temperatures can significantly offset that storage capacity reduction. For example, compression cost was found to be around threequarters of the total cost of SGH formation in a pilot-scale reactor [START_REF] Lucia | Experimental investigations on scaled-up methane hydrate production with surfactant promotion: Energy considerations[END_REF]. Increasing the methane formation temperature from 274.2 K to 293.2 will reduce 80% of the cooling cost as estimated by Veluswamy et al. [START_REF] Veluswamy | Enhanced clathrate hydrate formation kinetics at near ambient temper-atures and moderate pressures: Application to natural gas storage[END_REF]. The main drawback of sII and sH promoters are the potential environmental hazards and higher costs. In particular, solvent loss or volatility that requires additional solvent amount represents a big overhead on the OPEX.

HBCS and Simultaneous Methane Recovery

Due to various factors, such as the increasing world population, the associated global energy demand has been steadily rising, which has impacted immense pressure on dwindling fossil fuel resources. Simultaneously, environmental problems such as climate change start to affect the global economy and social stability. Consequently, the international legislation that emphasizes the importance of reducing carbon fingerprints is increasingly enforced worldwide [84,[START_REF] Deng | New Insights into the Kinetics and Morphology of CO 2 Hydrate Formation in the Presence of Sodium Dodecyl Sulfate[END_REF]. Capturable CO 2 sources can be generally divided into two main groups (1) low concentration such as air [START_REF] Ozkan | Direct air capture of CO2: A response to meet the global climate targets[END_REF] and (2) high concentration such as flue gases. Although there are many advances in capturing CO 2 directly from the air [START_REF] Sanz-Pérez | Direct Capture of CO2 from Ambient Air[END_REF], intensive research activities are focused on capturing it directly from the flue gas sources. The major sources of flue CO 2 gas emission are pre-combustion, post-combustion, and oxyfuel processes. The latter aims to increase the CO 2 concentration via burning the fuel in pure oxygen, which will result in easier CO 2 capture.

There are several methods to capture CO 2 from flue gases [START_REF] Ekström | Techno-Economic Evaluations and Benchmarking of Pre-combustion CO2 Capture and Oxy-fuel Processes Developed in the European ENCAP Project[END_REF]. The most common ones are adsorption, absorption, cryogenic separation and membrane separation. Although each technique has some advantages, it also shows some drawbacks. For example, membrane separation is expensive with an estimated cost of 24-48$ per ton depending on working conditions [START_REF] Yu | Natural gas hydrate resources and hydrate technologies: a review and analysis of the associated energy and global warming challenges[END_REF]. Moreover, while inorganic ones do not perform well in terms of reliability and cost control, organic membranes can not simultaneously reach high selectivity and high permeability. Generally, membranes are affected by the flue gas composition and lack sustainable performance and aging resistance [START_REF] Zhang | Current status and development of membranes for CO2/CH4 separation: A review[END_REF]. Adsorbent-based systems with high surface areas such as MOFs and zeolites can reduce the cost to around 14$ per ton [START_REF] Sinha | A parametric study of the techno-economics of direct CO2 air capture systems using solid adsorbents[END_REF][START_REF] Wu | Capture CO2 from N2 and CH4 by zeolite L with different crystal morphology[END_REF]. However, their sustainability can be affected by impurities, the humidity of flue gas, and complicated unit operations due to the low-temperature requirements and pressure drop. Absorption is the most common method for removing acid gases from flue gas streams, especially in gas processing plants [START_REF] Dennis | An overview of current status of carbon dioxide capture and storage technologies[END_REF]. Despite its ability to reach high CO 2 capture capacity and high separation efficiency, it has some problems such as solvent degradation, safety risk associated with high pressure in the absorber, and high energy requirement of solvent regeneration as typical regeneration is at 120 • C [START_REF] Friday | Carbon dioxide capture using liquid absorption methods: a review[END_REF]. As shown in Figure 2.6, the same problem of high energy consumption persists with cryogenic separation [START_REF] Dennis | An overview of current status of carbon dioxide capture and storage technologies[END_REF] of CO 2 as cooling and pressurization may consume approximately 600 kW per ton of CO 2 on average [START_REF] Göttlicher | Comparison of CO2 removal systems for fossil-fuelled power plant processes[END_REF].

Carbon sequestration has received relatively less attention compared to carbon capture [START_REF] Aminu | A review of developments in carbon dioxide storage[END_REF]. Different carbon sequestration options include but are not limited to saline aquifers, depleted and current oil and gas reservoirs, deep ocean storage, and mineral carbonation. However, many factors such as geohazard risks of the available sites and environmental, economic, social, and political factors should be considered [START_REF] Aminu | A review of developments in carbon dioxide storage[END_REF]. [START_REF] Yu | Natural gas hydrate resources and hydrate technologies: a review and analysis of the associated energy and global warming challenges[END_REF]. sequestration (HBCS) has been proposed recently to overcome some of the above drawbacks of other methods while combining both capture and sequestration in a single step [START_REF] Khalik | Recent advances on carbon dioxide capture through a hydrate-based gas separation process[END_REF][START_REF] Wang | Research progress and challenges in hydrate-based carbon dioxide capture applications[END_REF]. Additionally, the recently discovered tremendous reserves of hydrates, mostly methane hydrates or natural gas hydrates (NGH), represent a huge opportunity for an affordable energy source [35,36].The most practical NGH extraction techniques are thermal stimulation, chemical inhibitor injection, and depressurization. However, each of these methods has its advantages and deficiencies. To illustrate, CH 4 is encapsulated in a delicate crystal that can rapidly decompose in an uncontrolled or even explosive fashion under depressurization or thermal stimulation which can be a serious safety concern. In addition, methane is a high global warming potential (GWP) and can contribute to the "clathrate gun hypothesis" mentioned earlier [37]. Accordingly, the utilization of naturally occurring gas hydrates should be associated with a proper hazard analysis of the environmental impact. To solve the problem of uncontrolled methane release, a suitable guest molecule can be employed to replace methane in the hydrate structure. In that context, it suggested that CO 2 can replace methane in natural gas hydrate reservoirs. The formation of the more stable but geological similar CO 2 hydrates possesses a double-benefit elegant solution involving both energy recovery and combustion product sequestration as illustrated in Figure 2.7. Such a technique will reduce the associated greenhouse gases (GHGs) emissions [42]. In principle, the exchange possibility has already been confirmed through experimental and theoretical studies [START_REF] Falenty | Fluid composition and kinetics of the in situ replacement in CH4-CO2 hydrate system[END_REF]. From a thermodynamics point of view, the change in Gibbs free energy (∆G) of CH 4 -CO 2 replacement in the hydrate is negative, which declares that the reaction is spontaneous without involving latent heat [START_REF] Liu | Replacement micro-mechanism of CH4 hydrate by N2/CO2 mixture revealed by ab initio studies[END_REF]. Thus, this exchange between injected CO 2 and methane hydrate is more economic than gas recovery via decomposition only. In addition, the thermodynamic equilibrium conditions (P, T) are more moderate in the case of CO 2 compared to CH 4 [START_REF] Anderson | Experimental measurement of methane and carbon dioxide clathrate hydrate equilibria in mesoporous silica[END_REF]. Furthermore, the process has been applied, and NGH exploitation via the CH 4 -CO 2 replacement method has been used in the northern slope of Alaska since 2012 [START_REF] Boswell | The Iġnik Sikumi field experiment, Alaska North Slope: Design, operations, and implications for CO2-CH4 exchange in gas hydrate reservoirs[END_REF][START_REF] Collett | Downhole well log and core montages from the Mount Elbert Gas Hydrate Stratigraphic Test Well, Alaska North Slope[END_REF]. The technique has many advantages and can be both economically feasible and environmentally friendly. First, it is ecofriendly as it retains the current geological structures without change. In fact, the CO 2 clathrate is more stable than the CH 4 clathrate which has been already stayed for many geological eras. Then, the exchange process is safer than mining processes from Hazard, and Operability Analysis (HAZOP) point of view. Finally, it is economically attractive as there is no need to treat the tremendous amount of water usually associated with gas hydrate dissociation. Despite the above, there is an inherited uncertainty in the economic feasibility due to the lack of enough information about the methane reserves, mechanism, and rate of the exchange reaction [START_REF] Salamatin | Diffusion Model for Gas Replacement in an Isostructural CH4-CO2 Hydrate System[END_REF].

Hydrogen Storage

The hydrogen economy is a very important element in the energy transition. In this economy, hydrogen is proposed to be used extensively as the primary energy carrier. Hence, the development of hydrogen production from both natural gas (grey and blue hydrogen) and renewables (green hydrogen) is of great importance. However, safe and practical hydrogen storage represents the major bottleneck for a sustainable hydrogen economy [START_REF] Michel Noussan | The role of green and blue hydrogen in the energy transition-a technological and geopolitical perspective[END_REF]. While conventional gaseous state storage systems as pressurized hydrogen gas need very high pressure and expensive infrastructure, liquid hydrogen needs extensive refrigeration and re-compression of boil-off gas to keep the temperature near 20 K. It is very important to evaluate the specific energy consumption and CO 2 to evaluate the storage efficiency. Consequently, the above requirements pose safety and cost problems to both, onboard and large-scale applications, and do not satisfy the core objectives for a hydrogen economy [START_REF] Di Profio | Comparison of hydrogen hydrates with existing hydrogen storage technologies: Energetic and economic evaluations[END_REF].

Chapter 2. Zeolitic Ice for Energy Transition: An Introduction Thus, solid-state storage systems have a great potential to store hydrogen in a safe, compact, and feasible manner, making it an increasingly attractive technology for hydrogen storage [START_REF] Veluswamy | Hydrogen storage in clathrate hydrates: Current state of the art and future directions[END_REF]. When they are benchmarked with chemisorption such as metal hydrides or physisorption such as metal-organic frameworks (MOFs), hydrogen hydrates possess the potential to be environmentally benign, safe, and cheap material for hydrogen storage [50]. While hydrogen storage in MOFs suffers from uptake reduction when scale-up due to packing efficiency loss as described above, zeolites and activated carbon need to work at about 77 K [START_REF] Dong | Hydrogen storage in several microporous zeolites[END_REF]. Chemical storage is successful in storing hydrogen at a significantly higher temperature near ambient conditions. However, it needs high energy to break the chemical bond and restore hydrogen. For example, to restore hydrogen from hydrocarbon or ammonia, it needs to undergo reforming at a high energy cost. Hydrides that seem to be the closest to attaining DOE targets need a high temperature to retrieve hydrogen as illustrared in Figure 2.8 [START_REF] Huy | Review of metal hydride hydrogen storage thermal management for use in the fuel cell systems[END_REF]. To illustrate, aromatic hydrogenation reactions are highly exothermic and thermodynamically favorable with the aromatic benzene ring enthalpy being ∆H R = -68.73 kJ/mol H 2 . At the same time, the dehydrogenation is endothermic with the high energy demand of 64-69 kJ/mol H 2 [START_REF] Qi | Liquid organic and inorganic chemical hydrides for highcapacity hydrogen storage[END_REF][START_REF] Rajesh | Chemical hydrides: A solution to high capacity hydrogen storage and supply[END_REF]. Liquid-organic hydrogen carriers (LOHC) partially solve that problem via reducing the dehydrogenation enthalpy catalytic processes [START_REF] Purna | Potential liquid-organic hydrogen carrier (Lohc) systems: A review on recent progress[END_REF]. However, both hydrides and LOHC face common challenges such as safety, eco-toxicity, solid-based or liquid-based infrastructure for transportation, cost of catalyst or metal, and difficulty producing enough pure H 2 over a long life cycle. The estimated cost of different hydrate technologies are illustrated in Figure 2.8

In 1999, Dyadin et al. could utilize differential thermal analysis (DTA) to prove that pure hydrogen clathrates synthesized at ≈ 15 kbar are of sII clathrate (CS-II). While they anticipated H 2 /H 2 O ratio (R) as high as 1/3 [START_REF] Dyadin | Clathrate hydrates of hydrogen and neon[END_REF], Mao et al. characterized sII hydrogen clathrate in situ by different spectroscopic methods at 145 K and 1 atm and proved that R can be ∼ 1/2 [START_REF] Mao | Hydrogen clusters in clathrate hydrate[END_REF]. Unlike Villard's rule R ∼ 1/6 in which each cage can be only occupied by a single guest [23], those higher ratios prove multiple hydrogen occupancy in both small and large cages of sII. It has been estimated that a small (5 12 ) cage can hold two hydrogen molecules while the large (5 12 6 4 ) cages can encapsulate 4 hydrogen molecules at high pressures. With such occupancy taken into account, the pure hydrogen clathrate can exhibit a hydrogen storage capacity of 5.3 wt% or 1.8 kW.h/kg [START_REF] Mao | Hydrogen storage in molecular compounds[END_REF][START_REF] English | Intra-cage structure, vibrations and tetrahedral-site hopping of H2 and D2 in doubly-occupied 51264 cages in sII clathrate hydrates from path-integral and classical molecular dynamics[END_REF].

H 2 -THF binary clathrates have been widely investigated as THF eases the thermodynamic requirement to acceptable ranges of 7-8 MPa. However, that extra stability was at the expense of a storage capacity that significantly dropped [70,[START_REF] Katsumasa | On the thermodynamic stability of hydrogen clathrate hydrates[END_REF]. Lee et al. suggested tuning the THF concentration to allow hydrogen molecules to be enclathrated in the large cages of sII without compromising the moderate P-T requirements. The systematic reduction of THF concentration from 5.56 mol% to 0.2 mol% resulted in a storage capacity increase from 2.09 to 4.03 wt% at 120 bar and 270 K [START_REF] Lee | Tuning clathrate hydrates for hydrogen storage[END_REF]. However, tuning phenomena is controversial in the literature. While few studies could obtain tuned H 2 -THF clathrates such as Sugahara et al. who modified the synthesis method at ∼ 70 MPa and 255 K [START_REF] Sugahara | Increasing hydrogen storage capacity using tetrahydrofuran[END_REF], many other researchers reported that such results could not be reproduced and only ∼ 1.0 wt% hydrogen storage could be obtained regardless of the THF concentration [START_REF] Strobel | Molecular hydrogen storage in binary THF-H2 clathrate hydrates[END_REF][START_REF] Fokko | Hydrogen in porous tetrahydrofuran clathrate hydrate[END_REF][START_REF] Nagai | Binary Hydrogen-Tetrahydrofuran Clathrate Hydrate Formation Kinetics and Models[END_REF]. Therefore, increasing the hydrogen clathrate gravimetric and volumetric capacity in feasible P-T conditions remains an open area for further research. Due to their relatively higher thermal stability compared to clathrate the the the the hydrates, semi-clathrate were also studied for hydrogen storage. However, they showed lower storage capacity compared to H 2 -THF binary clathrates [START_REF] Veluswamy | Hydrogen storage in clathrate hydrates: Current state of the art and future directions[END_REF].

To solve those problems, the second generation of gaseous THP promoters has been proposed to exploit the hydrate structure storage potential in small and large cages. For instance, Park et al. showed that N 2 can allow hydrogen multiple occupancies in sII clathrate in the presence of THF and pyrrolidine (PRD) [START_REF] Park | Effect of molecular nitrogen on multiple hydrogen occupancy in clathrate hydrates[END_REF]. Similarly, SF 6 and CO 2 as promoters allowed hydrogen to be stored in large cages [START_REF] Hasegawa | Mechanism for H2 diffusion in sII hydrates by molecular dynamics simulations[END_REF]. Another ambitious direction was to use light alkane (C 1 -C 3 ) to form hydrogen clathrate with high calorific value at affordable formation and storage conditions. According to Mao et al., such a combination is expected to fulfill the US Department of Energy (DOE) energy density targets [START_REF] Mao | Hydrogen clusters in clathrate hydrate[END_REF]. Recently, our group used ab initio calculations to prove that CH 4 or CO 2 can play the role of thermodynamic promoter, allowing double occupancy of methane and hydrogen in 5 12 6 2 large cages of sI. This double occupancy has not only enhanced the hydrogen diffusion but also pushed sI binary H 2 -CH 4 volumetric and gravimetric storage capacity to meet DOE requirements [START_REF] Omran | Ab initio mechanistic insights into the stability, diffusion and storage capacity of sI clathrate hydrate containing hydrogen[END_REF]. Those results agreed well with previous experimental observations [START_REF] Grim | Synthesis and characterization of sI clathrate hydrates containing hydrogen[END_REF]. It has been demonstrated that different H 2 -CH 4 hydrates (sI and sII) could be synthesized by varying the thermodynamic conditions [193,194]. PXRD and Raman spectroscopy analysis of those binary clathrates showed that either sI or sII could be obtained depending on (1) P-T conditions, (2)initial composition, and (3) hydrate synthesis time. Interestingly, the thermodynamic requirements of such hydrates were more relaxed compared to pure H 2 or even tuned H 2 -THF hydrates [START_REF] Matsumoto | Investigating the thermodynamic stabilities of hydrogen and methane binary gas hydrates[END_REF].

Similarly, ethane has been reported to form binary clathrate with hydrogen. Theoretical calculations showed that 2 -C 2 H 6 can form both cubic structures (sI and sII) at 250 K with hydrogen storage capacity of 2.5wt%, and 3.5 wt%, respectively [START_REF] Belosludov | Theoretical modelling of the phase diagrams of clathrate hydrates for hydrogen storage applications[END_REF]. Ghaani et al. reported using propane as a co-guest with hydrogen that can also reduce the thermodynamic requirements [START_REF] Mohammad | Hydrogen storage in propane-hydrate: Theoretical and experimental study[END_REF]. Ahn et al. found that for H 2 -CH 4 -C 2 H 6 system, multiple H 2 cage occupancies in all cages of hythane hydrates of sI and sII could be achieved via guest-exchange reaction. In that approach, a double hydrogen occupancy in small cages was obtained in the formed hydrate whether it is sI or sII [41]. More recently, Moon et al. optimized the hydrogen concentration needed to achieve the maximum possible hydrogen storage capacity in moderate thermodynamic conditions. However, despite those promising multiple hydrogen occupancies, the GC (Gas chromatography) results indicated that most of the hydrate cages to be filled either by Chapter 2. Zeolitic Ice for Energy Transition: An Introduction methane or ethane rather than hydrogen with a composition of (51.74:17.98:30.2) mol% for (CH 4 :C 2 H 6 :H 2 ) in hydrate at the best case [START_REF] Moon | Critical hydrogen concentration of hydrogen-natural gas blends in clathrate hydrates for blue hydrogen storage[END_REF]. The estimated cost of different hydrogen storage technologies. Clathrate storage cost is assumed with a volumetric capacity of 3.03 wt% [START_REF] Gupta | Hydrogen Clathrates: Next Generation Hydrogen Storage Materials[END_REF].

Other Hydrate-based Applications

There are many other hydrate-based applications for the energy transition as shown in Figure 2.9. In the energy-water nexus, water and energy are closely interlinked. While water can be considered as an energy source, energy is needed to transport or desalinate water. The latter is a big global challenge due to climate change and the intensive energy consumption for water desalination [START_REF] Raluy | Life cycle assessment of desalination technologies integrated with renewable energies[END_REF]. Thus, there is an urgent need to develop innovative technologies that can reduce such requirements and make use of waste heat from industrial sources. One clear example of that wasted energy is the cold energy of LNG re-gasification. The LNG received at the terminal at -162 • C is normally heated to 25 • C by employing seawater which is dumped back to the sea wasting the LNG cold energy. Such an amount of cold energy is huge as one tonne of LNG is estimated to require 214 kWh of cold energy removal [START_REF] He | LNG cold energy utilization: Prospects and challenges[END_REF]. One of the best options to utilize such wasted energy is hydrate-based desalination or (HyDesal). HyDesal work as stand-alone or in hybrid arrangement with other desalination technique to reduce the energy consumption and cost of the desalination process [30]. Such an approach can not only help to reduce the desalination energy requirements but also in GHGs capture. To illustrate, using proper hydrate former such as CH 4 , CO 2 , C 3 H 8 at selected P-T range, water molecules form clathrate hydrate around gas molecules separating themselves from salty solution [23,[START_REF] Babu | A Review of Clathrate Hydrate Based Desalination to Strengthen Energy-Water Nexus[END_REF]. For example, Babu et al. optimized the desalination conditions to reach ∼ 35% and salt rejection of ∼ 88 % for simulated seawater solution [START_REF] Babu | Hydrate-based desalination (Hy-Desal) process employing a novel prototype design[END_REF]. Although known from the 1940s, its commercialization faces some challenges related to reactor design to form and separate hydrate from salts and also the lack of commercial feasibility studies [START_REF] Babu | A Review of Clathrate Hydrate Based Desalination to Strengthen Energy-Water Nexus[END_REF][START_REF] Kang | Seawater desalination by gas hydrate process and removal characteristics of dissolved ions (Na+, K+, Mg2+, Ca2+, B3+, Cl-, SO42-)[END_REF].

There is increasing energy demand for space cooling along with climate change [47,[START_REF] He | LNG cold energy utilization: Prospects and challenges[END_REF]. Therefore, there is a growing demand to explore for the best phase change material (PCM) candidates that can efficiently take benefit of the cold energy released from the production sectors (e.g.energy from renewable sources, cheap off-peak electricity, oil and gas industry waste heat, and LNG regasification in terminals) for storage and transport applications. In that context, semi-clathrate hydrates (SCHs) are ideal candidates because of their suitable phase change temperature (5-27 • C), thermal stability (melting point can vary from -66 up to 31 • C), latent heat of fusion (190-220 kJ/kg) and relatively better heat transfer efficiency compared to clathrate hydrates [32,[START_REF] Khafaei | Experimental Study of Semiclathrate Hydrates Formation TBAOH, TBAF, and TBAC in the Presence of SDS and Tween Surfactants References as a Cold Thermal Energy Storage System for Air Conditioning Applications[END_REF] which is suitable for various cooling requirements [START_REF] Zhang | An overview of phase change material slurries: MPCS and CHS[END_REF]. The process usually starts with cooling the system to form a hydrate, which is an exothermic process. The cold energy stored then could be consumed through depressurization or receiving heat from the external environment or a combination of both. CO 2 (or mixed CO 2 -THF) hydrates were well-demonstrated for such an approach [START_REF] Marinhas | Solid fraction modelling for CO2 and CO2-THF hydrate slurries used as secondary refrigerants[END_REF]. However, CO 2 is corrosive acid gas that will require expensive infrastructure. Although semi-clathrate hydrates can overcome those drawbacks, a more comprehensive economic assessment for the energy cycle is missing in the literature. Moreover, SCHs either in their acidic or basic ionic form showed exceptional thermal stability, ionic and proton conductivity. Such unique properties enable them to compete with solid electrolytes such as Nafion. More comprehensive research studies are highly desired to evaluate the unique physicochemical properties of such materials [32,[START_REF] Ho Cha | Ionic conductivity enhancement due to coguest inclusion in the pure ionic clathrate hydrates[END_REF][START_REF] Desmedt | Proton dynamics in the perchloric acid clathrate hydrate HCIO 4-5.5H2O[END_REF].

Engineering and Economic Challenges and Perspectives

Hydrate technologies for economic gas storage give promises due to the moderate production and storage condition and the ease of gas recovery compared to other means of energy storage and transportation [START_REF] Wang | Carbon dioxide hydrates for cold thermal energy storage: A review[END_REF]. Few studies targeted the life-cycle of NGH for transportation or mobile storage. For instance, Nogami and Oya showed that NGH is more economic in the medium Chapter 2. Zeolitic Ice for Energy Transition: An Introduction distance for 1000-6000 km distance compared to LNG, CNG, or PLG. However, for longer distances, LNG is still the optimum choice [START_REF] Nogami | Development of natural gas ocean transportation chain by means of natural gas hydrate (NGH). 6th Gas Hydrates Int. Conf. [ICGH[END_REF]. Furthermore, Nakai made a comprehensive life cycle assessment (LCA) for NGH for trucks and shipping purposes and concluded that it can reduce the cost by about 20% compared to the LNG plant of 1-1.5 MTPA (Million Tonnes per Annum)) [START_REF] Nakai | Development of natural gas hydrate (NGH) supply chain[END_REF]. Other cost analysis studies showed that NGH could reduce the capital cost by at least 25%-48% relative to LNG [86]. The recent sharp increases in natural gas and LNG prices due to the pandemic and recent geopolitical development revealed the need for long-term or static storage of methane especially from discrete and small gas resources (shale gas, biogas, flue gases) [90]. In that context, NGH showed a superior advantage over other technologies. In particular, it offers a high gravimetric and volumetric capacity of methane in a much controlled and safer manner compared to LNG or CNG. The safety of such a method is inherited from lower storage pressure (2-5 bar compared to 10 or MPa for CNG) and non-explosive nature due to the presence of water in excess.

Economically, it can be feasible for static medium and long time storage with a relatively high storage temperature (-20 • C compared to 162 • C ) and less boil-off gas (BOG) re-compression requirements [88,[START_REF] Di Profio | Comparison of hydrogen hydrates with existing hydrogen storage technologies: Energetic and economic evaluations[END_REF]. Such unusual stability of methane clathrates even outside its zone of thermodynamic stability can be attributed to the hydrate self-preservation phenomenon [START_REF] Takeya | Methane storage in water frameworks: Self-preservation of methane hydrate pellets formed from NaCl solutions[END_REF].

For instance, an early study by Gudmundsson et al. showed that natural gas hydrates (92 mol% methane, 5 mol % ethane, and 3 mol% propane) can be stored in a deep freezer (-5 to -18 • C) for 10 days at atmospheric pressure without significant loss of methane [START_REF] Gudmundsson | Storing natural gas as frozen hydrate[END_REF]. In a more recent study, Mimachi et al. showed that NGH pellets could successfully stored for 3 months at 253 K under atmospheric pressure [START_REF] Mimachi | Effect of Long-Term Storage and Thermal History on the Gas Content of Natural Gas Hydrate Pellets under Ambient Pressure[END_REF]. Stability can be improved and storage can be extended for years in case of CH 4 -THF sII clathrates [START_REF] Bhattacharjee | Amino Acids as Kinetic Promoters for Gas Hydrate Applications : A Mini Review[END_REF] .However, this higher stability and longer storage period comes on the expense storage capacity that has been significantly reduced. To address that point, Takeya et al. suggested coating CH 4 hydrates with THF or cyclopentane (CP). In case of cyclopentane-coated methane hydrate, the authors found that the hydrates remained stable for extended periods at a temperature higher than the equilibrium temperature and under atmospheric pressure [START_REF] Takeya | Superheating of Structure I Gas Hydrates within the Structure II Cyclopentane Hydrate Shell[END_REF].

Clathrate hydrates do not only reduce the cost compared to conventional storage for largescale storage but also open the door for small and medium-size methane storage from discrete or remote resources. These resources such as shale gas, coal mine gas, offshore and onshore flue gases are not suitable for LNG which needs huge capital investment and tremendous reserves, and long-term contracts. It is important to stress here that NGH technology is complementary rather than competitive with existing technologies. In fact, NGH technology is best working in and hybrid mode due to their simple modular construction and operation which reduce the investment threshold by allowing to taking profit from the existing facilities and infrastructure [START_REF] Yu | Natural gas hydrate resources and hydrate technologies: a review and analysis of the associated energy and global warming challenges[END_REF].

In general, NGH processing technology consists of a formation step, followed by dewatering of non-converted water, cooling and depressurizing of excess gas, and finally pelletizing the hydrate for storage. While safety, storage conditions, and economics are the big advantage of NGH technology, the formation or synthesis step is the main engineering and economic obstacle that prevent the widespread of such technology [93,[START_REF] Nogami | Development of natural gas ocean transportation chain by means of natural gas hydrate (NGH). 6th Gas Hydrates Int. Conf. [ICGH[END_REF][START_REF] Rehder | Methane hydrate pellet transport using the self-preservation effect: A techno-economic analysis[END_REF]. The hydrate formation suffers from slow kinetics and severe operating condition, especially for pure methane (sI) [START_REF] Bhattacharjee | Rapid methane storage via sII hydrates at ambient temperature[END_REF]. To solve that problem, it is crucial to understand the nucleation process to shorten the induction time. The use of a carefully selected kinetic promoter (KHP) can reduce the lag time and the overall hydrate synthesis duration. In that aspect, the KHP should avoid the drawback of foaming without compromising the gas uptake. In addition to not being expensive, the selected KHP should be also eco-friendly and recyclable or degradable. The promising material in that aspect are nanoparticles [START_REF] Syed | Effect of nanoparticles on the nucleation and agglomeration rates of hydrate growth using THF-water clathrates[END_REF], amino acids [START_REF] Naeiji | Journal of Natural Gas Science and Engineering Amino acids as kinetic inhibitors for tetrahydrofuran hydrate formation : Experimental study and kinetic modeling[END_REF][START_REF] Fakharian | Potato starch as methane hydrate promoter[END_REF], and porous materials at low concentrations [START_REF] Avinash | Clathrate hydrate dynamics with syntheticand bio-surfactant in porous media: Model formulation and validation[END_REF]. The latter can be also used as the main storage medium allowing clathrates to grow inside pores at mild P-T conditions which is pretty similar to the THP effect [START_REF] Casco | Methane hydrate formation in confined nanospace can surpass nature[END_REF]. Using liquid THP can reduce the hydrate formation requirements and increase the stability of formed hydrates [START_REF] Bhattacharjee | Amino Acids as Kinetic Promoters for Gas Hydrate Applications : A Mini Review[END_REF]. However, the environmental impact of this promoter needs to be carefully assessed. If used in optimal concentrations, the use of those promoters can compromise between the reduced storage capacity and cooling requirement and hence minimize the overall process cost.

Recently, the use of gaseous THP such as light hydrocarbons (C 1 -C 3 ) [START_REF] Moon | Critical hydrogen concentration of hydrogen-natural gas blends in clathrate hydrates for blue hydrogen storage[END_REF] showed promising results for both methane and blue hydrogen storage. Moreover, one the of the biggest advantages of hydrates is that they are insensitive to impurities. On the contrast, acid gases such as CO 2 and H 2 S can also reduce the thermodynamic requirements of methane hydrate formation [START_REF] Ward | Phase equilibrium data and model comparisons for H2S hydrates[END_REF][START_REF] Babu | Hydrate phase equilibrium of ternary gas mixtures containing carbon dioxide, hydrogen and propane[END_REF]. For example, Gudmundsson et al. could store NGH of methane, ethane, and propane in a normal deep freezer temprature (255.2-268.2 K) for 10 days under a pressure [START_REF] Gudmundsson | Storing natural gas as frozen hydrate[END_REF]. Overcoming the slow kinetic problem needs also innovative reactor design to enhance the gas-liquid contact, mass and heat transfer to the extent that industrial-scale application can be feasible. Current research studies in that direction, packed bed reactors [START_REF] Linga | A review of reactor designs and materials employed for increasing the rate of gas hydrate formation[END_REF], horizontal reactors with metallic packing [START_REF] Gaikwad | Effect of Cyclooctane and l -Tryptophan on Hydrate Formation from an Equimolar CO2-CH4Gas Mixture Employing a Horizontal-Tray Packed Bed Reactor[END_REF] showed promising results. So to summarize, research perspectives for methane hydrate studies include but not limited to (1) understanding nucleation, self-preservation, structural transformation and memory phenomena, (2) proper selection of KHP, innovative (3) practical reactor design, (4) removal or optimization of THP , (5) explore the possibility of salty water and increasing pressure conditions toward the atmospheric pressure to improve the process economics and finally (6) perform detailed LCA studies.

In the case of carbon capture and sequestration (CCS), hydrate-based carbon capture and sequestration (HBCS) is a promising technique based on a simple process that is not affected by a pressure gradient, contaminants, and humidity. Moreover, the recovery or regeneration can be achieved simply by depressurization or thermal exchange at ambient conditions. This makes it energy-efficient and thus cost-effective carbon capture technology with estimated energy consumption below 0.60 kWh per ton CO 2 [START_REF] Yu | Natural gas hydrate resources and hydrate technologies: a review and analysis of the associated energy and global warming challenges[END_REF]. Although slow kinetics is still a problem, the thermodynamic requirements are much lower compared to NGH or hydrogen hydrates. Combining carbon capture and sequestration in a single process is a unique feature that favors HBCS over other carbon capture technologies. On the other hand, higher thermodynamic requirements are needed to maintain decent separation efficiency when the feed mixture has a lower CO 2 concentration. There are two possible solutions for that problem: (1) multistage HBCS and (2) hybrid hydrate CO 2 capture methods. The latter is more favored as it takes advantage of both HBCS and the conventional carbon capture method such as membrane or cryogenic separation to lower the energy requirements [START_REF] Feyzi | Hybrid Hydrate-Membrane Post-combustion CO2Capture: A Conceptual Process Design and Analyses[END_REF][START_REF] Surovtseva | Department of Chemical Engineering Clean Gas Technologies Australia CO 2 Separation by Cryogenic and Hydrate[END_REF][START_REF] Surovtseva | Design and operation of pilot plant for CO2 capture from IGCC flue gases by combined cryogenic and hydrate method[END_REF].

Safety and environment are priorities in the hydrogen storage process. In that aspect, hydrogen clathrate has a clear advantage over other physical and chemical storage methods. While storing hydrogen in solid clathrate is compact and needs relatively low storage pressure, storing hydrogen in reasonable amounts at its gaseous form needs a very large volume and/or high-pressure tanks which is a serious safety challenge. Moreover, it shows less CO 2 emission compared to other physical storage in both liquid and gas forms. Both economics studies show the net energy gain from hydrogen storage is competitive with chemical storage due to the less energy required to recover hydrogen [START_REF] Di Profio | Comparison of hydrogen hydrates with existing hydrogen storage technologies: Energetic and economic evaluations[END_REF]. On the other hand, hydrogen clathrate still faces many challenges. First and foremost, it needs very high thermodynamic requirements in terms of high pressure and low temperature. Such a challenge can be solved by blending hydrogen with natural gas to form "Hythane" in which hydrogen storage can be in a reasonable P-T range with multiple hydrogen cage occupancies [START_REF] Ahn | One-step formation of hydrogen clusters in clathrate hydrates stabilized via natural gas blending[END_REF]. However, further investigation is still needed to evaluate that approach especially in terms of kinetic studies and uncertainty of storage capacity.

As mentioned above for desalination, the use of wasted cold energy such as those of LNG Natural Gas Hydrogen CO 2 facilities can make hydrogen clathrates very competitive with the well-established hydrogen hydride or compressed hydrogen [START_REF] Shibata | Engineering investigation of hydrogen storage in the form of a clathrate hydrate: Conceptual designs of underground hydrate-storage silos[END_REF]. Currently, fuel cells and hydrogen hydride are the most common options for onboard hydrogen storage. While the first requires a low temperature as low as 200 K, the latter assumes a storage capacity of about 5.06 wt% hydrogen. These two conditions can be, at least theoretically, met by hydrogen clathrates [START_REF] Gupta | Hydrogen Clathrates: Next Generation Hydrogen Storage Materials[END_REF]. However, overall cost estimates for onboard hydrogen clathrate are still needed for better evaluation. One of the strong points of zeolitic ice technologies is their ability to be integrated with existing infrastructure and processes improving them toward greener energy transition. Having Chapter 2. Zeolitic Ice for Energy Transition: An Introduction already highlighted the role of gas hydrates for methane storage, CCS, and hydrogen storage above, one can suggest an integrated approach that can enhance the environmental feasibility of blue hydrogen production or hydrate-based blue hydrogen (HBBH). Natural gas (composed mainly of methane) is currently the primary source of hydrogen production through catalytic reactions. It is estimated that 75% of the globally produced methane is utilized for hydrogen production via processes such as steam reforming (SRM) [START_REF] Chen | Catalytic hydrogen production from methane: A review on recent progress and prospect[END_REF] or dry reforming (DRM) [5]. Currently, the state of art hydrogen production is "gray hydrogen" which comes from steam methane reforming (SMR). Green hydrogen which refers to the hydrogen produced from clean renewable energy sources still has not had enough supply or competitive cost compared to gray hydrogen despite the rapid decrease of renewables costs [START_REF] Oliveira | A green hydrogen economy for a renewable energy society[END_REF]. To overcome the problem of GHG emissions coming from gray hydrogen, an increasing number of researchers promoted the idea of "blue hydrogen" as shown in Figure 2.11. The relatively new concept adds CCS to the SMR process and used to be described zero or low GHG emission technology [START_REF] Van Renssen | The hydrogen solution?[END_REF]. A common gap in those 3 hydrogen production approaches (green,gray and blue), the three technologies lack a clear method for safe hydrogen storage. Such a gap is very important as it can be the bottleneck for the hydrogen economy. To illustrate, Dawood et al. proposed that, in addition to production and utilization, safety and
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Shale Gas Biogas Flue Gas Boil-off Gas storage are two important corners for hydrogen-based energy systems [START_REF] Dawood | Hydrogen production for energy: An overview[END_REF]. Although blue hydrogen technology is claimed to have a good balance between economic feasibility and GHG emissions, the steps of CO 2 capture and sequestration are two independent sub-processes. In addition, the storage is described to be in geological structures such as a saline aquifer with 800 m depth. However, a recent complete LCA by Howarth & Jacobson showed that blue hydrogen reduces carbon dioxide emission by only 9-12% less than gray hydrogen. The reason behind that is the lower amount of carbon dioxide emissions are compensated by fugitive methane emissions due to the use of natural gas to power for the carbon capture. For heating purposes, it has been found that the greenhouse gas footprint of blue hydrogen is 20% greater than natural 2.5. Conclusions 29 gas or coal [START_REF] Robert | How green is blue hydrogen?[END_REF]. A major part of those drawbacks can be avoided if hydrates are utilized for methane and CO 2 capture and sequestration in addition to hydrogen storage as shown in Figure 2.12. In principle, CO 2 storage can be used to recover natural gas with a double benefit of energy recovery and CCS. Resistant to contaminants, clathrate hydrates can be used to capture flue gas and fugitive methane emissions at a reasonable cost.

Finally, this review demonstrated the potential of HBT integration with existing processes for the efficient energy transition. Being flexible and implementable at a low cost, HBTs can facilitate large scale gas transportation and storage. Moreover, they can provide lower entrance barriers to utilize remote and discrete energy sources which are not feasible to transport through other gas transportation means as illustrated at Figure 2.13. In analogy to CCS, clathrate hydrates can be also used for methane and other GHGs capture and sequestration. Last but not least, they can be used to safely store hydrogen at a lower cost.

Conclusions

This review sheds light on increasing research interest for hydrate-based technologies (HBTs) in various fields related to energy transition and decarbonization. The main properties of hydrate (both clathrates and semi-clathrates) have been introduced to show their uniqueness and potential for industrial applications. First, we showed the advantages of NGH for methane storage and benchmarked them with existing technologies such as PLG, CNG, and LNG. NGH is suitable for medium-distance transportation, both small and large volume stationary methane storage, especially for long time storage. We concluded that NGH technology is very flexible and can be utilized in synergy with other existing methane storage technology which enables us to make use of the current infrastructure. Hydrates can also be an interesting opportunity for CCS with HBCS combining both carbon capture and sequestration in a single step. Moreover, that technique can be used for methane recovery as we showed in the CH 4 -CO 2 replacement process. Then, we introduced hydrogen clathrate as a compact, safe, and environmentally benign option with a great potential for static hydrogen storage. We have also shown the role of clathrate in the energy-water nexus with applications such as desalination. We also addressed the engineering and economic challenges that hinder the industrial application of HBTs. In our opinion, future research should focus on improving heat and mass transfer via reactor design, optimum selection and concentration of kinetic and thermodynamic hydrate promoters, and possible hybrid HBTs. Above all, detailed life-cycle economic studies will help evaluate those proposed solutions. Finally, we presented some conceptual examples of possible hydrate technology integration into the existing energy processes to enhance their performance. Presenting the current status of research, major challenges, and proposed solutions, we hope this review will attract scientists and enterprises' attention to that exciting field to reach the energy transition and low carbon economy. [194] R V Belosludov, R K Zhdanov, O S Subbotin, H Mizuseki, Yoshiyuki Kawazoe, and V R Belosludov. Theoretical study of hydrogen storage in binary hydrogen-methane clathrate hydrates. J. Renew. Sustain. Energ, 6:053132, 2014.

Chapter 3 Experimental Techniques and Simulation Methods

Be less curious about people and more curious about ideas.

-Marie Curie

Several kinetic studies and a variety of characterization techniques were used to characterize different competent of the system including hydrates, zeolites and metallic packing. In this chapter, we start with explaining the experimental procedure and hydrate kinetic calculations. Then, we introduce the different instrument methods with focus on those we used for gas hydrate analysis, including Raman, NMR, and PXRD techniques. Additionally, we also highlight the methods used for charaterizing zeolite promoters. Finally, the ab initio density functional theory calculations of different systems are highlighted.

Experimental Procedure and Calculations

Hydrate formation experiment

First, the reactor was filled with the solution until the desired level was achieved before it was sealed, and purged with nitrogen. Further, the reactor and related connections were purged with methane to ensure the removal of any contaminants. The system then is cooled down/heated to the target temperature. The system is left to equilibrate at the desired for one hour before it is pressurized with methane up to the desired pressure. During the reaction, pressure and temperature were monitored and recorded every 10 sec via a data acquisition system (DAQ). The induction time is defined as the period between this starting point and the formation of the first hydrate crystal. Here, we monitor the end of the induction period by a simultaneous sudden pressure drop that is usually accompanied by a temperature increase due to the exother- The number of moles of the gas consumed (∆n H↓ ) at any time t is equal to the difference between the number of moles of the gas (n H,0 ) at time =0 (i.e., the start of the experiment) and the number of moles of the gas present n H,t at any time t in the vessel as shown by Eq.(C.1):

∆n H↓ = n H 0 -n H t = PV zRT G 0 - PV zRT G t (3.1)
Subscript G 0 and G t represent the gas phase at the start of the experiment and time t, respectively. Here, P, T, and V are the pressure, temperature, and reactor volume, respectively. R is the universal gas constant, and z is the comprehensibility factor calculated by Pitzer's correction [1]. Normalized methane gas uptake is calculated by the following Eq.(C.2):

Normalized uptake = ∆n H↓ n H 2 O (3.2)
Finally, the volumetric capacity is calculated following Makagon method [2] where the volume
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of gas stored in a unit volume of gas hydrate:

Q H = V G δ × 10 3 M h (3.3)
Where the density of hydrate δ is calculated as per Sloan and Koh [3] and the molecular weight of hydrate M h is defined as:

M h = M + 18.02n (3.4)
Then, the volume of gas stored in a unit volume if hydrate at standard conditions is defined by the equation:

Q SC = Q H PT 0 ZP 0 T (3.5)

Hydrate dissociation experiment

To evaluate the methane uptake, the hydrates were dissociated by increasing the temperature at the end of all experiments to 310.2 K for at least 6 hours. The selection of that temperature ensures complete hydrate dissociation as it is beyond the equilibrium phase boundary. After 6 hours, the dissociation is deemed completed when the pressure is not changing for 1 h. During dissociation, the amount of methane released from hydrate at any time t is calculated by Eq.(C.6)

∆n H↑ = n H,↓ -n H,0 = PV zRT G,t - PV zRT G,0 (3.6) 
where n H,↓ is the moles of methane gas consumed for the hydrate formation at the end of the experiment. Finally, the methane recovery is calculated as in Eq.(C.7):

Recovery(%) = ∆n H↑ n H,↓ * 100 (3.7)

Characterization Techniques

As described in Chapter2, clathrate hydrates are non-stoichiometric crystalline compounds with different kinds of cages and different cage occupancy. In this thesis we focus our work on three commonly used instrument methods to characterize clathrate hydrates: X-ray diffraction (XRD), Nuclear mangnetic Resonance (NMR) and Raman Spectroscopy. While Raman and NMR can work better in detecting the guest molecules, XRD are performing well in characterizing the host lattice of water molecules.

Raman Spectroscopy

Raman spectroscopy is a category of scattering spectroscopy, which measures the changed frequency when light is scattered by molecules. Raman scattering is a series of frequencies of ν 0 ± ∆ν i that resulted from the collision of photons from incident light (i.e photons of energy hν 0 ) with the molecules of hydrate crystals. (∆ν i ) is the difference between the frequencies of scattered and incident light and it defines the Raman shift. This Raman shift -regardless to the frequency or the intensity of incident light-depends on its characteristic molecular vibration or rotation energy level. Moreover, it is also affected by the applied pressure, temperature and chemical environment for specific molecule which can be used for qualitative identification [4].

Raman scattering intensity for species be expressed as:

A i = I L σ i N i η (3.8)
Where A i , I L , σ i , N i , η are Raman active peak integrated area, intensity of Raman laser, Raman scattering cross section, number of scattered molecules i, and Raman instrumental efficiency.

When external factors (such as P-T conditions, and irradiance are constant) , then the Raman intensity is proportional to the total number of scattered molecules which can be used for quan-titative analysis [6].

Confocal laser Raman spectroscopy is commonly used for both qualitative and quantitative characterization of gas hydrates. To illustrate, the characteristic Raman peak can provide structural information of zeolitic ice : the different gas species and their host environments (small, middle, large or other cages) which reveal the hydrate structure as shown in A.8. The following figure shows C-H vibration peaks of methane molecule. Quantitatively, the calculated peak areas can estimate the number of guest molecules in different cages which can be then to obtain the "cage occupancy"; a key parameter for volumetric and gravimetric storage capacity of hydrates. Raman spectroscopy is excellent tool to understand hydrate formation and dissociation, gas replacement, effect of inhibitors and promoters effects, and structure changes [7].

Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) is a spectroscopic technique to observe local magnetic fields around atomic nuclei. Under a uniform magnetic field (B 0 ), spin nuclei such as 1 H and 13 C split into separate energy levels. When irradiated with electromagnetic waves at specific frequency, the spin nuclei will absorb energy. This frequency matches the energy level difference between two state. The resonance of different nuclei occur when the imposed magnetic field is maintained constant while gradually increasing the oscillator frequency gradually. Once the resonance of the nuclei occurs, NMR signals or "chemical shifts" are observed. Normally, the chemical shift refers to relative change in resonance frequency of a sample compared to a common reference material such tetramethaylsilane (TMS). The chemical shift (δ ) is calculated as:

δ = ν -ν re f ν spec × 10 6 (ppm) (3.9) 
where ν re f , and ν spec are the resonance frequency of standard reference compound, and instrument operating frequency, respectively. In general, the chemical shift is affected by factors such as molecular strucuture, electronegativety and chemical environment. This makes NMR ideal to be used in gas hydrates as it will give unique chemical shifts for different guest molecules [8]. More interestingly, the same guest molecules will give different chemical shifts when they are enclathrated at different cages or at gas phase. Such properties can be basis for NMR for qualitative analysis of zeoltic ice. Regarding quantitative analysis, it has been found that 13 C NMR signal intensity is directly proportional to the total number of corresponding guest molecules and thus can be used to determine cage occupancy. As hydrocarbons are the major components of most gas hydrates 13 C is most widely used for both characterization and quantitative analysis. The low resolution spectra due to chemical shift anisotropy of solid sample or inaccurate intensities due to relatively long relaxation time (compared to 1 H NMR) are overcome using special techniques such as magic angle rotation (MAS) or cross polarization [9,10]. 

X-ray Diffraction

X-ray is an electromagnetic wave with a typical wave length (λ ) in the range of 10 10 m of the same order as the crystal lattice. When this electromagnetic wave enter the crystal, the outer electron of crystal atoms are excited to high energy state. As the excited electrons are returning to their ground state, photons with λ of about 100000 fm are will be emitted. As each atom is considered as a new X-ray source, there will be a spatial interference due to the periodic arrangement of atom within the crystal. The overlapping of the scattered waves can enhance the intensity in some scattering directions and neutralize each other in others, resulting in diffraction. The diffraction degree is a characteristic of the size of the matter and thus when this size is on the order of radiation wavelength, the degree of diffraction reaches its maximum. Diffraction patterns of specific "Laue sports" are obtained when a 3D order lattice of a single crystal is irradiated. Crystal symmetry and unit cell paramters are then determined from the relative locations of Laue spots according to Bragg's law:

2d sin θ = n λ (3.10)
As zeolitic ice are crystalline solid compounds, XRD can be used to determine different hydrate structures. In particular, it can measure lattice parameters of different hydrate crystals, identify the guest species and calculate cage occupancy. The peak positions of certain hydrate XRD can identify the different crystal faces (the hlk coefficient) which shows the lattice parameter information. Thus, XRD is the most accurate technique to identify the hydrate structure type compared to other methods. For example, the position of Raman characteris-tic peaks of different hydrate structures or same guest are too close and some time difficult to be separated. Unlike the nondestructive nature of Raman spectroscopy, NMR application for qualitative analysis is more difficult because of sample preparation and transfer. Even with in situ NMR, the hydrate structure identification is achieved indirectly by considering the different chemical shifts for certain molecules which may be overlapped. Both single crystal X-ray diffraction (Single-crystal XRD) and powder X-ray diffraction (PXRD) are applied for gas clathrate characterization. Single-crystal XRD has the advantage high precision to directly obtain lattice parameter, hydrate structure and cage occupancy [11]. However, high quality single crystal hydrate are difficult to synthesize. Consequently, PXRD is more commonly used for both qualitative and quantitative analysis when combined with refinement methods such as Rietveld structural refinement [12].

Hydrate Characterization

Structure II clathrate crystal information was obtained by powder X-ray diffraction (PXRD) [13]. The measurement was carried out at atmospheric pressure and low temperature with a PANalytical X'Pert Pro ® diffractometer system using Cu-K α -radiation (λ = 1.5418 Å; 45 kV; 40 mA) in a continuous scan. The start position in 2θ was 10.0114 • , while the end position in 2θ was 39.7500 • . We used a step size in 2θ of 0.0170 • and a scan step time of 50.1650 s. First, the binary CH 4 -THF hydrates were synthesized in high-pressure reactor as described above using 5.56 mol% THF aqueous solution at the specified thermodynamic conditions. After the reaction is deemed complete, the unreacted gas is depressurized to the atmosphere followed by quick reactor cooling by liquid nitrogen. The hydrate sample was grounded by a mortar and pestle to prepare the uniform powder under liquid nitrogen to avoid sample dissociation. the obtained PXRD pattern is a typical sII pattern of space group Fd3m which is another indication of the presence of sII and absence of sI.

Similarly, solid-state 13 C MAS NMR spectra were obtained using a Bruker DRX400 spectrometer at a Larmor frequency of 100.6 MHz. Spectra were recorded at 250 K by placing the powdered hydrate samples in a 4 mm o.d. Zr-rotor that was loaded into a variable-temperature (VT) probe. All 13 C NMR spectra were recorded with magic angle spinning (MAS) between 2 and 4 kHz. Finally, Raman spectra of binary CH 4 -THF clathrate sample are obtained using an immersion Raman probe (InPhotonics ® ) connected to the laser spectrometer (Horiba LabRam Evol ® ) via optical fibers. For excitation, a green laser at 532 nm wavelength was used with a spectral coverage of 50-3500 cm -1 .

Zeolite Promoter Characterization

PANalytical X'Pert Pro ® diffractometer was used to obtain powder X-ray diffraction (PXRD) patterns. The diffractometer system used Cu-K α -radiation (λ = 1.5418 Å; 45 kV; 40 mA) in a continuous scan at 25 • C. The angle 2θ position was between 5.0114 • and 35 • while the step size in 2θ was 0.0170 • in a step time of 50.1650 s. The measured specimen had a length of 10 mm. (TESCAN) MIRA-LMH scanning electron microscope (SEM) equipped with an electron emission gun and operated at 20 kV was used to obtain the electron micrographs.The same scanning electron microscope model was used for energy-dispersive X-ray spectroscopy (EDX) measurements using to confirm the elemental analysis. Prior to the measurements, the samples were sputtered with platinum to improve their electrical conductivity. In addition, chemical composition of zeolites was confirmed using inductively coupled plasma-atomic emission spectroscopy (ICP-AES) on an OPTIMA 4300 DV (Perkin-Elmer). N 2 -adsorption was employed to get the surface area and the porous volume measurements were measured via BET surface area measurement (measurement according to Brunauer, Emmet, Teller) with ASTM D3663 for the surface area and ASTM D4365 for the porous volume. The adsorption measurements were performed on Micromeritics ASAP 2020 surface area analyzer after degassing all samples under vacuum at 300 • C overnight before measurement. ASAP 2020 analysis program has been used to obtain the isotherms. The t-plot based on the Harkins-Jura equation was used to obtain he external surface (S ext ), and the volume of micropores (V micro ). The mesoporous volume was estimated as the difference between the total and micropore volumes [14] as per Eq.(C.8)

V meso = V total -V micro (3.11)
For the data analysis, measurements were plotted with a Micromeritics Tristar 3000 analyzer. The total surface area was determined by N 2 sorption analysis according to ASTM D 4365 -95 (reapproved 2008). Volumes of micropores and mesopores were determined according to D4641-94 (reapproved 2006).

Computational Methods

Overview on Density Functional Theory

Density functional theory (DFT) is a phenomenally successful approach to finding solutions to the fundamental equation that describes the quantum behavior of atoms and molecules that have been described by the Schrödinger equation. There are two important definitions related to Schrödinger equation solution and DFT: the wave function and the ground state. The definition of wave function is quantum physics state that it is a mathematical description of the quantum state of a system. The ground state of a quantum system is its lowest-energy state; the energy of the ground state is known as the zero-point energy of the system. On the other hand, an excited state is any state with energy greater than the ground state. Schrödinger equation in its famous simple form is:

Ĥ ψ = E ψ (3.12)
In this equation the Ĥ is Hamiltonian operator and ψ is a set of solutions of the Hamiltonian. For each of these solutions ψ has an associated eigenvalue, E n , which is a real number that satisfies the eigenvalue equation [15]. Born-Oppenheimer Approximation stated that since the electrons are small and fast compared to nuclei then the dynamics of nuclei and electron can be separated or decouple into two wave functions as follows:

ψ({r i }, {R I }) = ψN({r i }, {R I }) * ψ({r i }, {R I }) (3.13)
For a fixed set of atomic positions, the focus of the calculation is to solve the ground state of the electrons. Where r i is the spatial coordinate of each i electron and R I is the spatial coordinate of each I nucleus. Based on the above, the Schrödinger equation can be expressed as follows:

Ĥ ψ(r 1 , r 2 , r 3 , . . . r N ) = E ψ(r 1 , r 2 , r 3 , . . . r N ) (3.14)
Where ψ is the electronic wave function, which is a function of each of the spatial coordinate r of each of the N electrons. Solving Schrödinger equation will enable the determination of the ground state of a collection of atoms. The following equation gives a closer look at the Hamiltonian component of Schrödinger equation.

h 2 2m N ∑ i=1 ∇ 2 i + N ∑ i=1 V (r i ) + N ∑ i=1 ∑ j<i U(r i , r j ) ψ = E ψ (3.15)
Where the L.H.S of the above equation expresses the kinetic energy, electron nucleus interaction and the electron-electron interactions. Still, to solve Schrödinger equation for simple molecule is computational challenge as it has many-electrons problem. To illustrate this problem, consider the water molecule which possesses 10 electrons only, the Schrödinger equation will become a 30-dimensional problem as we consider 3 spatial coordinates per electron position. Similarly, we can say carbon dioxide Schrödinger equation, which will be 66-dimensional problem and so on. The strength of the Density Functional Theory (DFT) comes from its capability to utilize the electron density n(r) which is a true observable -a physical quantity that can be measured by methods such as X-ray diffraction-that contains all information in wave function. This closely related quantity is the density of electrons at a particular position in the space since it can be written in terms of the individual electron wave functions as follows:

n(r) = 2 ∑ i ψ i * (r)ψ i (r) (3.16)
The summation goes over all the individual electron wave functions that are occupied by electrons, so the term inside the summation is the probability that an electron in individual wave function ψ i (r) is located at position r. The ground-state energy from Schrödinger's equation is a unique functional of the electron density. This is very important as it support the elaborate the concept discussed above. In fact, it is possible to solve the Schrödinger equation -or in other meaning find the ground state of atoms-by finding a function of three spatial variables, the electron density, rather than a function of 3N variables, the wave function. In addition, the second Hohenberg-Kohn theorem defines another important concept of the functional: The electron density that minimizes the energy of the overall functional is the true electron density corresponding to the full solution of the Schrödinger equation [16]. The next sections will provide more specific details for the atomic models and DFT calculations used in this thesis.

Zeolite-Hydrate and Amino Acids-Hydrate Cluster Models

We performed density functional theory (DFT) calculations [16] using the projected augmented wave (PAW) method and the standard pseudopotentials supplied by Quantum Espresso (QE) software [17]. The kinetic energy cutoff for plane wave expansion of wavefunctions and charge density were 55 and 440 Ry, respectively [18]. All structures were fully optimized using a force convergence threshold of at least 10 -4 Ry/a.u. and with a self-consistency convergence criterion of at least 1, ×10 -8 . The calculations have been carried out using the Monkhorst-Pack k-points grid of 2 × 2 × 2 in the reciprocal space. The DFT calculations for isolated cages and zeolite clusters were performed in a cubic simulation cell of volume 30 × 30 × 30 Å 3 . The 5 12 small cage was modeled with a 20-molecule water cluster. In these small (5 12 ) cages, 8 oxygen atoms are located in a perfect cube (O h ). An estimated distance of 3.91 Å separates those 8 oxygen atoms from the cage center. The remaining 12 oxygen are positioned at 3.95 Å from the cage center and transform according to the (T h ) subgroup of (O h ) [19]. The results agree with the average obtained from the X-ray structure of sII as well as the optimized crystal model [20,21]. Amino acids' interaction with the above hydrate cages was successfully monitored using DFT calculated as reported by Lee et al. [22]. A similar method was used to represent the zeolite promoters and their interaction with hydrate cages. In that method, we have used computationally affordable finite cluster models of zeolite crystals. Cluster models have extensively been employed to understand reactive and absorptive processes in various framework types of zeolites [23]. In particular, they have been successfully applied to understand zeolite acidity and water-zeolite interactions [24,25]. We performed here density functional theory (DFT) calculations [16] using projected augmented wave (PAW) psedopotentials with kinetic energy cutoff for wave function and charge density of 55 and 440 Ry, respectively [18]. A self consistency convergence criterion of at least 1 × 10 -8 was used and all structures were fully optimized using force convergence threshold of at least 10 -4 Ry/a.u. All calculations have been performed using 2 × 2 × 2 mesh except those for sII large unit cell where we used Γ point calculation only. Gas molecules such as H 2 , CH 4 and CO 2 are interacting with water frameworks by means of van der Waals forces and hydrogen bonding [3]. Moreover, it is not only the guest-host interaction but also the guestguest and host-host interactions that affect hydrate formation and stability [26,27]. Ab initio DFT calculations via Perdew-Burke-Ernzerhof generalized gradient approximation (GGA) functional [28] with revised exchange parametrization of Zhang and Yang (revPBE) has been applied self consistently [29]. pointed out that revPBE works very well for gas and THF hydrates and could accurately determine their mechanical and vibrational properties. They suggested that particularly revPBE provided a unique combination of accuracy and low computational cost, when compared to other XC functionals including those that take into account long-range van der Waals interactions [36]. On the other hand, Cao et al. [37] suggested that the improved nonlocal van der Waals density functional (vdw-DF2) with the inclusion of a long-range term of the correlation energy is necessary to account for intermolecular dispersion interactions [38]. Accounting for the importance of these forces, we have used both revPBE and vdW-DF2 as implemented in Quantum Espresso (QE) software [17], thus addressing the discrepancies in the literature sources. The thermodynamic stability and storage capacity of mixed (CH 4 -H 2 , CO 2 -H 2 ) sI clathrates was evaluated using the cohesive energy (E coh ) and binding energy (E b ).

Cohesive energy (E coh ) per water molecules is calculated as [39]:

E coh = E hydrate -(x.E H 2 + y.E gas + 46E H 2 O ) 46 
The binding energy (E b ) is calculated as [40,41]:

E b = E hydrate -[E H 2 + E residual ]
where E hydrate , E CO 2 , E gas , E H 2 O , E residual are the energies of hydrate, hydrogen , gas (CO 2 or CH 4 ) , water and the hydrate with one hydrogen molecule less.The minimum energy paths (MEP) between two minima were identified using NEB and CI-NEB methods with convergence criterion (< 0.05 eV/Å). Transition state structures were confirmed by presence of only one imaginary frequency along the reaction coordinate. -Ahmed Zewail

Clathrate hydrates are emerging as a novel storage medium for safe and compact methane storage 1 . However, their industrial-scale applicability is hindered by relatively lower gas uptake and sluggish formation kinetics. In this study, we have employed zeolites with acidic (H-Y, FAU-type) and basic (Na-X, FAU-type) surface properties as kinetic hydrate promoters (KHPs).

The impact of physical parameters as pressure and the gas-to-liquid ratio has also been studied.

In a combined experimental and computational study, we assessed the performance of the two types of zeolites in different concentrations and pressures for binary CH 4 -THF clathrate hydrate synthesis in a non-stirred configuration. The kinetic study results showed that the acidic zeolite (H-Y) exhibited superior performance over the basic one (Na-X), reaching its optimum at 0.5 wt% zeolite, which agreed well with the DFT calculations. open the door for a better understanding of the role of acidic zeolites as possible environmental benign KHPs that can help the utilization of water as a medium for green energy storage and transportation 1 .

Introduction

The international direction toward cleaner energy resources and the increasing world population have created a strong demand for natural gas as energy source and feed for the petrochemical industry. Moreover, the natural gas is considered a "transition fuel" with cleaner-burning that represents a good compromise between conventional fossil fuels such as coal and oil. Thus there is an increasing demand for safe and long-term methane storage technology [1,2]. There are several methods and technologies to store natural gas, and each has its advantages and disadvantages. Apart from storing natural gas in underground inventories, the main natural gas storage and transportation technologies are CNG (compressed natural gas), LNG (liquified natural gas), ANG (adsorbed natural gas), and SNG (solidified natural gas). SNG is a new technology for safe, eco-friendly, reversible, compact, and economic methane storage that can be suitable for both large reservoirs and discrete, small, inaccessible, or remote gas resources [3][4][5][6][7].

Despite these advantages, the applications of hydrate-based technology on an industrial scale are limited due to the slow kinetics, poor heat transfer, gas diffusion limitation, lower storage capacity in the presence of promoter, and scale-up challenges. Promoters are additives added to either catalyze the kinetics of hydrate formation (kinetic hydrate promoter or KHP)

or reduce the P-T requirements (thermodynamic hydrate promoter or THP). Understanding the kinetic model of hydrate formation is essential for developing potential applications of hydrates [8]. However, it is challenging to model the kinetics as it combines a chemical reaction with phase transition. Above all, it is crucial to increase the rate of gas hydrate formation for feasible gas storage and separation process. The crystallization process can be divided into two main steps: nucleation and growth. In the first step, a crystalline phase appears gradually directly from the liquid state (homogeneous nucleation) or occurs at nucleation sites of foreign particles or surfaces (heterogeneous nucleation) [9]. This step is usually slow, distinguished by its stochastic nature [10]. After adsorption of guest molecules in the liquid phase, it is enclathrated within the hydrate precursors, and nucleation then can be detected from the simultaneous rapid pressure decrease and temperature increase due to the exothermic reaction. The time elapsed until the appearance of a detectable volume of hydrate phase or, equivalently, until the consumption of a detectable number of gas molecules is known as induction time (or lag time) [11]. In the second step, the crystal growth is distinguished by a rapid increase in the particle size up to the full crystalline form. This step is immediate, and the gas is more concentrated in the hydrate cages than those in the vapor [12]. Well-control of growth step enhances the gas diffusion that may be hindered by'hydrate film' formation at the liquid-gas interface [5,13].

To solve the problem of slow kinetics, KHP is added to enhance the rate of hydrate formation without influencing thermodynamics. In other words, the hydrate structure, as well as the P-T conditions of hydrate formation, are not affected. This kind of promoters is predominated by surfactants with all its classes (anionic, cationic and non-ionic) [14]. The most common example of those surfactants is the anionic surfactant sodium dodecyl sulfate (SDS) which has extensively been studied [15][16][17]. In a concentration close to or above its critical micelle concentration (CMC), it is observed that SDS increased the hydrate formation rate significantly compared to other surfactants [18]. The surfactant micelles increase methane solubility and thus initiating the nucleation [17]. Moreover, Zhang et al. explained that SDS increases the hydrate particles' surface area and the gas-liquid interfacial area while reducing surface tension [19]. Increasing the carbon chain length of sodium alkyl sulfates does not change the kinetics of the reaction, but requires much less surfactant concentration [20,21]. However, the hydrate-based process suffers from foam formation, especially during gas recovery (hydrate dissociation) in pilot-scale laboratory experiments [22][23][24]. Adding this disadvantage to the environmental concerns of surfactant separation or degradation, makes the use them not very attractive for a large industrial scale application. To overcome those drawbacks, other KHPs are suggested, such as porous materials.

Porous materials such as carbon forms (such as activated carbon and carbon nanotubes)

and silica in different shapes (silica gel, silica sand, hollow silica, and nano-silica), zeolites, and even MOFs were used to promote hydrate formation [25,26]. In general, these materials can be utilized in two different ways: (1) in low concentrations as nucleation sites for heterogeneous nucleation to reduce the induction time [27] and (2) as host for hydrate using the confinement effect to enable mild hydrate formation conditions [28]. Each of these two uses has its advantages and disadvantages. The use of porous materials as nucleation sites is relatively cheaper, easier to handle [29], and has higher overall gravimetric storage. However, it may suffer from slower kinetics and relatively higher thermodynamic requirements. On the other hand, the use of porous materials as a confinement medium has been proved to reduce the driving force and increase the water-to-hydrate conversion [30]. However, the high mass of porous material and complicated packing (or pelletizing) process results in a storage capacity loss [31].

Recently, pelletizing natural has been considered as a promising option for SNG transportation in many pilot plants. While they provide more flexiblibilty to transfer different quantities of solid hydrates, they add capital cost overhead due to the associated energy consumption, gas recycling and pellet dewatering processes [5].

The use of porous material as nucleation sites at low concentrations is the main focus of this article. In this approach, the porous material increases the surface area by adding another interface (or surface) that facilitates gas diffusion and crystallization [32]. Although most relevant studies showed that porous material improved the kinetic performance [33][34][35][36][37][38] , SDS is still added to get acceptable results when the conditions tested were near ambient conditions [39].

Despite their practical advantages, such as stability, large surface area, tunable acidity, and low cost, few studies investigated the use of zeolites for that purpose. For example, Xiaoya et al. has tested for zeolite 3A for CH 4 -THF hydrate formation and concluded that it enhanced the formation rate [40]. In 2009, the same group studied the gas storage in LTA-type zeolite (3A and 5A) in the presence and absence of SDS. They concluded that the promotion effect on hydrate formation of 3A zeolite was much more obvious than that of 5A zeolite when both zeolites are used at concentrations of 0.033 and 0.067 wt% [41]. However, the authors had to add also 0.067 wt% SDS to the initial mixture to get satisfactory kinetic performance and gas uptake. Kim et al. showed zeolite 13X (FAU-type) at 0.01 wt% concentration showed higher gas consumption than SDS and LTA-type zeolites, making it the most promising zeolite as KHP. The author attributed that to the small particle size and large pore diameter of 13X compared to the other zeolites studied [42]. The advantage of using the above porous materials is that they are cheap, used in low concentration, can be easily separated, and above all, they are environmentally friendly. However, a significant kinetic and gas uptake performance drop upon increasing the zeolite concentration above 0.01 wt% was observed, which remained unexplained. Other zeolites such as RHO [43], SSZ-13 [26] were also studied in the confinement approach as described above, but the methane hydrate kinetic data were not reported.

In contrast with KHP, which does not intervene with thermodynamic conditions, THP shifts the hydrate formation equilibrium condition to milder P-T, lowering the energy requirements.

Depending on the promoter, the hydrate nature may vary, but sII or sH structure types are usually obtained. The most common structure II hydrate promoter is tetrahydrofuran (THF), which is a hydrate former by itself [44]. THF is also reported to improve the kinetics either as standalone or with SDS [45][46][47][48]. Other sII formers such as cyclopentane [49], dioxlane [50], acetone [51], and others were reported in the literature [52] but showed lower performance than THF. A more comprehensive review of various promoters studies (KHP and THP) can be found in the literature [14]. The main drawback of using THP is the reduction in methane uptake compared to sI. The main reason behind that decrease is that those promoters occupy the sII or sH large cages while stabilizing the structure. However, the reduction of formation conditions closer to ambient temperatures can significantly offset that storage capacity reduction. For example, it is estimated that compression cost is approximately 70-80% of the total cost of methane hydrate [54]. Finally, we have chosen to do experiments in a non-stirring tank reactor which proved to have a higher yield while removing the additional cost of agitation. In fact, as the slurry becomes thicker, mechanical power/energy consumption will not be economical [55]. Thus, the non-stirring approach will make it easy to adopt this technology for large-scale gas storage systems [56].

The primary objective of this study was to assess the performance of environmentally benign acidic (H-Y)and basic (Na-X) zeolites, , in concentrations up to 0.5 wt%, in binary methane-THF hydrate formation. Another important objective of this study was evaluating the effects of gas-to-liquid ratio and pressure on methane hydrate at a high temperature (283.2 K).

Moreover, we explored the effect of hydrophobicity, extra framework cation, and acidity of zeolites on their role as kinetic hydrate promoters. To the best of our knowledge, the latter two properties have not been explored in previous studies in that specific area. Finally, we used ab initio DFT calculation to examine the effect of the extraframework cation on hydrate formation. 

Experimental Section

Characterization Methods

The zeolite powders were characterized using powder X-ray diffraction (PXRD), scanning electron microscope (SEM), inductively coupled-atomic plasma emission spectroscopy (ICP-AES), scanning electron microscopy (SEM) equipped with energy dispersive X-ray (EDX), N 2 -adsorption, and IR spectroscopy. The synthesized binary CH 4 -THF hydrate was characterized with PXRD and Raman spectroscopy. Methods, procedures, calculations, and equipment are detailed in the supporting information.

Hydrate formation experiment

The reactor was filled with the required level of solution and sealed. Then, it was purged three times with N 2 and then with methane to ensure air removal from the system. After reaching the target 283.2 K temperature, ( the target pressure was achieved; their values were recorded every 10 sec with the DAQ system. The time period between this starting point and the formation of the first hydrate crystal is referred to as induction time. The induction time was determined by a simultaneous pressure drop and temperature increase due to the exothermic nature of the hydrate formation. As the reaction continues, the pressure drops further, and the hydrate formation process is considered complete when there is no further drop for 1 h. All experiment were conducted at least 3 time and average results are reported. The number of moles of the gas consumed at any time t (∆n H↓ ) is equal to the difference between the number of moles of the gas n H,0 at time =0 (i.e. the start of the experiment) and the number of moles of the gas present n H,t at any time t in the vessel as shown by Eq.(C.1):

∆n H↓ = n H 0 -n H t = PV zRT G 0 - PV zRT G t (4.1)
Subscript G 0 and G t represent the gas phase at the start of the experiment and time t, respectively. Here, P, T, and V are the pressure, temperature, and reactor volume, respectively. R is the universal gas constant, and z is the comprehensibility factor calculated by Pitzer's correction [57].

Chapter 4. Revealing Zeolites Active Sites Role as Kinetic Hydrate Promoters: Combined Computational and Experimental Study Normalized methane gas uptake is calculated by the following Eq.(C.2):

Normalized uptake = ∆n H↓ n H 2 O (4.2)
Water-to-hydrate conversion, methane gas conversion as well as methane recovery percentage calculations are detailed in supporting information.

Computational Methods

We performed density functional theory (DFT) calculations [58] using the projected augmented wave (PAW) method and the standard pseudopotentials supplied by Quantum Espresso (QE) software [59][60][61]. Full description of the hydrate-zeolites systems as well as calculation details are shown in supporting information. For hydrate characterization, we first confirmed sII formation using PXRD analysis. In addition, Raman spectroscopic measurements on the synthesized binary hydrate were performed. Spectroscopic data revealed methane occupancy in 5 12 small cages of sII as a sharp peak at ∼ 2911.1 cm -1 . Detailed zeolite promoter and hydrate characterization results are provided in supporting information.

Results and discussion

Effect of Reactor Level and Pressure

It is well-known that the hydrates tend to nucleate in the gas-water interface and then grow into the water bulk phase. The first set of experiments was performed with the aim to determine the effect of liquid/gas level on the gas uptake and conversion at 6 MPa and 283.22 K.

During that process, the volume expansion due to hydrate growth causes the formation of a thin hydrate layer. It consumes the excess gas via diffusive transport [62]. Previous experimental observations showed that the molar liquid water-gas ratio significantly affects methane hydrates' nucleation and growth [63]. Recently, Burla and Pinnelli dedicated their study to investigate the effect liquid water-gas ratio on hydrate kinetics and storage capacity. They found that gas uptake gradually increases with the solution volume and then falls after an optimum threshold point [64]. Therefore, we systematically increased the level of THF aqueous solution without the use of any promoter to obtain the optimum uptake. As shown in Figure 4.1, the normalized methane gas uptake initially increased with increasing the THF solution level.

After reaching an optimum level of about 53%, the amount of gas uptake decreased significantly with the increasing solution level. Similarly, the conversion followed the same trend and reached its optimum (≈ 90%) at a liquid level slightly above half. Such a high conversion is important from a technical and economic point of view as it reduces the energy need to recycle that unconverted excess gas. Thus, if well-optimized, such a slight positive pressure of 2-4 bar can be used as a gas preservation blanket above the hydrate for long-term storage without further processing. The above results can be explained as follow. Initially, when there is excess gas, the rapid growth consumes the gas dissolved. Then, as the volume increases, the diffusive transport increases until a certain optimum level at which the gas uptake reaches its maximum. After that, the gas consumption decreases gradually with further solution increase.

On the other hand, when there is excess THF aqueous solution, the less uptake is due to the less initial gas volume, and thus the overall gas uptake drops. Based on that, it is important to fill the reactors slightly above half of their volumetric capacity to gain the highest possible uptake, which agrees well with previous experimental observations [65,66]. In order to increase the gas uptake and conversion, we examined two approaches: (1) introducing higher pressure (i.e., higher driving force) and (2) using a zeolite as KHP. in situ Raman showed that it had been observed that increasing the pressure would result in increasing the small cage occupancy in CH 4 -THF binary hydrates [67,68].Accordingly, we conducted experiments at pressures of 6, 7 and 8 MPa at the same temperature (283.2 K). These conditions are selected to reach the phase boundary conditions for CH 4 -THF sII.

As we used the same concentration of THF, we expect no change of system equilibrium due to THF composition variation and the only effect came from pressure variation as agreed in literature [39]. Figure A.10 reports the gas uptake and conversion for blank THF aqueous solution at different pressures. One can observe that the increase in gas uptake is insignificant when the pressure increases from 6 to 7 MPa. On the contrary, increasing the pressure from 7 to 8 MPa resulted in a slight decline in gas uptake. Noteworthy, the gradual decrease of pressure from 8 to 6 MPa resulted in a significant increase in the gas conversion. The gas conversion increased from 59% to 90% when the pressure decreased from 8 MPa to 6 MPa. Thus, despite the decrease in induction time, as shown in Table A.4 and Figure A.12 , trying to populate the small cages of (5 12 ) with methane molecules by increasing the pressure did not result in the expected increase of final gas uptake or conversion as reported Figure 4.2.

These results indicate that increasing the pressure shorted the reaction time and did not allow methane molecules to diffuse to the majority of bulk THF solution that remained inaccessible for hydrate conversion. Hence, we employed the zeolites as KHPs at different pressures to get the appropriate trade-off between slow kinetics and gas uptake. 

Influence of Zeolite Kinetic Promoters

To study the kinetic performance, zeolite Na-X has been initially tested at various concentrations and pressure. Generally, the presence of Na-X zeolite increased the induction time and t 90 compared to blank THF. For example, after adding 0.225 wt% to the THF aquous solution the induction time of hydrate formation at 8 MPa from 7.3 min to 17 min. For instance, using a concentration as low as 0.01 wt% of Na-X to test the hydrate formation at 7 MPa increased the induction time from 19.3 min to 47.3 min while the t 90 increased by 47%. Such an increase is also associated with less conversion and gas uptake. This reduction trend in gas uptake, and conversion persists at 6 MPa despite the reduction of t 90 as shown in Table A.4 and Table 4.1.

Increasing the concentration of Na-X zeolite from 0.01 to 0.5% w/v at 7 MPa and 283.2 K, the kinetic performance and gas uptake has been significantly reduced (Figure A.11). Those reductions in gas uptake agree with Kim et al. [42] for sI methane hydrate when Na-X promoter concentration increased slightly above 0.01 wt%. A possible reason for such a behavior could be the presence of sodium as an extra framework cation. It is well-known that hard cations such as sodium strongly bind to water molecules breaking the intermolecular hydrogen bonds and thus causing the intrinsic water network to collapse [69]. This observation agrees with the experimental studies showing that Na-X act as hydrate inhibitors even at low concentrations [70].

In addition to the sodium cation, the relatively lower Si/Al ratio resulted in a more hydrophilic nature and electrostatic structure that can reduce the water activity coefficient [11] and thus ultimately cause thermodynamic inhibition of hydrate formation. Consequently, the inhibiting effect is expected to increase with increasing the zeolite concentration.

To verify such an assumption, we have explored the acidic form of zeolite Y for hydrate formation in different concentrations and pressures, as shown in Table 4.1. At 8 MPa, an obvious increase in the gas uptake and water-to-hydrate conversion compared to the blank THF aqueous solution at the same pressure is observed. The raise of zeolite concentration from 0.01 wt% to 0.5 wt% results in a high gas uptake and methane conversion; despite a minor decrease in induction time. The slight increase in t 90 is probably due to the additional time for higher gas uptake.

After decreasing the pressure to 7 MPa, we observed a significant reduction in the induction time and t 90 . However, there was no significant effect on the gas uptake or hydrate conversion relative to 8 MPa. At 6 MP, the optimum methane gas conversion of ≈ 94.25% along with high gas uptake could be achieved. Unlike Na-X zeolite, the increasing H-Y concentration at both 6 MPa and 8 MPa did not affect the relatively high conversion and gas uptake that was either maintained or even increased. The increase of storage capacity could be attributed to the removal of sodium cations from Y-54 zeolite and its acidity and higher hydrophobicity. It
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has been shown that the presence of acidic additives, such as perchloric acid (HClO 4 ), modify the THF sII hydrates flexibility [71] by increasing gas insertion and improving the gas diffusion coefficient [72]. Thus, zeolites can be an excellent alternative to such extremely corrosive additives from environmental, safety, and economic points of view. Moreover, the adsorption involves specific interaction between the water molecule and the hydrophilic centers in zeolite, which can be either a silanol group or a cation associated with the tetrahedrally coordinated aluminum [73]. Nguyen In addition to the high gas uptake and conversion, the induction time and t 90 have been reduced

significantly by 35% and 31% compared to blank THF aqueous solution,respectively. Similar concentrations of both zeolites were used for direct comparison at two different pressures. In all cases, H-Y outperforms Na-X kinetics at all pressures and concentrations, as shown in Fig-

ure 5.3.
For example, at 7 MPa and a concentration of 0.255 wt%, the acidic zeolite increased gas uptake by about 30% compared to Na-X. Similarly, at 6 MPa and 0.5% w/v, the induction time is reduced 3 times in the case of H-Y compared to Na-X. In fact, Na-X showed a rather inhibiting effect at such a relatively high concentration, and the t 90 has been reduced. The latter observation can be explained by the less gas uptake and conversion, which required less reaction time. Moreover, the positive effect of H-Y zeolite on the gas uptake could outperform SDS reported in the literature [65] at same or even lower concentrations and pressures as shown in To shed light on the molecular level reactions leading to these results, we have utilized DFT calculations. Recently, ab initio DFT calculations have been commonly used to determine the promoting or inhibiting effect of different additives on hydrate formation [74]. In this study, DFT was employed to analyze zeolite-hydrate systems in terms of 5 12 hydrate cage energies and geometrical changes upon their interaction with finite zeolite clusters. In addition, the energetic of host-guest cage system was calculated in the presence or absence of the zeolite KHPs. The optimized geometry of CH 4 @5 12 cage is shown in Figure A.2. The host-guest interactions are a key property that characterizes the clathrate stability [75] and can be assessed through interaction energy (∆E HG ). This energy can be defined as follow:

∆E HG = E(CH 4 @5 12 ) -[E(CH 4 ) + E(5 12 )] (4.3) 
where E(CH 4 @5 12 ), E(CH 4 ), and E(5 12 ) are the energies of CH 4 @5 12 , methane molecule and the 5 12 empty cage, respectively. Weak interactions such as H-bonding van der Waals forces dominate the hydrate and zeolite systems interaction.

Thus, we initially calculated the interaction energy of methane with small cage with revPBE and vdW-DF2 levels of theory. The values were +2.03 and -27.78 kJ/mol for revPBE and vdW-DF2 levels, respectively. Notably, while revPBE failed to accurately determine the host- guest interactions, the small difference between the value obtained from vdW-DF2 and the previously reported value of -32.55 kJ/mol at the highly accurate MP2/6-311++G(d,p) level [75] emphasized the quality of vdW-DF2 level in describing the host-guest interaction, and thus we had used it for all calculations. The optimized zeolite-cage structures are shown in Figure 4.4. Two types of interaction energies can be defined. The first one assesses the degree of zeolite-clathrate interactions (∆E Z-C ) and is defined as follow:

∆E Z-C = E(Z-CH 4 @5 12 ) -[E(Z) + E(CH 4 @5 12 )] (4.4) 
where ∆E Z-C and E(Z) are the energy of the optimized Z-CH 4 @5 12 structure and isolated zeolite cluster, respectively. In this case, the more negative interaction energy between a host water molecule and the additive molecule indicates more attractive interaction or inhibitory effect [76]. The second type considers the effect of promoter host-guest interactions as calculated from (∆E HG ) and eq (4.

3) to get insights into the relative stability of hydrate cages in the presence and absence of zeolite promoters. This is achieved by taking into account the new arrangement of CH 4 @5 12 upon interaction with zeolite. For that, single-point potential energy calculations were performed over different filled cages of CH 4 @5 12 using their coordinates obtained from the optimized Z-CH 4 @5 12 systems. +15.44 kJ/mol, respectively. The higher value in the case of Na-X showed that the hydrate cage structure is destabilized. In summary, the interaction of zeolite with clathrate cage determines their function as heterogeneous nucleation sites and thus as KHPs.

The zeolite efficiency as KHP is highly affected by the (1) presence of extra framework cations, (2) zeolite hydrophobicity, and (3) acidity. The effect of H-Y zeolite particles as nucleation sites that enhance heterogeneous nucleation prevailed as the hydrophobic acidic zeolite helped the water surrounding molecules to arrange for hydrate formation and promoted further cage growth. On the other hand, the Na-X zeolite strongly binds to the clathrate cage and disturbs the hydrate growth due to sodium cation and higher hydrophilicity. Moreover, increasing the concentration Na-X zeolite makes their electrostatic interaction that restricts water molecule orientation prevails over their promoting role as a nucleation site and results in both delay in induction time and reduction of gas uptake.

Conclusions

The aim presented study is to provide a fundamental understanding of the role of zeolite as a kinetic hydrate promoter for hydrate formation at different pressures from both molecular and macroscopic levels. To achieve that, we have used combined experimental and computational techniques to compare the performance of two zeolites of FAU-type typology: Na-X and H-Y.

The effect of liquid-to-gas ratio and initial pressure on CH 4 -THF hydrate formation at 283.2 K was studied. The set of results showed that the maximum conversion and gas uptake can be achieved at 53% liquid level and 6 MPa in a non-stirred tank reactor. While increasing the pressure could reduce the induction time, the gas uptake was not significantly improved, and the gas conversion was reduced. Similarly, we have found that the conversion and gas uptake is maximized at the optimum THF aqueous level at a certain pressure. Below that level, the rapid formation of thin hydrate shell hinder the excess gas diffusion and reduce the normalized gas uptake. Similarly, going above that level will also reduce the normalized gas uptake due to the excess solution and reduced initial gas volume. In the present study we have also revealed the effect of zeolite extra framework cation and surface acidity on their performance as KHPs. Our results show that increasing the Na-X concentration above 0.01 wt% has negatively affected the kinetic and reduced gas uptake and conversion. The DFT calculations showed that the sodium cation and higher hydrophilicity in Na-X zeolite destabilize the hydrate cage and thus negatively impact hydrates formation. On the other hand, the acidic and more hydrophobic H-Y showed excellent performance as KHPs. A gas uptake of 54 mmol gas/mol H 2 O, methane gas conversion of 94.25%, and recovery as high as 96.59% could be achieved using 0.5 wt% H-Y at 6 MPa. Such results show the promising perspective to use zeolites as KHPs and shed light on the hydrate nucleation mechanism.

Chapter 5

Toward Economic Seawater-based Methane Hydrate Formation at Ambient Temperature :

A Combined Experimental and

Computational Study

La mer est un espace de rigueur et de liberté.

-Victor Hugo

Clathrate hydrates are emerging as a novel storage medium for safe and compact methane storage 1 . However, their industrial-scale applicability is hindered by sluggish formation kinet- Moreover, the aliphatic amino acid L-valine showed better kinetic promotion performance for hydrate formation in natural and artificial seawater than the aromatic amino acid L-tryptophan.

The optimization of the experimental condition allowed a controlled hydrate growth boosting the gas uptake to 40 mmol gas/mol water, which is the highest reported under mild conditions using seawater. In addition, the induction time is reduced to less than 10 minutes, and a methane recovery of 97% is reached without any foaming signs. Thus, this study demonstrates the possibility of controlling the stochastic nature of nucleation and hydrate growth by properly manipulating the reaction system. Our results provide a better understanding of hydrate nucleation enhancement under realistic conditions and open the door for a possible application of these environmentally benign kinetic hydrate promoters (KHPs) for synthetic natural gas (SGH) on a continuous process and industrial scale.

Introduction

Global energy demand rapid increase and movement toward less carbon emission has emphasized the role of natural gas as a transitional and clean fossil fuel toward decarbonization [1][2][3][4].

Recent disturbances in the natural supply chain due to the pandemic and geopolitical developments highlighted the need for economic long-term methane storage [5,6]. Currently, the state-of-the-art technology of LNG (liquified natural gas) is limited by short-time storage due to the expensive cooling cost, and the need for large reserves as well as long-term contracts [7][8][9]. To overcome the above challenges, 'zeolitic ice' or synthetic gas hydrate (SGH) that allows methane storage in a stable, recoverable, compact, and safe solid are considered [10,11].

Moreover, they enable the use of stranded and discrete gas resources such as flue and shale gases. However, the application of such promising material is hindered by slow kinetics and high formation condition economics [12,13]. Desalination costs combined with the energyintensive hydrate formation cooling requirement and agitation impose a high capital overhead on SGH technology [14,15]. The above challenges could be faced by using accessible seawater instead of deionized water. However, the presence of salts such as sodium chloride and high temperature can impose a double inhibitory effect on hydrate synthesis [9].

Among different reactor configurations used to study methane hydrate formation, the stirring and unstirred reactor configurations were the most common ones. Stirred reactors were used to overcome mass transfer limitations and consequently enhance methane hydrate formation by continuously disturbing the gas-liquid interface where nucleation predominantly occurs [16]. In general, this results in a relatively shorter induction time. For example, Pahlavanzadeh et al investigated methane hydrate formation in the stirred reactor in presence of nanofluids at 275.15 K and 5 MPa. The induction time was about 15-50 mins while gas uptake did not exceed 0.06 mol gas/mol water [17]. However, most of the research studies in stirred reactors employed a bottom-mounted stirrer (usually a magnetic stirrer). Hydrate clusters tend to float up in such an arrangement, forming a thin layer that separates the gas from bulk water. This typical mass transfer causes a quick drop in gas uptake shortly after nucleation. Thus, for example, Linga et al. found that fixed bed silica sand performed better than the stirred reactor [18]. Recent studies such as Gootam et al showed that a top-mounted stirrer can improve the rate constant due to more efficient mixing [19]. However, scale-up studies that involved both heat and mass transfer analysis showed that the stirred-reactor configuration is not favorable for any significant economic scale-up [20]. This conclusion can be explained by the lower hydrate mass in water (≤ 5 wt%), agitation energy cost as the slurry thickens, and post-processing cost of filtration and packing [21]. On the other hand, unstirred and packed bed reactors showed better gas uptake and hydrate yield than the other reactor designs, including stirred reactor configuration [22,23].

Recently, a huge experimental effort has been directed to enhance methane hydrate kinetics from natural or simulated seawater (2.7-3.5 wt% NaCl) in non-stirred reactors [24,25].

To accelerate the hydrate formation rate in such inhibitory medium, kinetic promoters such as sodium dodecyl sulfate (SDS) and amino acids were used. For instance, Veluswamy et al. under similar thermodynamic conditions. They observed "cobweb-like" hydrate formation with no significant drop in storage capacity at 283.2 K and 5 MPa in presence of salt. However, the authors stressed the need for higher driving forces and identifying better promoters and reactors to enable the saline solutions to have reasonable gas uptakes comparable to non-saline ones [27].

Although the above efforts were useful to understand hydrates of saline solutions, they are still far from economic feasibility due to the low formation temperature. At higher temperatures, SDS (sodium dodecyl sulfate) is commonly used to improve the extremely slow kinetics.

In that case, the presence of SDS may be also accompanied by higher pressure (driving force)

or associated with other kinetic promoters, or both. For example, Nesterov and Reshetnikov examined pure methane hydrate formation from saline water (3 wt%) in presence of 0.1 wt% SDS at 275 K. They found that SDS micelles did not form even if the pressure increased from 8 to 16 MPa [28]. Moreover, Inkong et al. tested co-promoters of SDS and amino acids for binary CH 4 -THF sII hydrates from a saline solution of 3.5 wt% NaCl at 8 MPa and 288 K. Despite the reduced induction time and increased hydrate formation rate in presence of SDS, it resulted in 50% reduction of methane uptake and hydrate yield compared to stand-alone amino acids [25,29]. Thus, the effect of SDS addition to saline water is the same in both sI and sII hydrate studies. In addition to the above adverse effects of SDS as kinetic hydrate promoter (KHP), it has been found that it is not practical for any practical scale-up application due to severe foam formation even at low concentrations [30]. Thus, there is a need to explore other KHPs that can avoid those drawbacks.

Some experimental studies have also investigated hydrate formation from seawater to approach more realistic conditions. For example, Kumar et lower uptake in the case of natural seawater than an artificial one [26]. In another study, the same group investigated the effect of leucine and tryptophan for sII hydrate formation from both natural and artificial seawater and found that leucine resulted in higher gas uptake than tryptophan while natural seawater (2.72 wt% salinity) outperformed artificial one (3.0 wt%) in terms of total methane uptake and reaction rate [32].

In addition to amino acids, porous material that can act as nucleation sites that accelerate the nucleation process was employed as KHPs [33][34][35][36][37][38][39][40][41]. Among porous materials, zeolites are green materials with low cost, large surface area, tunable acidity and hydrophobicity, and above all high stability in aqueous medium [42,43]. The above properties of zeolites can significantly affect the kinetics of hydrate formation [44,45]. For example, the zeolite hydrophobicity and acidity can be tuned by changing Si/Al ratio , synthesis conditions or healing the defect sites [46,47]. Moreover, zeolites are stable in aqueous medium compared to the most common MOFs which suffer from structural deformation with their metal-coordinated linkers replaced by water molecules [48]. In spite of the advantages mentioned above, only a few studies investigated their performance as KHPs with zeolite Na-X (FAU-type) were reported as the best performing zeolite compared to different ion-exchange forms (3A and 5A) of zeolite A (LTAtype). In all above cases SDS was added to the porous material to get satisfactory condition especially when the temperature increased close to ambient [49][50][51][52]. Recently, Omran et al.

revealed that acidic zeolite (H-Y, FAU-type) exhibited superior KHP performance over the basic one 13X (Na-X, FAU-type) for at relatively mild pressure (6 MP) without the need for SDS [45]. While there are many studies that investigated saline-based hydrate formation at elevated pressures and lower temperatures [22], it has been rarely studied at ambient temperature. Bhattacharjee et al. studied the formation of methane-THF hydrates at ambient temperature (298.2 K) and moderate pressure (9.5 MPa) in presence of amino acids (L-arginine and L-tryptophan).

However, they had to use 0.3 mol% TBAF (tetra-n-butylammonium fluoride) as a second ther-Chapter 5. Toward Economic Seawater-based Methane Hydrate Formation at Ambient Temperature : A Combined Experimental and Computational Study modynamic promoter (THP) to obtain a maximum gas uptake of 29.30 mmol methane/mol of water as the reaction could survive more than 3-4 hours in those challenging conditions. In addition to the above chemicals, below-mounted agitation with a magnetic stirrer, at least at the beginning of hydrate nucleation, was necessary [53]. This combination of multiple chemical additives and agitation increased the overall cost of the process and may cancel out the expense saved from avoiding the desalination process.

The primary objective of this study is to enhance the economic feasibility of green methane hydrate formation by maximizing the gas uptake at conditions as close as possible under realistic conditions. To achieve that objective, we investigated (1) natural seawater-based mixed methane-THF hydrate formation in (2) non-stirred reactor configuration (packed-bed) at (3) ambient temperature (298.2 K), and (4) moderate pressure (9.5 MPa). To overcome these extreme inhibitory conditions, we employed single environmentally benign KHPs of amino acids, and acidic zeolites (USY-10 and USY-40). Furthermore, the promoting mechanism of those materials was studied with both DFT (density functional theory) calculations and detailed kinetic data.

Experimental Section

Material and apparatus

Methane (99.99% purity) was purchased from Linde Co., Tetrahydrofuran (THF, AR grade 99.99%) from Alfa Aesar, ultra-stable acidic zeolites (H-USY40 and H-USY10) with different Si/Al ratios were obtained from Zeolyst. Amino acids L-tryptophan (reagent grade, 99 %) and L-valine (reagent grade, 99%) were purchased from Alfa Aesar. Sodium chloride (reagent grade, 99%) was purchased from Sigma-Aldrich. Fresh desalinated water were prepared in LCS (Laboratoire Catalyse et Spectrochimie), France. Natural seawater (SW) was obtained from Ouistreham coast, Caen, France. Simulated seawater (SSW) was prepared with 3 %wt NaCl. The acidic form of zeolites was calcined at 450 • C for 4 hours. THF 5.56 mol% solution or its mix with zeolite or amino acid were prepared in a volumetric flask. collected the data every 10 seconds. To ensure reproducibility and consistency, each experiment was repeated at least three times and average data is reported. All experiments were performed an isochoric quiescent system; i.e with a fixed total volume of gas and solution or hydrate in a closed system.

Characterization

The zeolite powders were characterized using powder X-ray diffraction (PXRD), scanning electron microscope (SEM), inductively coupled-atomic plasma emission spectroscopy (ICP-AES), and scanning electron microscopy (SEM) equipped with energy dispersive X-ray (EDX), and N 2 -adsorption. The synthesized binary CH 4 -THF hydrate was characterized by PXRD and C 13 NMR. Composition analysis of natural seawater was obtained from ICP. Methods, procedures, calculations, and equipment are detailed in the supporting information.

Experimental Procedure and Calculations

All experiment has been performed at ischoric and isothermal conditions. Detailed description of hydrate formation and recovery procedures and associated calculations are detailed in supporting information. Density functional theory (DFT) calculations [54] using the projected augmented wave (PAW) method and the standard pseudopotentials supplied by Quantum Espresso (QE) software [3,55,56]. A full description of the hydrate-zeolites systems, as well as calculation details, are shown in supporting information. ICP-AES and EDX revealed that Si/Al ratio of USY-40 is 42 compared to 13 in the case of USY-10. For hydrate characterization, we first confirmed sII formation using PXRD analysis.

In addition, C 13 NMR measurements on the seawater-based binary hydrate were performed.

Spectroscopic data revealed methane occupancy in 5 12 small cages of sII as a sharp peak at 

Effect of zeolite promoters on mixed CH 4 -THF hydrate formation

The kinetic performance of different promoters employed for mixed methane-THF hydrate formation using seawater (SW) is summarized in Table 5.1, while similar results for freshwater (FW) and simulated seawater (SSW) are detailed in Table B.2. We have listed the investigated key parameters including reactor configuration, total gas uptake, induction time, t 90 (time taken for 90% completion of methane uptake), and recovery. For each system the hydrate synthesis was investigated at a constant pressure of 9.5 MPa and ambient temperature of 298.2 K. Such a realistic condition will ensure more than 80% reduction in cooling costs as estimated by Veluswamy et al. [10]. The pressure of 9.5 MPa has been chosen after several trials to ensure optimum gas uptake without compromising the economic feasibility. Previous studies showed that the reaction with seawater under these conditions could not be sustained for more than 4 hours with a maximum uptake below 30 mmol gas /mol of water despite stirring and utilization of multiple thermodynamic promoters [53]. To overcome that and boost the gas uptake, a special alloy of lightweight corrosion resistance metallic packing has been utilized to enhance heat transfer. Metallic packing has been successfully employed in literature to improve the thermal conductivity during hydrate formation [57,58]. To study the kinetic performance of zeolite promoters, USY-40 and USY-10 have been initially tested at 300 ppm concentrations and 9.5 MPa pressure. Figure 6.1 compares the average gas uptake due to hydrate formation from natural seawater for 5.56 % blank THF solution along with 5.56 % THF solutions with USY-40 and USY-10 zeolites. Gas uptake has been plotted

for the hydrate growth phase. In other words, time zero in that figure is considered the nucleation time. As shown in the figure, pure THF solution could achieve 20 mmol of gas/mol of water, similar to those uptakes reported by Bhattacharjee et al. [53] without stirring or using of additional promoters such as TBAF (tetra-n-butylammonium fluoride). Then, we tested two acidic zeolites of a similar framework (FAU) type to examine the effect of different Si/Al ratios and hydrophobicity on the performance of zeolites as kinetic hydrate promoters. The selection of acidic zeolites is based on our earlier experimental studies and DFT calculations that showed that the presence of an extra framework cation such as sodium could limit zeolite's promoting effect by binding to water molecules and breaking the intermolecular hydrogen bonds preventing water arrangement for hydrate cage formation [44,45,59]. Such behavior resulted in disturbing the intrinsic water network of hydrate cages. As seen in Figure 6.1, USY-10 (Si/Al ratio ≈ 13) zeolite showed a slightly better promoting effect than pure THF solution.
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One can observe that the induction time has been reduced by about 25% from 15 min to 11 min. However, the improvement is not high enough to be noticed especially when it comes to gas uptake which has been increased only by about 10% compared to the blank THF solution.

A worth noting observation is that in both cases the uptake is relatively low and the hydrate formation was difficult to be initiated and sustained.

On the hand, USY-40 (Si/Al ratio ≈ 42) showed a significant increase in overall kinetic performance and enhanced the gas uptake of synthetic gas hydrates (SGH). The induction time has been reduced to less than 7 mins or more than 50% compared to the blank THF solution.

When compared to USY-10, it initially showed lower uptake for the first hour. However, the hydrate formation kinetics were accelerated and the reaction could be sustained for more than 9 hours despite the presence of salt (NaCl) at high concentrations in seawater. In this particular scheme, the action of acidic zeolite as kinetic hydrate promoter comes from (1) its role as a nucleation site and (2) its ability to extract hard cations such as sodium from the aqueous solution which allows smooth hydrate growth, and (3) it does not result in foaming. The presence of these hard cations can work as hydrate inhibitors even at low concentrations [60]. Moreover, the superior performance of USY-40 over USY-10 can be attributed to its higher Si/Al ratio. The relatively lower Si/Al ratio in the case of USY-10 resulted in a more hydrophilic nature and electrostatic structure that can reduce the water activity coefficient [61] which ultimately limits the promoting effect of zeolite as KHP. To further explain, one can say that the adsorption involves specific interaction between the water molecule and the hydrophilic centers in zeolite, which can be either a silanol group or a cation associated with the tetrahedrally coordinated aluminum [62]. Nguyen and Nguyen demonstrated that the moderate hydrophobicity of additive results in organizing the surrounding water into a clathrate-like structure and thereby promotes hydrate formation [44]. Recently, Denning et al. demonstrated that the more hydrophobic SSZ-13 (Si/Al ratio = 20) promoted 2.6 times more water-to-hydrate conversion than the hydrophilic SAPO-34 (Si/Al ratio = 0.6) [34]. Thus, the absence of sodium cation and the higher Si/Al ratio of USY-40 resulted in enhanced hydrophobicity. Combined with the additional gas-to-water contact area indicated by the higher S ext compared to USY-10, such hydrophobicity nature improved better orientation of water molecules for hydrate formation. It is agreed that those salts such as NaCl have a thermodynamic inhibitory effect on hydrate formation in a way such as it is difficult to initiate the nucleation or maintain hydrate formation reaction [61,63]. Thus, the presence of these salts reduces the performance of zeolite hydrate promoters as illustrated in Figure B.6. One can observe that zeolite kinetic promoter USY-40 performed better in natural seawater (≈ 2.75 wt% salinity) compared to simulated seawater (SSW) which contains 3 wt% or 1.1 mol% NaCl. In spite of the initial higher methane uptake in the case of SSW, both natural and simulated seawater achieved the same methane uptake after about 4 hours. However, while the hydrate growth could not be sustained for more than 4 hours in the case of artificial seawater due to the high concentration of inhibitory NaCl salt, the methane uptake continued in the case of natural seawater. This can be explained by the presence of other salts in seawater that are potentially less inhibitory to hydrate growth than NaCl. Moreover, the induction time increased in the case of simulated seawater compared to the natural one. The reduced t 90 in the case of simulated seawater can be seen as a reflection of the reduced methane uptake compared to natural seawater. On the other hand, using pure water Chapter 5. Toward Economic Seawater-based Methane Hydrate Formation at Ambient Temperature : A Combined Experimental and Computational Study resulted in significantly enhanced hydrate growth kinetics and much higher methane uptake.

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

5.3.3

Effect of Amino Acids Promoters on Mixed CH 4 -THF Hydrate Formation Amino acids are a class of eco-friendly compounds that has been recently investigated to accelerate the hydrate formation kinetics [64]. However, there is a contradiction in the literature about their role in the clathrate formation [65,66]. For example, Sa et al. showed that amino acids, especially the hydrophobic ones can work as effective kinetic inhibitors for methane hydrate [67], while studies such as Veluswamy et al. showed they could work as promoters if used at concentrations of 300 ppm [68]. Prasad and Kiran came also to the latest conclusion but for CO 2 clathrates [69]. Thus, in this study, we have investigated two non-polar hydrophobic amino acids as kinetic promoters at concentrations as low as 300 ppm: the aliphatic amino acid (L-valine) and aromatic amino acid (L-tryptophan). The selection of hydrophobic amino acids is based on previous studies that showed that they are likely to perform better than hydrophilic ones as KHPs [44,70,71]. Moreover, L-valine and L-tryptophan have been previously reported to enhance hydrate kinetics in saline environments in synergism with THF [29,32]. As shown in Figure 6.2, both the aliphatic (L-valine) and aromatic (L-tryptophan) showed kinetic promoting effect for mixed CH 4 -THF hydrate formation at ambient temperature when compared to blank solution. The average induction time is slightly reduced in the case of L-valine compared to L-tryptophan. On the other hand, L-tryptophan showed initial higher methane uptake than L-valine. Such a high methane uptake sharply drops down after 4 hours while L-valine could sustain relatively higher methane uptake for about 9 hours. Thus, L-valine could achieve higher final methane uptake of 36 mmol gas/mol water compared to 28 mmol gas/mol water in the case of L-tryptophan.

Finally, we have explored the behavior of L-valine in artificial seawater (3 wt% or 1.1 water. This reveals the real efficacy of L-valine as KHP. In addition, one can attribute the lower performance of amino acids in the seawater environment to the neutralizing effect of those salts, especially at ambient temperature. On the other hand, there was no foaming observed for both amino acids during hydrate dissociation. This crucial observation along with their kinetic performance, strengthened the possibility of their use to relieve surfactants as KHPs due to their common structural similarities. To illustrate, while surfactant such as SDS is composed of a hydrophilic head and hydrophobic tail, L-valine is composed of hydrophilic carboxylic and amine groups associated with a hydrophobic side chain. In the next section, we will employ DFT calculations to further understand the relative kinetic performance of zeolite and amino for hydrate formation on the molecular level.
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Molecular Level Interaction of Hydrate Cages with Promoter

We have utilized DFT calculations to shed light on the molecular level interactions leading to these results. Ab initio DFT has been commonly used in literature to report the effect of different promoters or inhibitors on hydrate formation [72,73]. In this study, DFT was employed to analyze zeolite-hydrate and amino acids-hydrate systems in terms of 5 12 hydrate cage energies and geometrical changes upon their interaction either with finite zeolite clusters or with amino acid molecules. In addition, the energy of the host-guest cage system was calculated in the presence or absence of KHPs. The host-guest interactions are a key property that characterizes the clathrate stability [74] and can be assessed through interaction energy (∆E HG ). This energy can be defined as follow:

∆E HG = E(CH 4 @5 12 ) -[E(CH 4 ) + E(5 12 )] (5.1)
where E(CH 4 @5 12 ), E(CH 4 ), and E(5 12 ) are the energies of CH 4 @5 12 , methane molecule and the 5 12 empty cage, respectively. The weak interactions such as H-bonding van der Waals forces dominate the hydrate, zeolite and amino acid systems interaction. Thus, the proper selection of exchange-correlation functional that capture those interactions is essential to represent those systems.

Thus, we initially calculated the interaction energy of methane with a small cage with three different levels of theory. The values were +2.03, -24.97 and -27.78 kJ/mol for revPBE, rvv-10 and vdW-DF2 levels, respectively. While rvv-10 and vdW-DF2 exchange correlation functionals could successfully capture the dispersion forces, revPBE failed to accurately determine the host-guest interactions at all. Compared to -32.55 kJ/mol obtained by the highly accurate but computationally expensive MP2/6-311++G(d,p) level of theory [74], the interaction energy value obtained from vdW-DF2 shows better accuracy in describing the host-guest interaction compared to rvv-10. Consequently, we used it for all remaining calculations.

The optimized zeolite-cage structures are shown in Figure 5.3. We aimed to assess the de- is defined as follows:

∆E Z-C = E(Z-CH 4 @5 12 ) -[E(Z) + E(CH 4 @5 12 )] (5.2) 
where ∆E Z-C and E(Z) are the energy of the optimized Z-CH 4 @5 12 structure and isolated zeolite cluster, respectively. In this case, the lower energy values of the interaction between a host water molecule and the additive molecule indicate a more attractive interaction or inhibitory effect [75].

While the value for the low Si/Al cluster representing USY-10 zeolite is -189.957 kJ/mol, the high Si/Al cluster representing USY-40 showed only -149.69 kJ/mol. The relatively higher value in the case of a low Si/Al cluster indicates that the zeolite binding to the clathrate cage is much stronger and thus disturbs the hydrate growth. This slight stronger interaction could be explained as follows: with the presence of more Al atoms in the zeolite framework, the surface Brønsted acid sites (BAS) can form hydrogen bonds with hydrate cages as shown in Figure 5.3.

Such an explanation is also applicable to hydrophilic surface silanol groups and agrees with the literature [76]. However, our previous studies showed that such hydrogen-bonding interactions due to BAS are much lower than that of alkali metal extra framework cations such as sodium which can cause the clathrate structure to collapse [45]. In particular, these cations possess high charge density and lower polarizability. Thus, they interact strongly with hydration shell Chapter 5. Toward Economic Seawater-based Methane Hydrate Formation at Ambient Temperature : A Combined Experimental and Computational Study around them with water dipoles pointing out from it [77]. Moreover, the higher hydrophilicity which can also disturb clathrate cage formation is another consequence of the lower Si/Al ratio.

Accordingly, one can say that the USY-10 zeolite strongly binds to the clathrate cage and disturbs the hydrate growth due to its high Al content and thus higher hydrophilicity which agrees with the experimental observations. On the other hand, the effect of USY-40 zeolite particles as nucleation sites that enhance heterogeneous nucleation prevailed as the more hydrophobic acidic zeolite helped the water surrounding molecules to arrange for hydrate formation and promoted further cage growth.

Similarly, as illustrated in Figure B.7, we have studied the interaction of both L-valine and L-tryptophane molecules with hydrate cage. The promoting effect of amphipathic amino acids depends on their chemical structure and relative hydrophobicity [44]. Our results showed that the aliphatic amino acid (L-valine) has interaction energy of -31.51 kJ/mol compared to -49.49 kJ/mol for aromatic amino acid (L-tryptophan). The more negative interaction energy in the case of L-tryptophan agrees well with our experimental observation that showed less methane uptake in the case of L-tryptophan despite the higher initial kinetic performance. The optimized structures showed that while hydrate cage disturbance L-tryptophan could be attributed to hydrogen bonding with both the amino group and secondary amine group, it comes only from the amino group in the case of L-valine. In addition, one can attribute these promoting effects of L-valine to its relatively higher hydrophobicity. According to Kyte and Doolittle, the hydrophobicity value of L-valine (+4.2) compared to (-0.9) in the case of L-tryptophan [78].

Thus, based on computational data and experimental observations, one can conclude that the hydrophobic aliphatic group in L-valine enhanced the local water structure and create an increased gas concentration around the amino acid which is finally reflected in higher gas uptake and more sustained kinetics.

Controlling Hydrate Growth Phase: A Step Toward Flow Chemistry of Hydrate Process

One of the main objectives of this study is to give engineering and technological perspectives on economic methane hydrate formation on an industrial scale. To achieve that goal, we have chosen realistic conditions (seawater and ambient temperature) and made technological choices (non-stirred tank reactor, selection of low cost green promoters, and pressure below 10 MPa)

to boost the process economics as detailed in the introduction. However, while our approach could reduce the induction time, enabled sustained hydrate growth, and increased the gas uptake in extremely inhibitory conditions compared to literature as illustrated at Figure 6.4 , we are aware that the reaction time is still too long for a typical economic bath process. Traditionally, the laboratory scale studies of hydrate formation are performed to increase the gas uptake in the shortest time possible. However, when it comes to pilot and industrial scales, establishing a continuous process or "flow chemistry" could save costs by eliminating multiple start-ups and shut-downs between different batches and low maintenance costs, among other reasons discussed in the literature [79]. However, continuous process requires a steady-state process with controlled reaction conditions. In this study, we could achieve a controlled hydrate growth phase during the batch reaction by carefully selecting the proper reaction systems Finally, there is naturally inherited lower gas uptake in seawater than in freshwater due to the inhibitory effect of salts regardless of the change in the reaction system. While higher gas uptake is an advantage for stationary storage, it bears challenges in hydrate transportation either within the hydrate production facility or outside. Previous experimental and computational observations showed a greater tendency for brittleness as the hydrate saturation increased [80,81]. Thus, increasing the gas uptake in seawater-based hydrate "slurry" while maintaining reasonable brittleness gives them an advantage during transporting hydrates without plugging the pipelines within the hydrate production plant or outside for long distances. Moreover, the above study addess the economic challenges associated with the process. At similar hydrate formation conditions (300 K and 6 MPa), Javanmardi et al. earlier economic simulation studies of showed that pure water SGH process can reduce the capital cost for natural gas transportation by 48% compared to LNG especially with stranded gas resource [82]. Thus, the above study is an important step toward the feasible process. Furthermore, detailed and updated economic analysis are ongoing to accurately evaluate the process using seawater.

Conclusions

The goal presented study is to provide a molecular and macroscopic understanding of the role of green promoters of acidic zeolites and amino acids as kinetic hydrate promoters. To boost the reaction economics, we investigated binary methane-THF formation using both natural and simulated seawater in the unstirred reactor at ambient temperature (298. ence of salts and high temperature, the presence of green kinetic hydrate promoter was able to enhance hydrate formation kinetics and methane uptake. Our experimental results showed that zeolite (USY-40) with high Si/Al showed superior gas uptake than the low Si/Al zeolite (USY-10). DFT calculation showed that (USY-10) disturbed the hydrate cage due to its higher hydrophilicity and hydrogen bonding with surface BAS. On the other hand, the hydrophobic zeolite (USY-40) promoted the hydrate formation as it works to arrange water surrounding molecules for hydrate formation. The aliphatic amino acid L-valine showed better kinetic promotion performance and higher gas uptake in hydrate formation than the aromatic amino acid of L-tryptophan. The computational investigation revealed that the relatively less hydrophobic and aromatic L-tryptophan slightly disturbed the hydrate growth due to hydrogen bonding between the amino and secondary amine groups and the local cage structure. On the other hand, the more hydrophobic aliphatic L-valine strengthened the local organization of the cage water structure. The use of aminoacids resulted in a substantial reduction of induction times to less than 10 minutes, and a methane recovery of 97%. The later being the highest gas uptake (40 mmol gas/mol water) reported under those challenging conditions. Finally, we have shown that the nucleation process can be controlled to a steady-state by selecting the proper reaction system, which paves the way for continuous hydrate production on an industrial scale. Our results provide a better understanding of hydrate nucleation enhancement under realistic conditions and open the door for a possible application of these green KHPs for SGH on the industrial scale.
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promoter showed superior performance reducing the induction time and t 90 to 3 and 154 mins, respectively. Furthermore, it exploited 88.6%, and 96% of the sII clathrates volumetric storage capacity at 293 K and 283 K, respectively. Finally, we showed that the synthesized hydrates can be stored at atmospheric pressure for 4 months without a significant methane loss. This multiscale approach is paving the way for scaling up green and economical gas hydrate technology1 .

Introduction

The energy transition toward more green technologies is coupled with increasing global energy demand which poses the dilemma of balancing sustained economic growth and maintaining the environmental goals toward reducing carbon emissions [1]. In that aspect, natural gas can play an important role as a "transitional fuel" on the way from traditional fossil fuels to green energy resources [2,3]. Although it is considered a fossil fuel, it is much cleaner than traditional oil and coal resources. It thus has been recently labeled as a green and sustainable energy source by EU taxonomy regulations [4]. Concerning the hydrogen economy, one can find that methane is currently the main feedstock for hydrogen with steam methane reforming (SMR) responsible for 48% of the global hydrogen demand compared to only 4% produced by electrolysis [5].

The natural gas supply chain has been extremely disturbed due to the recent pandemic and geopolitical developments. The current global energy crisis emphasized the need for economic methane transportation and long-term buffer storage that can absorb market shocks [6,7]. Despite its high storage capacity, which can reach 600 v/v, the well-established gas transport technology of LNG (liquefied natural gas) is limited by very high CAPEX (capital expenditure) due to expensive infrastructure and energy-intensive cooling requirements suitable for short-term storage [8]. Moreover, LNG needs large reserves and long-term contracts to reduce operational costs, which has been proven insufficient to meet the current increasing demand or sudden market shocks [9,10].

Chapter 6. Sustainable Energy Storage in Hydrates: Combining Predictive First Principle Calculations, Green Kinetic Promoters with Improved Reactor Design

The "zeolitic ice" or synthetic gas hydrate (SGH) is considered a promising alternative that allows physical methane storage in water through a safe, stable, compact solid form with a possibility of almost full methane recovery [11,12]. Due to its simple and modular design, SGH technologies can allow not only purification and use of natural gas produced from conventional reservoirs but also enable the exploitation of the potential stranded and discrete gas resources such as biogas, flue, and shale gases [13][14][15]. Moving toward the hydrogen economy, storing hydrogen methane (25% hydrogen by weight) in the safe and compact solid form can be comparable to liquid ammonia (17.6% hydrogen by weight) especially when it is accompanied by proper carbon capture and sequestration (CCS) or pyrolysis [1,16]. However, the industrial application of such green material is hindered by stochastic and slow kinetics and high pressures required for hydrate formation [17]. Among the most efficient solutions to overcome the above challenges are using kinetic hydrate promoters (KHPs) and innovative reactor design.

Surfactants such as sodium dodecyl sulfate (SDS) are the most common KHPs employed to accelerate methane hydrate formation [18][19][20][21]. Unfortunately, the process suffers from foam formation, which reduces methane uptake, prevents further scale-up, and creates the need for more effective promoters [22][23][24]. Recently, porous materials and amino acids were investigated as green KHPs to replace surfactants. Porous materials such as zeolites, MOFs, activated carbon, and others have been proven effective as KHPs [25,26]. They provide additional gasliquid contact surfaces and act as nucleation sites that accelerate the nucleation process and improve the hydrate kinetics [27][28][29][30][31][32][33]. Among porous materials, zeolites are green materials with low cost, high stability, large surface area, tunable chemical properties, and above all insensitive to aqueous medium compared to MOFs [34,35].

Despite the advantages mentioned above, only a few studies investigated their performance as KHPs. To illustrate, zeolite Na-X (FAU-type) showed better kinetic promotion in comparison to different ion-exchange forms (3A and 5A) of zeolite A (LTA-type). However, SDS was added as a co-promoter to achieve acceptable conditions [36][37][38][39]. In a combined computational and experimental investigation, Omran et al. showed that acidic zeolite (H-Y, FAU-type) exhibited better kinetic promoting performance than the basic one 13X (Na-X, FAU-type) at relatively mild pressure (6 MP) without the need for SDS. The improved performance is because the acidic form of the zeolite does not contain alkali metals that have a negative effect on hydrate nucleation [40,41]. The acidic strength of the zeolite is also important. For instance, Denning et al. showed that the confinement effect and surface properties of hydrophobic SSZ-13 (CHA-type) showed a higher promoting effect than SAPO-34 of the same chabazite topology in terms of water-to-hydrate conversion when they were used at low water to zeolite mass ratios (R w =0.3-1.2) [42]. More recently, our group compared the performance of USY zeolites in different Si/Al ratios on hydrate formation from seawater at ambient temperature. The results confirmed the superior performance of more acidic and hydrophobic zeolites compared to their hydrophilic counterparts paving the way for their use on a larger scale [43]. Amino acids are also claimed to be promising biodegradable materials that can work as hydrate promoters [44]. It has been found that the more hydrophobic amino acids such as tryptophan and methionine have shown better performance than hydrophilic ones such as glycine KHP for methane hydrate synthesis [43,45,46]. On the other hand, some amino acids were reported as kinetic hydrate inhibitors, perturbing the local water arrangement [47][48][49]. The current difficulty of correlating amino acids hydropathy scale with their promotion or inhibition effect in literature requires combining molecular simulation and experimental studies to understand their interaction mechanism with hydrate systems [50].

In addition to KHPs, different reactor designs can play an important role in enhancing the methane hydrate formation kinetics. Fixed bed reactors (FBRs) showed better gas uptake and hydrate yield than both non-stirred (NSR) and stirred reactor (SR) configurations [51][52][53]. The FBR design shares the same configuration as the NSR with the packing materials lying at the bottom of the reactor [54]. A common advantage of different packing media, such as porous materials, glass beads, and metallic packing, is the enhancement of gas-liquid contact surface area and the elimination of energy-intensive agitation [55]. However, the type of packing is also an important factor. For example, Babu et al. revealed that silica sand showed superior hydrate formation kinetics compared to silica gel, polyurethane foam packing, and stirred reac-Chapter 6. Sustainable Energy Storage in Hydrates: Combining Predictive First Principle Calculations, Green Kinetic Promoters with Improved Reactor Design tor configuration [56]. Another study by Kumar and Kumar showed that FBR with structured stainless-steel (SSS) packing outperformed silica sand and the stirred reactor [57]. More recent studies with other metallic packing types and shapes such as copper foam, aluminum foam and, stainless-steel beads (SSB), confirmed the promoting role of metallic packing for hydrate growth [58][59][60][61]. This promoting effect can be attributed to the enhanced thermal conductivity and the increased surface and confinement effect in the case of dense packing. However, there are three limitations of metallic packing. First, it has a relatively high density which reduces the gravimetric capacity. To illustrate, SS-316 has a density of ∼ 8000 kg/m 3 , which is about 5 times higher than that of sand (1520-1680 kg/m 3 ) [62,63]. Thus, a proper trade-off between the kinetic advantages and maintaining the gravimetric captivity is needed.The second drawback is that they fail to improve the heat transfer at the gas phase as water and packing bed share the same height. Finally, most studies added SDS to enhance the kinetic toward an acceptable range which is not favorable as detailed above.

The primary objective of this study is to compare the formation kinetics of CH 4 -tetrahydrofuran (THF) hydrates using an acidic zeolite (H-SSZ-13) and different biodegradable amino acids (l-leucine, l-methionine, and l-tryptophan) as green eco-friendly hydrate promoters. The promoting mechanism of kinetics promoters is studied by combining DFT (density functional theory) calculations and detailed experimental kinetic data. Then, we use a green approach that combines those environmentally benign promoters with innovative reactor design with metallic filament packing to maximize the hydrate growth kinetics. Finally, we explored boosting economic feasibility by increasing the temperature toward near ambient (293.15 K) and tested the long-term storage at 253.2 K for long-term storage and its implications on hydrate technology. Amino acids l-tryptophan (reagent grade, 99 %), l-leucine (reagent grade, 99%), l-Methionine (reagent grade, 99%), and glycine (reagent grade, 99%) were purchased from Alfa Aesar. Fresh desalinated water was prepared in LCS (Laboratoire Catalyse et Spectrochimie), France. THF 5.56 mol% solution or its mix with zeolite or amino acid was prepared in a volumetric flask and stirred for 15 mins.

The instrument used for hydrate formation and dissociation is schematically described in 

Prediction of Amino Acids Hydrate Promoting Effect at Molecular Level

Ab initio calculation has been commonly used in literature to report the effect of different promoters or inhibitors on hydrate formation [40,43,67,68]. In our previous studies, we have utilized first principle calculations to explain the promoting effect of acidic and hydrophobic zeolites, which can be applied in the case of H-SSZ-13. Here, we have studied s different amino acids to anticipate their promoting effect as KHPs. First, the molecular level investigation aimed to find the best exchange-correlation functional representing the methane hydrate 5 12 cage and then the hydrate-amino acids system. Then, the optimized DFT calculation was employed to analyze amino acids-hydrate systems in terms of 5 12 hydrate cage energies and geometrical changes upon their interaction with amino acid molecules. The host-guest interactions are a key property that characterizes the clathrate stability [69] and can be assessed through interaction energy (∆E HG ). This energy is defined as follow:

∆E HG = E(CH 4 @5 12 ) -[E(CH 4 ) + E(5 12 )] (6.1) 
where E(CH 4 @5 12 ), E(CH 4 ), and E(5 12 ) are the energies of CH 4 @5 12 , methane molecule, and the 5 12 empty cage, respectively. The weak interactions such as H-bonding van der Waals forces, dominate the hydrate-amino acid systems interaction. Thus, the proper selection of exchange-correlation functions that capture those interactions is essential to represent those systems.

Thus, we initially calculated the interaction energy of methane with a small cage with four Chapter 6. Sustainable Energy Storage in Hydrates: Combining Predictive First Principle Calculations, Green Kinetic Promoters with Improved Reactor Design the interaction energy value of -27.78 kJ/mol obtained from vdW-DF2 shows better accuracy in describing the host-guest interaction compared to rvv-10 and SCAN-rvv10 that underestimate and overestimated host-guest interactions, respectively. Consequently, we used it for all remaining calculations. After confirming the calculation accuracy on the CH 4 @5 12 cage, we studied the interaction of amino acid molecules with the hydrate cage.To benchmark the promoting effect, we compare the interaction of different amino acids with CH 4 @5 12 cage to that of a single water molecule with the same cage.

Based on the interaction energy of calculation, l-tryptophan showed the lowest interaction energy with -49.49 kJ/mol compared to l-methionine and l-leucine, which showed -58.03, and -52.99 kJ/mol, respectively. The more negative interaction energy indicates a more inhibitory effect for the amino acid. Accordingly, the promoting effect of amino acids is expected to be 6.3. Results and discussion 133 l-tryptophan > l-leucine > l-methionine as illustrated in Figure 6.1. To further confirm, we did the same calculation on glycine, an amino acid known for its inhibiting effect on hydrate formation [47][48][49]74], and the resulting interaction energy was -74.64 kJ/mol, which is significantly lower than all the other promoters in the study. The optimized amino-cage l-tryptophan and glycine are shown in Figure 6.2.

Our results show that the hydate promoting effect of amino acids does not only depend on their hydrophobicity alone but also on interactions with hydrate cage (e.g., hydrogen bonding) and thermodynamic conditions. To illustrate, while the most hydrophobic amino acids l-tryptophan showed the highest promoting effect among amino acids in all temperatures, lleucine did not always show a more promoting effect than l-methionine despite its higher hydrophobicity according to Kyte and Doolittle scale [75,76]. The presence of H-SSZ-13 has provided further liquid gas contact area and provided nucleation sites for hydrate formation. In the absence of extraframework cation as explained in the introduction, the acidity of H-SSZ-13 can increase gas insertion and improve the gas diffusion coefficient by increasing sII flexibility, similar to acidic additives such as perchloric acid (HClO 4 ) [77,78]. This conclusion agrees well with our previous studies where the acidic forms of USY and Y zeolites were employed [79]. It is also confirmed by a recent study revealing that zeolite acidity is comparable to those of superacids [80]. Furthermore, the presence of acidic zeolite granted homogeneous nucleation through the whole aqueous bulk solution, as will be detailed in the next section. On the other hand, among the amino acids used, the hydrophobic l-tryptophan reduced the induction time significantly to 5.2 min compared to 67.3 min for l-leucine and 92.8 min for l-methionine, which agrees well with our computational expectations. When it comes to gas uptake, H-SSZ showed the highest gas uptake of 115.82 mmol gas/mol H 2 O compared to 6.3. Results and discussion 135 the best amino acids reported at that temperature (l-tryptophan), which showed 109.3 mmol gas/mol H 2 O. This difference comes from the fact that although the amino acids increase the initial gas solubility into the THF solution, they still can slightly disturb the hydrate formation in a later stage by hydrogen bonding to the cage with both the amino group and secondary amine group. On the other hand, the H-SSZ-13 enhances the nucleation step by acting as heterogeneous nucleation sites. The enhanced kinetics uptake was also accompanied by almost full recovery (95-99 %) of the methane by slight heating up indicating a reversible process.

Increasing the temperature to 288.15 K and to near ambient (293.15K),has resulted in raised induction time and decreased gas uptake. Such behavior is a consequence of the exothermic nature of clathrate formation. Figure 6.4 shows the gas uptake of different promoters at 293.15

K. However, one can also notice that t 90 is at its highest at 288.15 and goes down at293.15 K as shown in Table C.2 and Table C.3. While the increase of t 90 at 288.15 K compared to 283.15 K can be justified by the slower kinetics, the lower t 90 at 293.15 K indicates that the reaction is stopped at an earlier premature stage and accompanied by lower gas uptake.

The latter can be explained by water's poor heat conductivity, which has the double role of being a reactant and a cooling medium. Another important observation is that increasing the temperature, l-tryptophan showed better kinetic performance in terms of induction time and gas uptake compared to other promoters, as shown in Figure 6.4. At the relative temperature and poor thermal conductivity, gas dissolution in the aqueous medium is the determining factor for kinetics. The poor performance of H-SSZ-13 at that temperature, despite the relatively short induction time, can be explained by its need for a certain critical concentration of dissolved methane to be able to trigger their role as nucleation sites. Finally, we tested the addition of 300 ppm of glycine to the THF solution. No gas uptake was observed after 24 h revealing glycine's inhibiting effect, which agrees well with previous experimental results and our DFT calculations.
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Effect of Modified Reactor Design on Binary CH 4 -THF Hydrate Formation

As has been shown above, performing the hydrate synthesis in the traditional NSR showed a high t 90 , especially when increasing the temperature near ambient conditions to meet the economic requirements. The slow hydrate nucleation can be attributed to low gas-liquid heat transfer, and reactor design in terms of shape and cooling, i.e., the radial gradient of temperature. To illustrate, one can see that hydrate formation is more around the reactor wall due to the cooling around, which resulted in heat dissipation to the nearby aqueous solution Figure 6.5a.The poor heat transfer results in less hydrate formation when moving toward the center, with a clear advantage of H-SSZ-13 over amino acids (see below Figure 6.5).

However, even in the case of zeolites which allowed homogeneous nucleation, the formation of thin hydrate film at the surface hinders further gas-liquid mass transfer. Thus, we have utilized a light-weight metallic filaments network with a rough surface with the following objectives: (1) increase the heat conductivity, (2) break the hydrate thin film into smaller sections,

(3) provide larger liquid-gas contact on the rough metal surface, and (4) extend the heat con- duction to the gas phase. Figure 6.5 shows the features of hydrates formed in the NSR reactor in the presence of l-methionine (Figure 6.5a), H-SSZ-13 (Figure 6.5a), and those formed in FBR in presence of H-SSZ-13 (Figure 6.5c) . The zeolite improved the hydrate formation in bulk compared to l-methionine, while the presence of intervened filaments allowed exploiting the full potential of reactor volume compared to NSR. Moreover, the MFP has ruptured the hydrate thin film allowing better diffusive mass transfer and gas-liquid contact as illustrated in These results point out that packing inside the reactor has successfully modified the surface properties and increased the gas mass transfer to a sufficient concentration to enhance the nucleations with acidic zeolites at the earlier stages. Moreover, it brokes the hydrate film formed early in the reaction and thus maintained suitable gas diffusion into the bulk medium. Among the amino acids, l-tryptophan slightly outperformed performed l-leucine in terms of both t 90 and induction time but with a clear advantage of gas uptake and volumetric storage capacity of This promoting performance of different amino acids in the case of FBR agreed well with our DFT calculation results. Figure6.8 compares the induction time and gas uptake published in the literature at the same thermodynamic conditions. It shows that the kinetic performance and gas uptake of H-SSZ-13 and l-tryptophan outperformed hollow silica and SDS at the same temperature of 293.15 K and 6 MPa [36]. Moreover, it could get almost the same gas uptake at a higher pressure of 8 MPa with about 25 times reduction of induction time [81]. resulted in a decrease in both induction time and t 90 . Moreover, the kinetic performance of all promoters at those temperatures outperformed those under NSR conditions. To illustrate, H-SSZ-13 resulted in a volumetric capacity of 114 v/v at 288.15 K, with an increase of 42.7% compared to NSR under the same conditions. At the same temperature, l-tryptophane resulted in a gas uptake of 115.4 mmol gas/mol H 2 O, which is 22.6% higher than the same conditions at NSR. Lowering the temperature to 283.15K significantly accelerated the reaction kinetics and reduced the t 90 to less than 80 mins. For example, there was almost instantaneous gas uptake in the case of both H-SSZ-13 and l-tryptophan. Despite the fast reaction compared to NSR and the higher temperature, H-SSZ-13 and l-tryptophan and reached an impressive volumetric capacity (110.7-117.0 mmol gas/mol H 2 O). As shown in Figure6.9, such outstanding performance is due to the enhanced kinetic and heat transfer that resulted in a sharper temperature peak.

Techno-economic Aspects Implications and Long-Term Storage

One of the main goals of this study is to connect molecular-level investigation and macrokinetic studies to the engineering and technological aspects. Establishing this connection at the early research stage will guarantee the smooth and economic scale-up process of synthetic natural gas hydrate technology (SGH). In this section, we explain the possible economic outcome of [83]. Thus, we have utilized THF as a thermodynamic promoter to relax the P-T conditions to 6 MPa and 293.15 K, significantly boosting the process economics [84].

The role of THF is not only limited to reducing the thermodynamic requirements but also extended to increase the stability of sII clathrate. The stability of binary CH 4 -THF sII clathrate pressure is a clear advantage when it comes to long-term storage compared to LNG which requires extensive refrigeration to keep LNG at 113 K which is estimated to be typically 27% of the cost or 32.4 C/GWh/d (0.5 C/t LNG/day) as per current gas prices [86]. Due to boil-off gases, LNG can suffer from 0.05 wt% loss per day in LNG or 2-6 wt% loss in cargo depending on the voyage length, typically 3 weeks [87]. Thus, the loss in long-term storage can be approximately 12 wt% over 4 months in the best cases. Based on our experimental results, methane storage at the synthesized hydrate without further processing can be more economically attractive than a typical LNG tank. As illustrated in Figure6.11, SGH from our experiments showed a significantly lower methane loss compared to a typical LNG tank for at least for months considering the best cases of boil-off losses [87]. After 8 months, the methane loss in the LNG is Chapter 6. Sustainable Energy Storage in Hydrates: Combining Predictive First Principle Calculations, Green Kinetic Promoters with Improved Reactor Design estimated to become slightly lower compared to our SGH. Nevertheless, the storage of SNG is still much more advantageous due to the large difference between refrigeration requirements of LNG transportation and storage at 113 K (47% of LNG total cost) compared to those required for SGH at 253 K [11,86]. Further optimization and detailed more detailed economic evaluation is required to treat other factors. Finally, we have used an innovative green approach that combined green KHP and improved FBR design. Ourpacking is less than 0.08 wt/wt of the hydrate content, which is significantly lower compared to different packing reported in the literature. For example, Kumar et al. reported weight percentages of (0.28-1.2) for traditional stainless steel packing (SSP), 1.1 for silica gel, and even 5.0 for silica sand [88] . While this study compared FBR to NSR, here we address the economical aspects of using stirred reactors, which are the most common reactor configuration to increase the gas-liquid contact, enhance mass transfer, and shorten the induction time [89,90]. In fact, the mass transfer in those reactors drops quickly after the nucleation as a widely used bottom-mounted laboratory magnetic stirrer does not affect the floating hydrate clusters that arrange themselves in a thin layer preventing further gas-liquid contact [91].Despite the better performance achieved by the top-mounted stirrer design [92], scale-up studies that involved both heat and mass transfer analysis showed that the stirred-reactor con-6.4. Conclusions 143 figuration is not economically feasible [93]. Namely, the lower hydrate weight in water (≤ 5 wt%) results in post-processing filtration cost and increasing agitation energy demand as the slurry thickens [94,95]. Thus, compared to both stirred and non-stirred configurations, the improved FBR design with light-weight packing showed superior performance. Based on the above results, the perspective studies will include surveying more computationally designed green promoters, experimental studies on more acidic zeolites, and amino acids. Further improvements in the reactor design to increase the surface area of liquid-gas contact and exploring different hydrate structures is expected to enhance the storage capacity.

Conclusions

The present study provides an integrated approach for methane hydrate formation combining environmentally benign KHPs, namely acidic zeolites and amino acids, and innovative reac- We introduced a fixed bed reactor (FBR) equipped with special metallic filament packing (MFP) to overcome the above limitations. These results are comparable to DOE targets of hydrogen storage1 .

Introduction

Clathrate hydrates are non-stoichiometric "ice-like" structures or inclusion compounds that are formed out of water molecules connected by H-bonding to form three-dimensional cavities which are stabilized by presence of gases such as CH 4 , H 2 , CO 2 , O 2 , Ar, Kr and others. The non-stoichiometric nature of clathrates is illustrated by statistical-mechanical analysis of their stabilities which showed that the cages are not completely occupied [1,2]. The existence of clathrates can be tracked to early 1810 when Sir Humphrey Davy described chlorine gas crystal structure [3]. According to Makagon, the discovery of gas hydrates dates back to 1778-1780.

It should be related with the work of the English naturalist Joseph Priestly who described water"impregnated" SO 2 [1]. However, it was not before 1930s when hydrates attracted more attention with the discovery and improvements in the oil and gas industry [4]. At that time, the research was focused on preventing the blockage of pipelines by forming hydrates that can interrupt the production and cause safety concerns [5].

The studies on gas hydrate are related to many fields such as astrophysics [6], geosciences, chemical and petroleum engineering [7]. In addition, gas hydrates have many practical applications that includes but not limited to desalination [8], CO 2 sequesteration [9], gas separation [10] and storage [11]. The latter two applications are in the focus of the present article. With the energy transition toward renewables and decarbonization, the focus of current studies on gas hydrates is shifted equally toward to main areas: (1) their natural occurrence and environmental impact [12][13][14] (2) the potential technological applications in energy transition and the energy-water nexus [3]. A promising technological applications of clathrates is their usage as energy storage material to store and transport energy gases such as methane and hydrogen in moderate pressure and temperature conditions [15]. Moreover the double-benefit of replacing CH 4 in discovered hydrate reservoirs by the more stable CO 2 clathrates is the focus of intense research [16]. The different interactions between host and guest molecules (host-host, host-guest, and guest-guest) are important to understand their formation, stabilization and dissociation [17].

There is a number of clathrate structures as the most common hydrates are sI, sII, and sH.

Similar to other crystalline solids, the clathrate structure formation depends on factors such as pressure, temperature, and the nature of guest species [3]. For example, methane can form sI below 120 MPa. Increasing the pressure to 250 MPa, sII clathrate is obtained, and a further increase to 600 MPa will transform that structure to sH [18]. sI exhibits space group Pm 3n and the unit cell consists of 46 water molecules. The water molecules are arranged in two kinds of cages -two small cages of pentagonal dodecahedra (5 12 ), and 6 large cages of tetrakaidecahedra (5 12 6 2 ). The sII includes 136 water molecules arranged in sixteen (5 12 ) and eight hexakaidecahedra (5 12 6 4 ) with space group of Fd 3m and lattice parameter of 17.3 Å [3, 19, 20]. Reported to be isostuctural with hexagonal clathrasil dodecasil-1 H, sH showed smaller unit cell of only 34 water molecule but with 3 different sizes of the cages: 3 small (5 12 ) , 2 medium irregular dodecahedra (4 3 5 6 6 3 ) and a large icosahedra (5 12 6 8 ) cages [21].

SI clathrate can not accommodate organic promoters and usually encapsulate single gas species such as CH 4 or CO 2 at relatively high pressures. On the other hand, the other two structures are commonly synthesized as binary clathrates such as hydrogen-tetrahydrofuran (H 2 -THF) [22] and methane-cyclooctane (CH 4 -Cyclo-O) [23] at more moderate conditions on the expense of storage capacity. For example, while pure methane sI clathrate can store about 172 v/v, the maximum storage capacity of binary CH 4 -THF sII can reach approximately 112 v/v only [1].

Hydrogen clathrates are an attractive opportunity for green mass storage, representing a cheap alternative to the metal-organic frameworks (MOFs) or metal hydrides [24]. In 1999, [26]. The estimated storage capacity of the synthesized pure sII hydrogen hydrates is approximately 5.3 wt% at those significantly elevated pressures. Such a hydrogen weight content will result in volumetric and gravimetric energy storage capacities of 1.8 kW.h/kg and 1.5 kW.h/L, respectively [27,28]. The above estimation is based on the double occupation of small (5 12 ) and quadruple occupation of large (5 12 6 4 ) cages of sII clathrate.

However, the above P-T conditions are extremely demanding and difficult to scale-up. One way to solve that is to use thermodynamic hydrate promoters (THP). In that context, H 2 -THF binary clathrates have been widely studied with the goal to bring the formation conditions to reasonable ranges. However, storage capacity has been significantly reduced to about 1 wt% since H 2 enclathration is limited to 5 12 small cages, while the 5 12 in the literature refers to that hydrogen diffuses most probably through hexagonal faces [40][41][42].

On the contrary, some other computational [43,44] and experimental [45,46] evidences strongly suggested that guest molecules can hop between all cages without significant overall changes to the hosting water network, despite that their nominal size exceeds the opening in the hexagonal or pentagonal face [47]. Peters et al. suggested that guest transport is supported by a water-hopping type mechanism to explain those contradictions. In such scenario the hydrogen bonds of a water molecule are completely dislocated and the hydrogen bond is broken while other bonds are elongated to keep the ring intact during transition [44]. Another study suggested the "help gas" mechanism in which an additional guest molecule enhance the diffusivity of the main guest by mutual interaction with the water network [48,49]. On the other hand, a direct transition mechanism for gas diffusion in gas hydrates was proposed based on density functional theory (DFT) calculations. This approach does not involve defects or helping gases.

For instance, Alvi and Ripmeester [50] considered rigid cages to calculate the diffusion of H 2 in sII hydrates using B3LYP and MP2 levels of theory. They estimated that the H 2 guest needs 5-6 kcal/mol to diffuse through a hexagonal face of the large cage. That value increases about 5

or 6 times in case of pentagonal face . Other theoretical studies suggested that the cage-to-cage hopping of gas molecules through the five-and six-membered water rings involves distortion of the local water rings and requires no other structural defects within the hydrate framework [51,52]. However, the cage structures are partially constrained; therefore, these calculations may not be able to fully reveal the important factors related to the gas cage-to-cage hopping in gas hydrates [43].

To summarize, there are two extreme approaches try to resolve those contradiction between computational and experimental data (1) 

Computational Methods

We performed here density functional theory (DFT) calculations [53] using projected augmented wave (PAW) psedopotentials with kinetic energy cutoff for wave function and charge density of 55 and 440 Ry, respectively [54]. A self consistency convergence criterion of at least 1 × 10 -8 was used and all structures were fully optimized using force convergence threshold of at least 10 -4 Ry/a.u. All calculations have been performed using 2 × 2 × 2 mesh except those for sII large unit cell where we used Γ point calculation only. Gas molecules such as H 2 , CH 4 and CO 2 are interacting with water frameworks by means of van der Waals forces and hydrogen bonding [3]. Moreover, it is not only the guest-host interaction but also the guestguest and host-host interactions that affect hydrate formation and stability [55,56]. Ab initio DFT calculations via Perdew-Burke-Ernzerhof generalized gradient approximation (GGA) functional [57] with revised exchange parametrization of Zhang and Yang (revPBE) has been applied self consistently [58]. termine their mechanical and vibrational properties. They suggested that particularly revPBE provided a unique combination of accuracy and low computational cost, when compared to other XC functionals including those that take into account long-range van der Waals interactions [65]. On the other hand, Cao et al. [66] suggested that the improved nonlocal van der Waals density functional (vdw-DF2) with the inclusion of a long-range term of the correlation energy is necessary to account for intermolecular dispersion interactions [67]. Accounting for the importance of these forces, we have used both revPBE and vdW-DF2 as implemented in Quantum Espresso (QE) software [68], thus addressing the discrepancies in the literature sources. The thermodynamic stability and storage capacity of mixed (CH 4 -H 2 , CO 2 -H 2 ) sI clathrates was evaluated using the cohesive energy (E coh ) and binding energy (E b ).

Cohesive energy (E coh ) per water molecules is calculated as [69]:

E coh = E hydrate -(x.E H 2 + y.E gas + 46E H 2 O ) 46 
The binding energy (E b ) is calculated as [70,71]:

E b = E hydrate -[E H 2 + E residual ]
where For most of the hydrogen atoms the O-H bond length is approximately 0.96Å. Thus,the cluster models agrees will with the average x-ray structure of sI as well as the optimized crystal model [77,78] as shown in We calculated the binding energies as a function of the number of H 2 gas molecules bound to the sI individual cages using both vdW-DF2 and revPBE generalized gradient approximation (GGA). Here, the binding energy is defined as the energy difference between the cluster (host cage and guest molecule(s)) and the summation of system individual components. In case of n multiple gas occupancies, we subtract n time the energies of single gas molecule. For example, in case of H 2 occupancy in 5 12 cage, we have calculated the encapsulation energy of 1, 2 and 3 hydrogen molecules while for 5 12 6 2 we considered encapsulation reactions with up to 6 H 2 molecules. For either low or high occupation of n H 2 @5 12 and nH 2 @5 12 6 2 , it has been noticed that the calculated binding energies are not favouring the hydrogen encapsulation in both small and large sI clathrate cages even at low occupancies using revPBE as summerized in Table 7.1. This inconsistency with experimental evidences is not totally surprising because almost all popular PBE functionals are not able to describe vdW dispersive interactions which are dominant in the presence of non-polar gas molecules such as hydrogen [79,80]. tween vdW-DF2 and revPBE is 14.12 and 10.08 kJ/mol for small and large cages, respectively.

However, for the optimum occupancies, these numbers increased by 19-89% to reach 19.51 and 19.02 kJ/mol for small and large cages, respectively. In addition, our results using vdw-DF2

showed excellent agreement with those benchmark values calculated using higher level quantum chemistry methods. To illustrate, our calculated binding energies of single H 2 occupancy in small and large cages are -0.123 , -0.110 eV compared to -0.124 and -0.110 reported by Patchkovskii and Tse using second order Møller-Plesset (MP2) calculations, respectively [74]. To explain this stabilization or destabilization, we should consider the relative weight of guest-guest interaction compared to host-guest interaction. To estimate the earlier we calculated the formation energies of a "bare" nH 2 cluster at the optimized geometry inside cages as shown in Except for the debatable tuning studies [86], hydrogen is generally stored in the small cages 

Thermodynamic and structural properties

To further test the thermodynamic stability of the proposed mixed CH 4 -H 2 occupancies in small and large cages, we evaluated the cohesive energy and binding energy when introducing H 2 to methane hydrate crystal structure. Assuming the cage is fully occupied by methane, we have found that the cohesive energy remains around -0.04 eV when filling the large cages. Similarly, the binding energy showed that introducing H 2 to the large cages increased the structure stability. However, trying to introduce a single hydrogen molecule to the small cages, the structure extremely destabilized, as indicated by both binding energy and cohesive energy values as shown in Figure 7.5. Similarly, the same behavior has been found when tried to introduce H 2 to CO 2 methane hydrate.

These results confirm the outcome of isolated cage calculations. Accordingly, one can draw two conclusions. First, one is methane prefers to occupy the small cage. Second, it can be further stabilized in the large cage by a single hydrogen molecule. These multiple and mixed cage occupancies have implications on the energy storage capacity of sI methane clathrate containing hydrogen, as shown in Figure 7.6. Based on these results, we estimate that about 5.00 wt% of molecular hydrogen can be stored in binary CH 4 -H 2 sI, which meets the US DOE's According to vdW-P theory [73,90], the empty hydrate is considered a metastable or hypothetical phase because the hydrate requires guest molecules to form a stable phase [91,92].

However, Falenty et al. showed that those metastable structures are experimentally accessible by removing all neon guests from sII clathrate using vacuum [93]. In another study, Krishnan et al. evaluated the activation energy for release and uptake of neon to be 16.4 and 14.9 kJ/mol, respectivey [94]. Thus, those empty cages can be considered as a valid starting point for our and computational data [3,40,77,96]. The small deviation from experimental distances d O-H in case of sII and sH can be probably due to the difficulty of accurately determining H positions in X-ray experiments [78,95]. Accordingly, the results indicate that vdW-DF2 can not only express the system energetics, but also it can give accurate structural properties.

H 2 diffusion in sI clathrate

Finally, we calculated the diffusion energy barriers of the cage to cage transfer for the H 2 in both empty and filled conditions. In addition to cage occupancy, diffusion of different guest molecules through hydrate cages is important determining factor for possible gas storage, extraction and seperation [94,97]. For example, in case of hydrogen storage, the practical application requires fast kinetics. Diffusion barriers depends on many factors but mainly on (1) gas molecules size (2) nature of gas molecule (2) cage(cavity) diameter (3) diffusion path (e.g via pentagonal or hexagonal face) and (4) cage occupancy. Through 12 images along the path from the center of one cage to another, we have calculated the diffusion barrier via nudged image elastic (NEB) folliowed climbing nudged image elastic band (cNEB) calculations . While the the first make sure that proper relaxtion are perpendicular to the path, the later fine tune the result by allowing the image of highest energy to climb along the path regardless the effect of springs. It worth saying also that the accuracy of such energy barriers are sensitive to proper relaxation of the host lattice at the first place [98,99]. To simplify, we will use AxB notation to refere to diffusion path where A and B to refer to initial and final state,respectively. The number x then will refer to the opening type (cage face) through which the gas diffuse. A or B can be small cage (S) and large cage (L) while x can either represent pentagon (5) or hexagon (6). While the diffusion path between large cages can be either via the pentagon L5L or the hexagon (L6L), the diffusion path between large and small cages has only one possibility (L5S) which is not symmetric due to the different sizes of small and large cage. In addition, as we highlighted earlier in 7.4.

We found the L6L hydrogen hopping is in parallel to hexagonal cage face forming intermolecular hydrogen bonding between hydrogen molecule and the oxygen atoms building the cage as shown Fig. 8 (b). This temporal hydrogen bonding contributes to lower the activation energy barrier that was estimated to be 0.22 eV (21.04 kJ/mol) for a hydrogen molecule hopping between empty cages. The value is significantly lower than 27.02 kJ/mol reported using vdW-DF functional for sI large cage (5 12 6 2 ) [40] . Moreover, it perfectly agrees with the similar (5 12 6 4 ) L6L diffusion values of 22 kJ/mole value using AIMD calculation (B3LYP) and at the lower side of 21-25 kJ/mol range reported by using MP2 methods [50,100]. We have also investigated the hydrogen diffusion when CO 2 or CH 4 occupies the large cage. Two important observations should be underlined: first, the presence of CO 2 or CH 4 in the cage facilitated the hydrogen hopping compared to empty cages, and second, the inter-cage deformation has been minimized, as shown in energy and quantum tunnelling are not considered which decreases the effective diffusion barrier [50] and cage occupancy are not considered [100]. These factors will be considered in our future study. Nevertheless, we considered our activation energy barrier at 0 K-for the scope of this study-is enough as it has already revealed important information and proved the concept.

In absence of temporary guest-cage hydrogen bonding, hydrogen molecule diffusion via pentagonal face required to overcome 0.717 and 0.685 eV for L5L and L5S transitions which are slightly lower but agrees well with Li et al. and Roman-Perez et al. calculations using vdW-DF functional [40,95]. The higher energy barrier via pentagonal faces to/from the small cage is not sufficiently higher to underestimate its contribution to the overall diffusion. It is obvious that a lower barrier to diffuse via large cage hexagonal face channels dominates and enables faster kinetics for both adsorption and release. However, some hydrogen molecules should be retained in the small cage to get the full storage capacity of the clathrate structure. The latter can only happen through diffusion through pentagonal faces. Although those hops have relatively higher diffusion barriers, they are still affordable by the overall structure flexibility.

The other challenge for optimum hydrogen storage is the ability to retain hydrogen in large cages. Based on above, the calculated 0.22 eV low barrier for hopping between large cages represent excellent opportunity for not only increasing the storage capacity but also the ease of hydrogen storage and extraction in clathrate as reported for sII [94,97,102]. However, our binding energy calculations showed also that even at the optimum occupancy of 4 H 2 molecules in 5 12 6 2 cage, the cage stability is still lower than those of CH 4 and CO 2 in large cages which supports to the 'template' concept discussed above. Several experimental pieces of evidence showed the presence of H 2 in the 5 12 6 2 cage of sI clathrate that have almost full large cage occupancy of CO 2 and CH 4 [33,89]. So, these two contradicting effects leads us to think about the possibility of hydrogen diffusion to get heterogeneous H 2 -CH 4 and H 2 -CO 2 occupancy to the higher diffusion barriers required to diffuse through the pentagonal faces for both small and large cages. Similarly, hydrogen can diffuse from DC (CO 2 +H 2 ) to empty or (CO 2 )-filled large cage with energy barrier cost of 17.51 and 17.46 kJ/mol, respectively Figure 7.9b. In both case, the diffusion energy barrier is reduced significantly compared to the point of hydrogen hopping to empty large cage. Double occupation, either (CH 4 +H 2 ) or (CO 2 +H 2 ) did not only facilitate hydrogen diffusion into neighboring large cages, but also to empty small cages. To illustrate, the diffusion energy barriers from DC large cage of (CH 4 +H 2 ) and (CO 2 +H 2 ) into a small empty cage are 56.16 and 64.89 kJ/mol, respectively. Both values are also less than the 66.13 kJ/mol required for hydrogen to diffuse from SC large cage to empty small cage. Based on these results, one can anticipate that heterogeneous occupancies of (CH 4 +H 2 ) and (CO 2 +H 2 ) are energetically feasible and can compete with pure hydrogen occupancy in large cages. More importantly, this double occupation facilitate the hydrogen diffusion to neighboring small and large cages especially the empty ones. Consequently, the H 2 storage capacity can be enhanced. This lower diffusion barrier can be attributed to the fact that small molecules such as CH 4 or CO 2 (1) stabilize the cage and (2) alter the large cage dimensions during hydrogen diffusion. This can be noticed in the smaller inter-cage expansion area (∆A) values required for hydrogen diffusion from DC large cage (CH 4 +H 2 or CO 2 +H 2 ) into other large cages as indicated in Table 7.4.

Conclusion

A comprehensive stability and diffusion study was performed to evaluate the viability of sI clathrate for hydrogen storage in the presence of CO 2 and CH 4 . The computational data set pointed out that energy values obtained from generalized gradient approximation (GGA) functional, such as revPBE, can not properly evaluate the stability of gas clathrate. They are not reliable to determine the cage occupancy when compared to vdW-DF2 functional, providing results that are comparable to highly accurate wave function-based methods such as MP2 and the experimental values. Consequently, we used improved van der Waals density functional (vdW-DF2) to account for dispersion forces associated with adsorption of H 2 , CH 4 , and CO 2 Chapter 8

Conclusion and Perspectives

All's Well That Ends Well -William Shakespeare

Conclusion

Gas clathrate also called gas hydrates are crystalline nanoporous compounds with wide scale applications. These zeolitic-like ices are green nanoporous materials with unique properties that can play an important role in the energy transition process. Composed mainly from water, these crystalline structure can have several industrial applications related to water-energy nexus and CCS. This thesis reports the work on fundamental understanding the promotion mechanism of methane hydrate nucleation using computational studies. It also included extensive kinetics studies of methane hydrate formation using zeolites as green promoters. In particular, it addressed the main problems of slow formation kinetics, and poor heat & mass transfer which prevent the wide scale of zeolitic ice technology. Moreover, it explored the future of safe and economic hydrogen storage in those environmentally benign material with the target of zero carbon emissions. This Ph.D. thesis is composed of 8 chapters: it starts with as short introduction to the subject highlighting the importance of gas hydrates for energy transition in Chapter 1. Then, Chapter 2 shows experimental and computational methods that have been used in different studies. Chapter 3 includs detailed literature showing the structure similarities between clathrate hydrates and clathrasils and highlight how these material can improve different processes related to energy transition such as methane storage, CCS and hydrogen storage. The most important findings were as follows:

• Zeolitic ice are eco-friendly materials that can play an important in energy transition. • Gas hydrates possess unique physicochemical properties such as selective adsorption, thermal stability, and ionic conductivity.

• Natural gas hydrates offer a unique opportunity for long-term methane storage and utilization of discrete gas resources.

• Zeolitic ice can combine carbon capture and sequestration in a single process which can be standalone or combined with exiting technologies.

• Clathrate hydrates have a promising potential for safe and cost-effective hydrogen storage.

The data in Chapter 4 reveal for the first time the promoting effect of acidic zeolite for hydrate kinetics. The effect of ressure and the gas-to-liquid ratio has also been studied. DFT calculations and experimental results assessed the performance of the two types of zeolites in different concentrations and pressures for binary CH 4 -THF clathrate hydrate synthesis in a non-stirred configuration. The results indicated that the acidic zeolite (H-Y) exhibited superior performance over the basic one (Na-X), reaching its optimum at 0.5 wt% zeolite. A methane conversion of 94.25% could be obtained at this concentration in a relatively mild formation pressure of 6 MP.

To boost the process economics under realistic conditions, Chapter 5 reports for the first time binary methane-tetrahydrofuran (THF) formation using the combination of seawater and an unstirred reactor at ambient temperature (298.2 K).The results revealed that hydrophobic zeolites with a higher Si/Al ratio performed better than the more hydrophilic zeolites. Moreover, the aliphatic amino acid l-valine showed slightly better kinetic promotion performance for hydrate formation in natural and artificial seawater than the aromatic amino acid l-tryptophan. The optimization of the experimental conditions allowed a controlled hydrate growth, boosting the gas uptake to 40 mmol of gas/mol of water, which is the highest reported under mild conditions using seawater.

In Chapter 6 we investigate the effect of green kinetic promoters (H-SSZ-13, l-tryptophan, l-leucine, and l-methionine) in a novel fixed bed reactor design to accelerate hydrate formation at 6 MPa. The following points summarized the results obtained from that study:

• Binary CH 4 -THF hydrate is formed at near ambient temperature (293.15 K).

• Green promoters H-SSZ-13 and l-tryptophan dramatically improve the crystalliza-tion kinetics of binary CH 4 -THF hydrate at 283.15 K.

• A new design non-stirred fixed-bed reactor boosts the formation kinetics and storage capacity of CH4-THF hydrate.

• Experimental and techno-economic analysis prove that zeolitic ice is an ideal medium for safe and long-term energy storage.

Last but not least, Chapter 7 reports DFT calculations to show the possibility of using green house gases as a thermodynamic for hydrogen storage in clathrate hydrate. After choosing the a relaible exchange-correlation functional to accurately account for van der Waals interactions, the study provided the clathrate stability, diffusion, and energy storage of possible mixed gas occupancy in sI cages in the presence of H 2 . The volumetric storage, gravimetric storage, and molecular hydrogen content in H 2 -CH 4 binary sI clathrate are calculated to be 2.0 kW.h/kg, and 1.8 kW.h/L, and 5.0 wt%, respectively. These results are open the door to achieve DOE targets of hydrogen storage.

Perspectives

Based on the results presented in the above studies, the following points can be recommended for future studies:

• Zeolitic ice are promising green material for different energy transition applications such as methane storage, CCS and hydrogen storage.

• Porous material such as green and low cost acidic zeolites with moderate hydrophobicity showed enhanced hydrate kinetics. More extensive studies on different zeolite framework could provide more understanding for the complex interactions in zeolite-hydrate system.

• Carefully selected biodegradable amino acids could improve gas dissolution and storage capacity. Surveying more amino acids using computational tools can help to elect the best KHPs candidates.

• The storage capacity could be further increased by the help of advanced reactor design that enhance heat and mass transfer.

• Computational studies evidence showed the possibility of safe hydrogen storage can be achieved in presence of methane. More experimental studies on binary CH 4 -H 2 system is needed either as standalone mixture or with addition of other thermodynamic promoters.

out using the Monkhorst-Pack k-points grid of 2 × 2 × 2 in the reciprocal space. The DFT calculations for isolated cages and zeolite clusters were performed in a cubic simulation cell of volume 30 × 30 × 30 Å 3 . The 5 12 small cage was modeled with a 20-molecule water cluster. In these small (5 12 ) cages, 8 oxygen atoms are located in a perfect cube (O h ). An estimated distance of 3.91 Å separates those 8 oxygen atoms from the cage center. The remaining 12 oxygen are positioned at 3.95 Å from the cage center and transform according to (T h ) subgroup of (O h ) [10]. The results agree with the average obtained from the X-ray structure of sII as well as the optimized crystal model [3,14]. To represent the zeolite promoters, we have used computationally affordable finite cluster models of zeolite crystals. Cluster models have extensively been employed to understand reactive and absorptive processes in various framework types zeolites [9]. In particular, they have been successfully applied to understand zeolite acidity and water-zeolite interactions [5,8]. In general, the surface area and the porous volume measurements can be measured via N 2 -adsorption using usual surface area measurements. In particular, surface area measurements such as a BET-measurement (measurement according Brunauer, Emmet, Teller) can be used (ASTM D3663 for the surface area; and ASTM D4365 for the porous volume). Nitrogen adsorption measurements were performed on Micromeritics ASAP 2020 surface area analyzer and all samples were degassed under vacuum at 300 • C overnight before measurement. The isotherms were obtained using ASAP 2020 analysis program. The external surface (S ext ), the volume of micropores (V micro ) were obtained from t-plot based on the Harkins-Jura equation. Further, the mesoporous volume was determined as the difference between the total and micro- Prior to the measurements, the samples were pressed in self-supporting discs (diameter: 1.6 cm, 10 mg cm -2 ) and activated in the IR cell (attached to a vacuum line) at 723 • K for 4 h up to 106 Torr (14132.17 Pa). The IR cell was equipped with KBr windows, which allowed registering the spectra in the spectral region down to 400 cm -1 . The pressure of the adsorbed gases was measured by two Barocel gauges. One gauge was attached directly to the sample containing compartment of the cell. Another gauge allowed to measure a dose of gas in the known volume before adsorption thereof into the cell. The sample temperature during the treatment or recording of spectra was monitored by a chromel-alumel thermocouple inserted into the heater or into the coolant compartment of the cell. Adsorption of Py was performed at 423 • K. The excess of probe molecules was further evacuated at 423 • K. The adsorption-evacuation was repeated several times until no changes in the spectra were observed. The amount of the adsorbed Py was measured by means of the extinction coefficients ε 1545 at 1545 cm -1 ; pyridine attached to Brønsted acidic sites) = 1.8 cm/µmol and ε 1455 (at 1455 cm -1 ; pyridine attached to Lewis acidic sites) = 1.5 cm/µmol. The pyridine adsorption allowed quantifying the Brønsted acidic sites via ε 1545 and the Lewis acidic sites via ε 1455 [11].

The two zeolites are microporous, which does not allow the hydrate to be formed inside with methane up to 9.5 MPa. Pressure and temperature values were recorded every 10 sec and transmitted with the acquisition system to the PC for recording and monitoring. The time period between this starting point and the formation of the first hydrate crystal is called induction time. The induction time was distinguished by a simultaneous pressure drop and temperature increase due to the exothermic reaction nature of hydrate formation. As the reaction continues, the pressure drops further, and the hydrate formation process is considered complete after 9 hours. After that period, we found that there is no further significant pressure drop for all experiments in this study.

The number of moles of the gas consumed at any time t (∆n H↓ ) is equal to the difference between the number of moles of the gas n H,0 at time =0 (i.e. the start of the experiment) and the number of moles of the gas present n H,t at any time t in the vessel as shown by Eq.(C.1):

∆n H↓ = n H 0 -n H t = PV zRT G 0 - PV zRT G t (B.2)
Subscript G 0 and G t represent the gas phase at the start of the experiment and time t, respectively. Here, P, T, and V are the pressure, temperature, and reactor volume, respectively. R is the universal gas constant, and z is the comprehensibility factor calculated by Pitzer's correction [4]. Normalized methane gas uptake is calculated by the following Eq.(C.2):

Normalized uptake = ∆n H↓ n H 2 O (B.3)

B.1.4 Hydrate dissociation experiment

To evaluate the methane uptake, the hydrates were dissociated by increasing the temperature at the end of all experiments to 310.2 K for at least 6 hours. The selection of that temperature ensures complete hydrate dissociation as it is beyond the equilibrium phase boundary. After 6 hours, the dissociation is deemed completed when the pressure is not changing for 1 h. During dissociation, the amount of methane released from hydrate at any time t is calculated by Eq.(C.6)

∆n H↑ = n H,↓ -n H,0 = PV zRT G,t - PV zRT G,0 (B.4)
where n H,↓ is the moles of methane gas consumed for the hydrate formation at the end of the experiment. Finally, the methane recovery is calculated as in Eq.(C. 
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 4 Revealing Zeolites Active Sites Role as Kinetic Hydrate Promoters: Combined Computational and Experimental Study formation in a large-scale reactor of 25 L [53]. Increasing the methane formation temperature from 274.2 K to 293.2 will reduce 80% of the cooling cost as estimated by Veluswamy et al.
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 31 Zeolite Promoters and Hydrate CharacterizationN 2 -adsorption measurements, PXRD, and SEM images confirmed the crystal structures of Na-X and H-Y zeolites. ICP-AES and EDX revealed that while Na-X zeolite maintained high concentration of sodium, most of the sodium extra framework cation has been exchanged, and Si/Al ratio of H-Y is 2.7 compared to 1.2 in the case of Na-X. The acidity of the H-Y zeolite and of the Na-X zeolite were determined via IR and Pyridine TPD (temperature programmed desorption).
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 441 Figure 4.1: Effect of THF aqueous solution level on the gas uptake (in red) and conversion (in black) at 6 MPa.
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 42 Figure 4.2: Methane uptake profiles during the hydrate formation after hydrate nucleation at 6 MPa (dark blue), 7MPa(orange), and 8 MPa(green) and 283.2 K.
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  and Nguyen demonstrated that the moderate hydrophobicity of additive results in organizing the surrounding water into a clathrate-like structure and thereby promotes hydrate formation[69]. Recently, Denning et al. demonstrated that the more hydrophobic SSZ-13 (Si/Al ratio = 20) promoted 2.6 more hydrate growth than the hydrophilic SAPO-34 (Si/Al ratio = 0.6)[26]. Thus, the absence of soduim cation and the higher Si/Al ratio of H-Y resulted in enhanced hydrophobicity. Along with the additional gas-to-water contact area indicated by the higher S ext compared to Na-X, such hydrophobicity nature improved better orientation of water molecule for hydrate formation.
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 43 Figure 4.3: Average data of the effect equal concentrations of Na-X and H-Y zeolite promoters on the induction time (in green) and methane conversion (in dark red) of 5.56 mol% THF solution at different pressures (6-8 MPa). All experiments are conducted at 283.2 K.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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 44 Figure 4.4: Optimized configurations of small (5 12 ) cage with zeolite clusters of (a) Na-X and (b) H-Y . Sodium, silicon, and aluminum atoms are shown in light blue, brown, and grey colors, respectively.
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 965 ics and intense energy cooling requirements. The present study is the first report on binary methane-tetrahydrofuran (THF) formation using the combination of seawater and an unstirred reactor at ambient temperature (298.2 K) that would improve the process economics. Acidic zeolites with different Si/Al ratios (USY-40 and USY-10) as well as aliphatic (L-valine) and aromatic (L-tryptophane) amino acids are employed as environmentally benign kinetic hydrate promoters. The experimental study is combined with DFT calculations to shed light on the role of kinetic promoters in hydrate formation. The set of experimental data revealed that hydrophobic zeolites with a higher Si/Al ratio performed better than the more hydrophilic ones. Toward Economic Seawater-based Methane Hydrate Formation at Ambient Temperature : A Combined Experimental and Computational Study

  investigated the kinetic performance of amino acids for sII mixed methane/THF hydrate formation from saline water (3 wt% NaCl) at 283.2 K. The study showed a low concentration of Chapter 5. Toward Economic Seawater-based Methane Hydrate Formation at Ambient Temperature : A Combined Experimental and Computational Study leucine (200 ppm) could improve the hydrate kinetics at 5 MPa [26]. Pandey et al. investigated the kinetics of binary CH 4 -THF hydrate formation in the presence and absence of 3 wt% NaCl
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 21011 instrument used for methane hydrate formation and dissociation is shown in Figure B.The set-up is composed of a 450 cm 3 high-pressure stainless-steel reactor (CR; Parr) immersed in a cooling bath. The reactor is immersed in a cooling bath whose temperature is controlled by an external refrigerator (ER; Julabo, F250) which circulates a glycol solution. The pressure and temperature measurement were monitored by a pressure transmitter (PT; UNIK 5000, GE) with a range of 0-30 MPa and 0.1 % global error and a K-type thermocouple (T) with ± 1.0 K accuracy, respectively. To monitor the data during different experiments, a data acquisition logger (DAQ; Nanodac, Eurotherm) was connected to a personal computer (PC) and
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 5 Toward Economic Seawater-based Methane Hydrate Formation at Ambient Temperature : A Combined Experimental and Computational Study 5.3 Results and discussion 5.3.1 Zeolite Promoters and Hydrate CharacterizationN 2 -adsorption measurements, PXRD, and SEM images confirmed the crystal structures of USY-40 and USY-10 zeolites as shown in Table B.1, Figure B.2, and Figure B.3, respectively.
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 4 3 ppm while the other two peaks (26.2 and 69.0 ppm) indicate the large cage occupancy of THF as shown in Figure B.4. Details on the zeolite promoter and hydrate characterization results are provided in supporting information.
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 51 Figure 5.1: Comparison of average methane gas uptake owing to hydrate formation runs in the presence and absence of zeolite promoters: all solutions contain THF in the stoichiometric concentration of 5.56 mol% and hydrate synthesis temperature and pressure are 298.2 K and 9.5 MPa, respectively.
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 52 Figure 5.2: Comparison of average methane gas uptake owing to hydrate formation runs in the presence and absence of amino acid promoters: all solutions contain THF in the stoichiometric concentration of 5.56 mol% and hydrate synthesis temperature and pressure are 298.2 K and 9.5 MPa, respectively.
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 53 Figure 5.3: Optimized configurations of small (5 12 ) cage with zeolite clusters of (a) USY-40 and (b) USY-10. Silicon, hydrogen, carbon, and aluminum atoms are shown in brown, white, black, and gray colors, respectively.
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 54 Figure 5.4: Comparison of average methane gas uptake owing to seawater-basted hydrate formation in this work compared to literature [53]: all solutions contain THF in stoichiometric concentration of 5.56 mol% and hydrate synthesis temperature and pressure are 298.2 K and 9.5 MPa, respectively.
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 5 Toward Economic Seawater-based Methane Hydrate Formation at Ambient Temperature : A Combined Experimental and Computational Study (reactants, reactor, and P-T condition) as shown in Figure B.8. This temperature control within a tight range could eliminate the usual sudden, uncontrolled and stochastic hydrate growth associated with hydrate nucleation. With such controlled behavior, it is possible to extend the process from batch to continuous hydrate production.

  2 K) for the first time. Two types of environmentally benign kinetic hydrate promoters, acidic zeolites with different Si/Al ratios (USY-40 and USY-10) and amino acids (L-valine and L-tryptophane), were employed. Despite the challenging, extremely inhibitory environment due to the pres-5.4. Conclusions 113

Figure C. 1 5 .

 15 Figure C.1 and details of the set-up are provided in previous studies [40, 43]. In brief, it is composed of a 450 cm 3 high-pressure stainless-steel (SS-316) reactor (CR; Parr) that is equipped with light-weight corrosion resistance metallic filament packing (MFP). The morphology and detailed elemental composition of MFP is shown in Table C.1, and Figure C.2. The temperature is controlled by immersing the reactor inside a cooling bath where an external refrigerator (ER; Julabo, F250) circulates a glycol solution. While the pressure was measured by a pressure transmitter (PT; UNIK 5000, GE) with a range of 0-30 MPa and 0.1 % global error, the temperature was monitored by a K-type thermocouple (T) with ± 1.0 K accuracy. A data acquisition logger (DAQ; Nanodac, Eurotherm) connected to a personal computer (PC) was used to monitor the data during different experiments with the data collected every 10 seconds. To ensure data consistency, each experiment was repeated at least three times, as reported in Tables C.2-C.7. All experiment has been performed under isochoric and isothermal conditions.
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 61 Figure 6.1: Comparison of binding energy (kJ/mol) of several amino acids to the 5 12 methane cage compared to the interaction with H 2 O. Higher binding energy shows that the amino acid disturbs the cage formation and acts as an inhibitor and vice versa, which agrees well with experimental observations [70-73].
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 62136 Figure 6.2: Optimized configurations of small (5 12 ) cage with amino acids (a) l-tryptophan and (b) glycine. Nitrogen, hydrogen, carbon, and oxygen atoms are shown in violet, blue, yellow, and red colors, respectively.
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 63 Figure 6.3: Comparison of induction time and t 90 of H-SSZ-13 and different amino acids at 6 MPa and 283.15K

Figure 6 . 4 :

 64 Figure 6.4: Comparison of methane uptake (mmol gas/mol H 2 O)in the presence of H-SSZ-13 and different amino acids at 6 MPa and 293.15K.
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 65 Figure 6.5: Hydrate formation at 6 MPa and 293.15 K at (a) l-methionine at NSR (b) H-SSZ-13 at NSR and (c) H-SC.13 at FBR.
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 6626 Figure 6.6: Illustration of metallic packing in hydrate FBR and the improved FBR presented in this study.
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 67 Figure 6.7: Comparison of storage capacity and t 90 of H-SSZ-13 and l-tryptophan for hydrate synthesis in NSR and FBR at 6 MPa and 293.15K
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 73 mmol gas/mol H 2 O and 103.11 v/v, respectively. Despite showing the lowest kinetic performance among the studied promoters, l-methionine in FBR still significantly reduced induction time to only 5 mins compared to 83.6 min when it was used in NSR configuration.
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 368 Figure 6.8: Comparison of induction time and methane uptake of this work with the literature [a] using hollow silica (HS) and (HS+SDS) at 6 MPa and 293.15K [36] and [b] using methyl ester sulfonate (MES) at 8 MPa and 293.15 K [81].

Chapter 6 .Figure 6 . 9 :

 669 Figure 6.9: Comparison of temperature profiles of hydrate formation in NSR and FBR at 6 MPa and 283.15K.
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 610 Figure 6.10: Evolution of weight loss of CH 4 -THF hydrate stored in 253.15 K over 8 months.
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 611 Figure 6.11: Comparison of weight loss of CH 4 -THF hydrate stored in 253.15 K and LNG in 113 K over 8 months.

  tor design to accelerate reaction kinetics and improve the storage capacity. It also provides a first-principle methodology to evaluate the promoting efficiency of amino acid zeolite. Another important issue addressed in the study is the long-term storage in SGM compared with stateof-the-art LNG technology.Different zeolite and amino acids KHPs at low concentrations of 300 ppm were evaluated under 6 MP and at different temperatures in a non-stirred reactor (NSR) reactor. H-SSZ-13 showed the best performance at 283 K with an average induction time of 10.5 mins, hydrate volumetric capacity of 115 v/v, and recovery of 97%. The l-tryptophane outperformed other KHPs at 283 K and 288 K in terms of induction time and gas uptake. However, the performance of all promoters dropped at 293.15 K due to low methane solubility and mass transfer limitations.
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 71 Figure 7.1: Optimized geometries of empty (a) small (5 12 ) and (b) large (5 12 6 2 ) cages of sI clathrate.
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 72 Figure 7.2: Optimized configurations of H 2 molecules at optimum cage occupancies inside (a) small (5 12 ) and (b) large cages (5 12 6 2 ) of sI clathrate.
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 73 Figure 7.3: Binding energies as a function of the number of molecules for H 2 in small and large cages of sI clathrate.
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 74 Figure 7.4: Binding energies as a function of the number of molecules for H 2 in small and large cages of sI clathrate.
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 75 Figure 7.5: Binding and cohesive energy of (a) H 2 -CH 4 and (b) H 2 -CO 2 sI hydrates as function of hydrogen cage occupancy in large and small cages.
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 4 5 wt% target. More importantly, the gravimetric and volumetric energy contents are 2.0 kW.h/kg and 1.8 kW.h/L, respectively. This higher energy density due to combining hydrogen with methane could even fulfill 2025 DOE targets of 1.7 kW.h/L .
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 77 Figure 7.7: Diffusion Energy barriers of H 2 in different inter-cage transition systems (in eV) as a function of the relative progress along the reaction coordinate.

Figure 7 . 8 :

 78 Figure 7.8: Representations of the transition state showing inter-cage face deformation during the H 2 diffusion.
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Figure C. 2

 2 shows the optimized configuration of CH 4 @5 12 small cage model.
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 24 Figure A.2: Optimized configuration of CH 4 @512 small cage using vdW-DF2 exchange functional.

Figure A. 3 :

 3 Figure A.3: SEM images of (a) Na-X and (b) H-Y along with XRD pattern of Na-X.

Figure A. 5 :

 5 Figure A.5: Infrared spectra of Na-X zeolite between 1400 -1700 cm -1 range after pyridine adsorption and evacuation under vacuum at 250 • C. .

  7): Recovery(%) = ∆n H↑ n H,↓ * 100 (B.5)
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 12 Figure B.1: Schematic diagram of hydrate formation and dissociation setup
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 21 Clathrate types of Hydrates and Clathrasils

	Clathrate Hydrate Type	I	II	H
	Space group	Pm3n	Fd3m	P6/mmm
	Cages	5		

  Thus, hydrate-based carbon capture and Chapter 2. Zeolitic Ice for Energy Transition: An Introduction Estimated energy consumption (kw h per ton CO 2 ) of different carbon capture technologies. Hydrate-based technology combines both capture and sequestration methods in a single step. The figure is reproduced from Yu et al.
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	Figure 2.6:		

  The factor of 2 appears due to Pauli Exclusion Principle, which states that each individual electron wave function can be occupied by two separate electrons provided they have different spins. The n(r) is function of 3 coordinates instead of 3N coordinates in case of Schrödinger equation, which converts the many-electrons problem to many-one electron problem. The density functional theory is based on two fundamental mathematical theorems proved by Kohn and Hohenberg and the derivation of a set of equations by Kohn and Sham in the mid-1960s. The first theorem, proved by Hohenberg and Kohn (HK), is:

  Chapter 3. Experimental Techniques and Simulation Methods bonding[33, 34]. To illustrate, Pétuya et al. argued that the semilocal PBE functional can still reproduce experimental structural properties obtained by neutron diffraction and estimate stability of clathrates even better than non-local vdw-DF[35]. In another study, Vlasic et al.

The improved GGA functionals such as PBE and its revised versions revPBE and RPBE can gives more accurate chemisorption energies than the PW91 and PBE functionals

[29][30][31][32]

, however it fails to include vdW dispersion forces or hydrogen

  Chapter 4. Revealing Zeolites Active Sites Role as Kinetic Hydrate Promoters:Combined Computational and Experimental Study (time to reach 90% of final gas uptake) were reduced by 35% and 31%, respectively. Our results

The methane conversion reached 94.25% at this concentration and a relatively mild pressure (6 MP). The induction time and t 90

70 

  Methane (99.99% purity) was purchased from Linde Co., Tetrahyrofuran (THF, AR grade 99.99%) from Alfa Aesar, Na-X (Molecular Sieve Union Carbide Type 13X) from Fluka AG; and zeolite Y zeolite was offered by UOP. Deionized water was used in all experiments . The acidic form of zeolite Y (H-Y) was prepared by 5 consecutive exchanges of Na-Y with 10 wt% NH 4 NO 3 and calcination at 450 • C for 4 hours. The zeolite Na-X was used without modifications. The solution THF (5.56 mol%) solution or the mix of 5.56 mol% THF with zeolite

4.2.1 Material and apparatus

was prepared in a volumetric flask. Full description of the apparatus used for methane hydrate formation and dissociation experiments is shown with details at supporting information.

Table 4 . 1 :

 41 Average data for binary CH 4 -THF Hydrate formation at different zeolite concentrations and pressures at 283.2 K.

	System No.	Zeolite Conc.% w/v)	P (MPa)	Induction time(min)	Gas uptake(mmol gas/mol H 2 O) a	Gas Conversion(%) b Hydrate Yield (%) t 90 (min) % Recovery b
	X-255-80	0.255	80	17.0(±5.2)		48.68	60.70(±3.22)	41.37	257(±17)	97.40
	X-001-70	0.01	70	47.3(±10.5)		49.64	72.47(±1.24)	42.19	339(±19)	96.41
	X-225-70	0.255	70	110.3(±17.3)	41.20	71.88(±1.35)	23.37	387(±27)	96.10
	X-500-70	0.5	70	141.2(±24.7)	8.41	12.28(±2.85)	7.15	474(±48)	96.39
	X-500-60	0.5	60	53.8(±12.4)		48.95	85.38(±2.78)	41.61	295(±37)	97.70
	Y-500-60	0.5	60	17.0(±3.8)		54.00	94.25(±1.47)	45.94	320(±9)	96.59
	Y-255-60	0.225	60	20.0(±2.4)		51.98	90.67(±1.92)	44.19	312(±16)	97.02
	Y-001-60	0.01	60	24.2(±4.7)		52.67	91.87(±0.76)	44.78	327(±31)	96.24
	Y-255-70	0.225	70	11.8(±1.8)		53.54	78.18(±3.49)	45.51	218(±12)	95.83
	Y-001-80	0.01	80	8.5(±2.2)		57.54	71.75(±1.33)	48.91	248(±28)	96.12
	Y-255-80	0.225	80	2.5(±1.3)		57.16	71.29(±1.78)	32.41	235(±18)	95.40
	Y-500-80	0.5	80	1.3(±3.5)		59.95	74.76(±1.65)	50.96	257(±25)	95.51

a average results of gas uptake varied within ±0.42 mmol b average results of hydrate yield and %recovery varied within ± 4.17% and ±1.35 %, respectively.

  The optimized geometries and calculated values of ∆E Z-C are illustrated in Figure 4.4.While the value for Na-X zeolite is -136.04 kJ/mol, H-Y showed only -79.12 kJ/mol. The high value in the case of Na-X indicates that the zeolite binding to the clathrate cage is much stronger and thus disturbs the hydrate growth, which is attributed to the presence of sodium cation. The comparison of the optimized cage structured shown in Figure A.14 confirms this conclusion. Clearly, the cage structure in the case of zeolite H-Y is kept intact compared to that of Na-X. This is reflected in the relative ∆E HG in the presence and absence of zeolite promoter. The energy values of optimized methane cages for zeolite Na-X and H-Y are +39.56 and 

  than that saline water (3 wt% NaCl) of 89.2 V/V in presence of THF. They have also highlighted that sI hydrate from saline water (without THF) could not exceed 15.5 V/V even if the condition changed to 10 MPa and 274.2 K[31]. Veluswamy et al. emphasized the slight

al. examined sII hydrate formation from both seawater and simulated seawater (3 wt% NaCl) at 7.2 MPa and 283.2 K. They highlighted that real seawater (∼ 2.7 wt% salinity) showed slightly less volumetric storage of 86.3 V/V

Table 5 . 1 :

 51 Summary of experiments carried out with THF 5.56 mol% seawater (SW) in the absence and presence of different promoters. In all listed experiments, temperature and initial pressure were 298.2 K and 9.5 MPa.

	System	Experiment No. Reactor Type Gas uptake(mmol gas/mol H 2 O) Induction Time (min)	t 90	a	Revovery (%) b
		A1	NSTR	20.93(±3.5)	13.10(±5.5)	403.70	97.30
	SW+ 5.56 mol % THF	A2	NSTR	20.80(±1.5)	14.20(±3.8)	213.00	96.50
		A3	NSTR	20.20(±2.8)	15.70(±7.7)	375.00	96.30
		B1	NSTR	29.57(±1.2)	7.70(±4.7)	271.30	98.00
	SW+ 5.56 mol % THF+0.03% L-Tryptophan	B2	NSTR	24.39(±2.6)	8.00(±1.8)	282.30	97.30
		B3	NSTR	28.70(±1.8)	7.50(±3.8)	241.50	96.70
		C1	NSTR	37.98(±1.5)	8.20(±2.7)	410.80	97.50
	SW+ 5.56 mol % THF+0.03% L-Valine	C2	NSTR	35.28(±2.7)	7.20(±3.3)	409.00	97.20
		C3	NSTR	34.91(±2.9)	5.30(±2.7)	426.50	97.40
		D1	NSTR	40.04(±1.4)	6.90(±1.8)	410.20	96.10
	SW+ 5.56 mol % THF+0.03% US-Y-40	D2	NSTR	38.67(±2.3)	5.20(±2.2)	410.20	97.90
		D3	NSTR	41.20(±2.7)	4.70(±3.5)	376.80	97.09
		E1	NSTR	24.14(±1.3)	10.80(±4.2)	244.50	96.37
	SW+ 5.56 mol % THF+0.03%US-Y-10	E2	NSTR	20.03(±3.3)	11.20(±5.8)	267.70	96.41
		E3	NSTR	19.38(±2.1)	11.70(±4.7)	319.30	96.79

a average results of t 90 varied within ±37 min b average results of hydrate %recovery varied within ±1.54 %.

  Methane (99.99% purity) was purchased from Linde Co., and Tetrahydrofuran (THF, AR grade 99.99%) from Alfa Aesar, NH 4 -SSZ-13 was purchased from ACS Materials (USA). The NH 4form of zeolite was calcined was at 450 • C for 4 hours to obtain the acidic form (H-SSZ-13).
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	6.2 Experimental Section	
	6.2.1 Experimental Procedure	
	6.2.1.1 Material and apparatus	

  The new MFP-FBR improved mass and heat transfer Chapter 6. Sustainable Energy Storage in Hydrates: Combining Predictive First Principle Calculations, Green Kinetic Promoters with Improved Reactor Design by increasing the thermal conductivity and breaking the hydrate thin film formation without significantly affecting the gravimetric storage capacity.The experimental data showed that the presence of the green KHP H-SSZ-13 significantly reduced the reaction time and increased the volumetric storage capacity to 96% of the theoretical value. The overall performance of amino acids followed the order of l-tryptophan > l-leucine > l-methionine, which agreed well with our first-principle calculations. Finally, our study demonstrated the potential of SNG for long-term methane storage in economic conditions compared to LNG. The weak Van der Waals interactions between a gas molecule and the pore walls stabilize these non-stoichiometric structures. The present article reports an ab initio improved van der Waals density functional (vdW-DF2) study devoted to the interactions associated with H 2 , CH 4 , and CO 2 adsorption in sI clathrate hydrate. The study provides the clathrate stability, diffusion, and energy storage of possible mixed gas occupancy in sI cages in the presence of H 2 . The results also provided the hydrogen energy landscapes and the estimated diffusion activation energy barriers to the large and small cage to be 0.181 and 0.685 eV, respectively. In addition, the results showed that the presence of CH 4 or CO 2 could enhance the storage capacity, thermodynamic stability, and hydrogen diffusion in sI clathrates.The volumetric storage, gravimetric storage, and molecular hydrogen content in H 2 -CH 4 binary sI clathrate are calculated to be 2.0 kW.h/kg, and 1.8 kW.h/L, and 5.0 wt%, respectively. 158 Chapter 7. Ab initio Mechanistic Insights into the Stability, Diffusion and Storage Capacity of sI Clathrate Hydrate Containing Hydrogen

	Chapter 7
	Ab initio Mechanistic Insights into the
	Stability, Diffusion and Storage Capacity of
	sI Clathrate Hydrate Containing Hydrogen
	I think I can safely say that nobody
	understands quantum mechanics
	-Richard Feynman
	Gas hydrates are non-conventional materials offering great potential in capturing, storage,
	and sequestration of different gases.

  Chapter 7. Ab initio Mechanistic Insights into the Stability, Diffusion and Storage Capacity of sI Clathrate Hydrate Containing Hydrogen Dyadin et al.. found experimentally that pure hydrogen clathrate can be synthesized in the form sII clathrate but at very high pressures (≈ 1.5-2 kbar)[25]. Mao et al. showed that the sII hydrogen clathrate is structurally stable up to 145 K at ambient pressure

  6 4 large cages are occupied by THF[29, 30].Lee et al.suggested that the reducing of THF concentration would allow hydrogen storage in large cages in relatively moderate conditions[22]. Although supported by Sugahara et al. data[31],this approach was reported non-reproducible by other studies including the one by Strobel et al.. Thus, boosting the hydrogen capacity upon reasonable pressure-temperature conditions remains a challenge far from being met.Another direction to solve this problem is to use gaseous thermodynamic promoter of high calorific value and hydrogen content or "blue hydrogen storage". Recently, storing hydrogen along with methane has attracted attention as they are anticipated to meet the US Department of Energy (DOE) targets of energy density while showing affordable formation and storage conditions[26]. Skiba et al. studied X-ray diffraction in the system H 2 -CH 4 -H 2 O at a pressure of 20 MPa and 40 mol% of hydrogen content in the initial gas mixture. They concluded that hydrate formed is sI with cell parameter of 11.86 Å at 133 K [32] . Matsumoto et al. investigated H 2 -CH 4 hydrates prepared at various conditions were by PXRD and Raman spectroscopy to reveal hydrate structure, cage occupancies and mole fraction of H 2 and CH 4 . They noticed that H 2 -CH 4 binary hydrates can be either sI or sII depending on pressure, temperature, composition and formation time. More importantly, that they showed that in some cases sI can be formed first even before the thermodynamically stable sII and that theses hydrates can be formed at more moderate conditions than pure H 2 or tuned H 2 -THF binary hydrates[33]. As hinted earlier, the presence of thermodynamic promoters in sII or sH improved the formation conditions significantly but on the expense of sharp decrease in storage capacity due to filling the large cages. So, one way to improve the clathrate storage capacity for hydrogen is to allow both small and large cage occupancies by using small gas molcules such as CH 4 and CO 2 .Belosludov et al. theoretically investigated the hydrogen storage in binary hydrogen-methane clathrate hydrates and showed that methane concentration of 6% stabilizes the cubic sI[34, 35].Grim et al., using Raman spectroscopy and PXRD, showed that H 2 can be stored in both small and large cages of sI. They basically used pre-synthesized CH 4 and CO 2 sI clathrate as a "templates" for hydrogen clathrates. Although the storage potential was less than sII, they proved the concept that H 2 can occupy both small and large cages and multiple cage occupancy is feasible in case of sI. It should be noted that CH 4 and CO 2 sI clathrate were synthesized at 11 and 1.7 MPa, respectively. Accordingly, the CH 4 initial templates is almost fully occupied with Θ s =0.96 and Θ l =0.99, a value similar to CO 2 large cages Θ l =0.98 occupancy as calculated by CSMGem[3]. Consequently, there is a big chance that cages, especially large ones, accommodate hydrogen together with CH 4 or CO 2 . Such a mixed occupation would greatly impact the estimated storage capacity of those clathrates.Generally, the cage occupancy depends mainly on two important interrelated properties:(1) the stability of those (pre-)occupied cages and (2) the ability of guest gas to diffuse into those specific cages at first place. The latter is determining factor in transport phenomena and processes such as mass transfer depend on the inter-cages transition energy barrier. Calculating those barriers will enable us to accurate estimate parameters such as diffusion constant in intact hydrate phase and therefore give better understanding of practical issue such as the slow kinetics of hydrogen storage or CO 2 /CH 4 replacement[36][37][38][39]. The diffusion mechanism suggested Chapter 7. Ab initio Mechanistic Insights into the Stability, Diffusion and Storage Capacity of sI Clathrate Hydrate Containing Hydrogen

  This paper aims to study the cage occupancy and diffusion in single (H 2 ), mixed (CH 4 -H 2 ) and (CO 2 -H 2 ) sI clathrates. In addition, we will report the stability, binding energy, and optimum storage capacity of CH 4 and CO 2 in sI clathrate containing hydrogen. Finally, we will present all possible diffusion paths of hydrogen in sI empty and filled with frameworks. To evaluate the hydrogen bond network's ability to enhance global structure flexibility, we consider the diffusion through fully relaxed structures since the proper evaluation of diffusion is important to estimate the hydrogen storage in sI CH 4 or CO 2 clathrates.

	7.2. Computational Methods	163
		complete distortion of H-bonding network where the
	diffusion is facilitated by other molecule or crystal defect and (2) global structure flexibility
	that is enhanced by equitable sharing of the bond elongations. Thus, the proper understanding
	of inter-cage transport at the molecular level lies largely in the appropriate estimation of the
	flexible transitions.	

  The improved GGA functionals such as PBE and its revised Chapter 7. Ab initio Mechanistic Insights into the Stability, Diffusion and Storage Capacity of sI Clathrate Hydrate Containing Hydrogen

	versions revPBE and RPBE can gives more accurate chemisorption energies than the PW91
	and PBE functionals [58-61], however it fails to include vdW dispersion forces or hydrogen
	bonding [62, 63]. To illustrate, Pétuya et al. argued that the semilocal PBE functional can
	still reproduce experimental structural properties obtained by neutron diffraction and estimate

stability of clathrates even better than non-local vdw-DF

[64]

. In another study, Vlasic et al.

pointed out that revPBE works very well for gas and THF hydrates and could accurately de-

  E hydrate , E CO 2 , E gas , E H 2 O , E residual are the energies of hydrate, hydrogen , gas (CO 2 or CH 4 ) , water and the hydrate with one hydrogen molecule less.The minimum energy pathsThe clathrate volumetric or gravimetric storage capacity depends on hydrate's stability and cage occupancy, while the diffusion rate of a gas molecule through the cages influences the storage kinetics. A major drawback of van der Waals and Platteeuw (vdW-P) theory is that it assumes single cage occupancy and ignores guest-guest interaction[73, 90]. To overcome that, we used ab initio calculation of binding energy of gases in different cages to evaluate multiple cage occupancies and stability of hydrates. Calculating the binding energy in isolated cage models in order to evaluate occupancy in different cages has been proven to be a good compromise between high accuracy and computational performance[74][75][76]. The small cage was modelled with a 20-molecule water cluster. In this structure , 8 oxygen molecules are organized in perfect

	7.3. Results and discussion	165
	7.3 Results and discussion	
	7.3.1 H 2 cage occupancy	
	(MEP) between two minima were identified using NEB and CI-NEB methods with conver-
	gence criterion (< 0.05 eV/Å). Transition state structures were confirmed by presence of only
	one imaginary frequency along the reaction coordinate. Vibrational frequency calculation for
	those transition states were performed via DFPT (Density-Functional Perturbation Theory) cal-
	culations as implemented in QE package. [72].	

cube (O h ) at a distance of 3.91 Å from the center of the cage while the remaining 12 oxygen are positioned at 3.95 Å from cage center. For the large cage, a 24-molecule model cluster is used where oxygen atoms are positioned in between 4.04 Å and 4.64 Å from the cage center.

Table 7 .

 7 For 2 H 2 @512 , the intermolecular distance in between the centres of mass is 2.92 Å while the distances from cage center are 1.32 and 1.46 Å. Likewise for 2H 2 @5 12 6 2 , this intermolecular distance slightly increased to 3.03 Å and the two molecules stayed at remarkably equivalent distance of approximately 1.52Å from cage center.When a third molecule is added to the small cage, the H 2 molecules are relaxed in an approximately equilateral triangle positions with intermolecular distances ranges from 2.59 to 2.64 Å and almost equal distances of average 1.51 Å from cage center. However, for 3 H 2 @5 12 6 2 , the hydrogen molecules preferred to position at isoscele triangle fashion with H 2 -H 2 distances of 2.75, 2.74, and 3.21 Å. The mass centres of those three H 2 molecules are at a distance that ranges 1.67 and 1.77 Å from the large cage center. A combination of size effect and H 2 -H 2 repulsions prevents the small cage to accommodate more than 3 H 2 molecules and the binding energy become positive. On the contrary, adding a forth molecule to the large cage stabilized it at an optimum binding energy of -23.41 kJ/mol. While 2 of the 4 hydrogen molecules relaxed at cage off-center distance of 1.70 Å ,the other couple maintained approximately 1.83 Å equal distances from the cage center. In that case, the H 2 -H 2 distances are between 2.74 and 3.13 Å. The geometry optimization resulted in distorted tetrahedron of H 2

	1: vdW-DF2 and revPBE binding energies (eV) for H 2 in sI
	Reaction	∆E 0 (revPBE) ∆E 0 (vdW-DF2) ∆E 0 H 2 -H 2 (vdW-DF2)
	1H 2 +S=1H 2 @S	0.023	-0.123	-
	2H 2 +S=2H 2 @S	0.258	-0.147	0.020
	3H 2 +S=3H 2 @S	0.598	-0.070	0.062
	1H 2 +L=1H 2 @L	0.005	-0.108	-
	2H 2 +L=2H 2 @L	0.108	-0.216	-0.002
	3H 2 +L=3H 2 @L	0.341	-0.210	0.013
	4H 2 +L=1H 2 @L	0.546	-0.243	0.013
	5H 2 +L=2H 2 @L	-	-0.225	0.037
	6H 2 +L=3H 2 @L	-	-0.186	0.037
	So, using vdW-DF2 we further examined the structure and stability of the H 2 O/H 2 models.
	For H 2 @5 12 model, the calculation predicted that hydrogen molecule is off-centre by only 0.2
	Å. However, this distance from cage center increased to 1.27 Å in case of 5 12 6 2 cage. This
	deviation from center in large cage can be explained by the presence of different cage faces

(pentagonal and hexagonal) areas that have unequal interactions with the H 2 molecule. On the other hand, the equivalent 5

12 

pentagonal faces have equal host-guest interactions areas that keep hydrogen molecule centred.

Table 7 .

 7 1 , we can see that an increase in the number of H 2 molecules leads to an increase in binding energy per H 2 molecule and further stabilization of the cage due to the additional interaction of H 2 molecules. This is valid until the number of hydrogen molecules reaches an optimum cluster size above which additional hydrogen molecules destabilize the cage. Accordingly, it has been found that 512 cage can accommodate up to 2 H 2 molecules, while 512 6 2 had optimum cage occupancy of 4 H 2 molecules as shown in Figure7.2. On the other hand, the inclusion of dispersive forces increased the stability structures in general and more specifically at higher hydrogen occupancies. For single H 2 occupancy, the differences be-Chapter 7. Ab initio Mechanistic Insights into the Stability, Diffusion and Storage Capacity of sI Clathrate Hydrate Containing Hydrogen

Table 7 . 1 .

 71 Our calculations indicated that for lower cage occupancies up to the optimum, the H 2 -H 2 repulsion had a minor effect at both small and large cages and did not exceed 1.91 kJ/mol. However, increasing the number of H 2 molecule by only one H 2 molecule beyond that optimum resulted in H 2 -H 2 repulsion sharp increase by 3 times in case of small cage and about 2.8 time in case of large cage. In contrast, and at the same time, the attractive hostguest interactions between hydrogen and cage wall improved the cage stability to maximum at optimum occupancy. Adding further hydrogen molecules did not improve the stability as the contact area between hydrogen and cage wall has already reached the maximum at optimum occupancies. Thus, the H 2 -H 2 repulsion further dominated, as shown in Figure7.3.

Table 7 . 2 :

 72 7.3.2 CH 4 +H 2 and CO 2 + H 2 cage occupancy Similar to H 2 , we studied the single occupancy of CO 2 , CH 4 , CH 4 -H 2 , and CO 2 -H 2 in individual cages. In all cases, we have found that the adsorption energy is dominated by van der Waals interactions in line with the above results. Unlike vdW-DF2, the absence of van der Waals forces in the GGA approximation showed that the inclusion of CO 2 and CH 4 in sI cage is not energetically favorable, contradicting experimental results as shown in Table 7.2. Calculated interaction energy (eV) of CO 2 and CH 4 . Chapter 7. Ab initio Mechanistic Insights into the Stability, Diffusion and Storage Capacity of sI Clathrate Hydrate Containing Hydrogen occupancy of CO 2 and CH 4 to those calculated by Atilhan et al. via the highly accurate MP2 method, an excellent agreement has been obtained as shown Table 7.2 [81]. For CO 2 @5 12 cage single, cage occupancy is slightly preferred than in case of CH 4 and the results are comparable to DF-MP2/AVTZ level of theory reported by Arismendi-Arrieta et al. [82]. Additionally, we calculated, for the first time to the best of our knowledge, the binding energies of double occupancy of (CH 4 +H 2 ) and (CO 2 + H 2 ) in both small and large cage. The binding energy values indicated that inserting hydrogen destabilizes the small cage by 18.9 kJ/mol relative to CH 4 single occupancy. At the same time, H 2 will prefer to occupy an empty cage instead as shown in Figure 7.4. Similarly, trying to adsorb hydrogen molecule in a small cage pre-occupied by CO 2 destabilized the cage but to lesser extent. From energetic point of view , the co-inclusion of (CO 2 + H 2 ) in small cage is more stable than the optimum H 2 doubleoccupancy. On the other hand, the large cage showed flexibility to accommodate or store both molecules as detailed below. Additionally, the results showed that CO

	Guest Molecule	IE (revPBE) IE (vdW) eV IE (MP2) eV
	1CH 4 +S=1CH 4 @S	0.021	-0.288	-0.337[81]
	1CO 2 +S=1CO 2 @S	0.235	-0.360	-0.390[82]
	1CH 4 +L=1CH 4 @L	0.089	-0.283	-0.295[81]
	1CO 2 +L=1CO 2 @L	0.063	-0.408	-0.417[81]
	2CO 2 +L=2CO 2 @L	0.101	-0.476	-
	3CO 2 +L=3CO 2 @L	0.310	-0.160	-
	Consequently, from hereafter, vdW-DF2 results will only be considered. The geometry
	relaxation for CH 4 and CO 2 @ 5 12 cage showed that the gas tends to stay at almost exactly
	the cage center. The single occupancy at the large cage shows some differences with the gas
	molecule relaxed off-centered by 0.21 and 0.52 Å for CH 4 and CO 2 , respectively. Again, this

small displacement is due to the unequal interactions with different faces of the large cage. One can conclude that for a single cage occupancy, the larger the molecules tend to position themselves at the cage center. More interestingly, comparing our binding energies results of single 2 occupancies in large cages is dominant over small cages. Finally, based on above results, one can conclude the separation efficiency in large cage is in the order of CO 2 > CH 4 > H 2 which perfectly agrees with previous experimental observations

[83][84][85]

.

  7.3. Results and discussion171 storage capacity to meet DOE targets[87, 88]. Therefore, we examined the hydrogen accommodations in 512 6 2 cage being already occupied by a small gas molecule such as CH 4 or CO 2 .It was found that the H 2 inclusion in a large cage, already filled by CH 4 , will stabilized the cage by 21.23 kJ/mol which is better than single, double and triplet pure H 2 occupancies. However, it is still less than the optimum quadrate occupancy as detailed in Table7.1. When the large cage is filled with a single CO 2 molecules, the inclusion of H 2 molecule will stabilize the cage significantly by -41.16 kJ/mol which is more stable than all possible pure hydrogen occupancies. Because the low binding energy of only -10.4 kJ/mole in case of pure hydrogen single cage occupancy at 512 6 2 cage, such heterogeneous occupancy (H 2 +CO 2 or H 2 +CH 4 ) binding energy results can better explain H 2 single cage occupancies in sI large cages proposed by experimental studies [33, 89]. These results are in line with the concept that hydrate templates containing suitable energy gases can allow H 2 large cage occupancies, as shown in Figure 7.4.

Table 7 .

 7 1 and Table7.2, the different gas molecules possess different binding energies in small and large cages. Thus, there are two different activation energies for L5S and S5L depending on the direction of diffusion path. Figure7.7 and Table7.4 summarize the energy profiles of all different diffusion paths of H 2 in both empty and filled cages.

	7.3. Results and discussion

Table 7 .

 7 4. Although there is no experimental values for H 2 diffusion in Chapter 7. Ab initio Mechanistic Insights into the Stability, Diffusion and Storage Capacity of sI Clathrate Hydrate Containing Hydrogen Table 7.4: H 2 diffusion energy barriers and inter-cage deformation area of different transitions In empty cages the areas of small cage pentagonal face,large cage hexagonal and pentagonal (L5L) faces are 13.64 ,18.58 and 13.78 Å 2 , respectively

	System	Initial State	Final Sate	Ea(eV) Ea(kJ/mol) A(Å 2 )* ∆A%
	LL	(H 2 )L5L	L5L(H 2 )	0.710	68.47	14.53 5.44%
		(H 2 )L6L	L6L(H 2 )	0.218	21.04	25.81 38.91%
		(H 2 )(CH 4 )L6L(CH 4 ) (CH 4 )L6L(CH 4 )(H 2 ) 0.222	21.42	21.43 15.34%
		(H 2 )L6L(CH 4 )	L6L(CH 4 )(H 2 )	0.301	29.03	21.35 14.91%
		(H 2 )(CH 4 )L6L	(CH 4 )L6L(H 2 )	0.189	18.26	21.35 14.91%
		(H 2 )(CO 2 )L6L(CO 2 ) (CO 2 )L6L(CO 2 )(H 2 ) 0.181	17.46	21.28 14.53%
		(H 2 )L6L(CO 2 )	L6L(CO 2 )(H 2 )	0.233	22.49	21.63 16.42%
		(H 2 )(CO 2 )L6L	(CO 2 )L6L(H 2 )	0.181	17.51	21.63 16.42%
	LS	(H 2 )L5S	L5S(H 2 )	0.685	66.13	15.01 10.04%
		(H 2 )S5L	S5L(H 2 )	0.717	69.18	15.01 10.04%
		(H 2 )(CH 4 )L5S	(CH 4 )L5S(H 2 )	0.582	56.16	15.44 13.20%
		(H 2 )S5L(CH 4 )	S5L(CH 4 )(H 2 )	0.722	69.63	15.44 13.20%
		(H 2 )(CO 2 )L5S	(CO 2 )L5S(H 2 )	0.672	64.85	15.48 13.49%
		(H 2 )S5L(CO 2 )	S5L(CO 2 )(H 2 )	0.742	71.55	15.48 13.49%

sI, it should be noted that being at lower side can be considered at the right direction as experimental activation energy barrier from NMR is only 0.03 eV ( 3 ± 1 kJ/ mol)

[101]

. The large discrepancy between computational and experimental results are due to the fact that zero-point *

Table A . 2 :

 A2 Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) for the Zeo-Table A.3: Energy dispersive X-ray spectroscopy (EDX) measurements of Zeolite Promoters.

	lite Promoters						
		23Na [HEHe]	27Al [HEHe]	29Si [HEHe]	
	Zeolite Concentration [mg/l] Concentration [mg/l] Concentration [mg/l]
	Na-X		5.54	6.55		8.17	
	H-Y		0.78	4.95		13.28	
	Element	Net	Mass%	Mass%	Atom%	Absolute	Relative
				(normal-		error in %	error in %
				ized)		(1 sigma)	(1 sigma)
				H-Y (sample #1)			
	Al	328805	5.28	26.83	27.39	0.28	5.25
	Si	849005	13.64	69.24	67.9	0.61	4.44
	Na	24756	0.77	3.93	4.7	0.08	9.86
		Total:	19.69	100	100		
				H-Y (sample #2)			
	Al	146766	6.94	25.55	26.11	0.36	5.15
	Si	375371	19.24	70.79	69.5	0.84	4.39
	Na	11976	1	3.67	4.4	0.09	9.3
		Total:	27.17	100	100		
				H-Y (sample #3)			
	Al	240420	9.32	25.18	25.82	0.47	5.05
	Si	618582	26.9	72.66	71.58	1.17	4.35
	Na	12025	0.8	2.16	2.6	0.08	9.95
		Total:	37.03	100	100		
				Na-X			
	Al	311131	19.6	34.57	33.67	0.96	4.9
	Si	368444	23.1	40.73	38.11	1.01	4.37
	Na	174806	14	24.69	28.22	0.93	6.62
		Total:	56.7	100	100		

Table B . 2 :

 B2 Summary of experiments carried out with THF 5.56 mol% water (FW) and simulated seawater (SSW). In all listed experiments, temperature and initial pressure were 298.2 K and 9.5 MPa.

	System	Experiment No. Reactor Type Gas uptake(mmol gas/mol H2O) Induction Time (min)	t90 a	Revovery (%) b
		F1	NSTR	60.37 (±2.5)	0.80 (±0.7)	356.70	96.09
	FW+ 5.56 mol% THF+0.03% US-Y-40	F2	NSTR	53.90 (±3.7)	0.20 (±0.1)	376.80	96.41
		F3	NSTR	55.70 (±1.2)	0.50 (±0.2)	358.90	97.95
		G1	NSTR	64.52 (±4.1)	1.00 (±0.5)	444.00	97.20
	FW+ 5.56 mol% THF+0.03% L-valine	G2	NSTR	66.18 (±1.8)	1.20 (±0.3)	398.80	97.35
		G3	NSTR	65.20 (±2.2)	2.30 (±0.8)	423.00	98.00
		H1	NSTR	29.78 (±4.2)	10.90 (±1.7)	162.30	97.20
	SSW (3 wt% NaCl)+ 5.56 mol% THF+0.03% US-Y-40	H2	NSTR	30.60 (±1.6)	7.40 (±1.2)	184.80	96.70
		H3	NSTR	31.80 (±3.5)	8.70(±2.2)	170.50	97.35
		I1	NSTR	34.79 (±1.8)	1.80 (±0.8)	396.50	97.78
	SSW (3 wt% NaCl)+ 5.56 mol% THF+0.03% L-valine	I2	NSTR	30.60 (±0.9)	2.20 (±0.7)	385.40	97.95
		I3	NSTR	31.50 (±3.8)	1.50 (±0.8)	375.20	97.10

a average results of t 90 varied within ±48 min b average results of hydrate %recovery varied within ±1.42 %.

Table B . 3 :

 B3 Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) for the Zeo-

	lite Promoters			
		23Na [HEHe]	27Al [HEHe]	29Si [HEHe]
	Zeolite Concentration [mg/l] Concentration [mg/l] Concentration [mg/l]
	USY-10	0.15	1.27	16.75
	USY-40	0.14	0.48	19.96

Table B . 4 :

 B4 Energy-dispersive X-ray spectroscopy (EDX) measurements of Zeolite Promoters.

	Element	Net	Mass% Mass% (normalized) Atom% Absolute error in % (1 sigma) Relative error in % (1 sigma)
					USY-40		
	Al	239751	1.02	2.63	2.75	0.070	7.25
	Si	11873099 37.27	96.46	96.68	1.61	4.32
	Na	3238	0.24	0.63	0.19	0.04	14.67
					USY-10		
	Al	269678	1.82	6.53	6.78	0.11	6.01
	Si	3584252	25.74	92.49	92.37	1.09	4.24
	Na	4041	0.04	0.16	0.20	0.01	11.34

Table B . 5 :

 B5 France seawater composition analysis (Total salinity: 2.75 wt%)

	Test	Components (mg/L)
	23 Na	12415.120
	34 S	585.870
	39 K	459.110
	35 Cl	32670.020
	14 N	6628.771
	79 Br	8.824
	127 I	0.111
	24 Mg	1380.400
	43 Ca	413.430
	27 Al	≤ 0.001
	11 B	4.628
	88 Sr	1.034
	51 v	≤ 0.01
	31 P	0.058
	60 Ni	≤ 0.001
	107 Ag	≤ 0.001
	66 Zn	0.001
	56 Fe	0.001
	63 Cu	0.001
	28 Si	0.400
	45 Sc	0.110
	7 Li	0.120
	85 Rb	0.017
	89 Y	0.112
	95 Mo	0.002
	137 Ba	0.003
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-Alina Wheeler Synthetic Gas hydrates are promising materials for safe and compact energy storage but their wide-scale application is hindered by slow formation kinetics. We investigated the effect of green kinetic promoters (H-SSZ-13, l-tryptophan, l-leucine, and l-methionine) in a novel reactor design to accelerate hydrate formation at 6 MPa. In non-stirred reactor (NSR), H-SSZ-13 and l-tryptophan showed superior performance over l-leucine and l-methionine. While H-SSZ-13 showed the lowest average t 90 (time taken for 90% completion of methane uptake) of 286 mins and the highest volumetric capacity of 115 v/v at 283 K, its kinetic performance, along with other promoters, dropped significantly at 293 K. We introduced a new fixed bed reactor (FBR) equipped with light metallic packing filaments (MPF) to increase gas diffusion and thermal conductivity. The combined effect of FBR-MFP reactor with zeolite significantly improved the kinetics overcoming NSR drawbacks. At 293.15 K, H-SSZ-13 acidic zeolite Chapter 6. Sustainable Energy Storage in Hydrates: Combining Predictive First Principle Calculations, Green Kinetic Promoters with Improved Reactor Design

Formation, Dissociation, and Storage Procedures

A detailed description of hydrate formation and recovery experiments and calculations is reported in supporting information as described in Sections C.2.1 and C.2.2. For the storage procedure, the reactor content was quenched to liquid nitrogen temperature and then recovered under liquid nitrogen in an external closed stainless steel container which was preserved in a refrigerator under 253.15 K and atmospheric pressure. Periodically, the sample weight has been followed to check the methane loss.

Characterization of H-SSZ-13 and Binary CH 4 -THF Hydrate

The calcined acidic zeolite (H-SSZ-13) was characterized using scanning electron microscope (SEM), powder X-ray diffraction (PXRD), inductively coupled-atomic plasma emission spectroscopy (ICP-AES), scanning electron microscopy (SEM) equipped with energy dispersive X-ray (EDX), and N 2 adsorption as shown in Section C.3.1. The synthesized binary CH 4 -THF hydrate was characterized by PXRD, Raman spectra, and 13 C NMR. Methods, procedures, calculations, and equipment are detailed in the supporting information Section C.3.2.

Density Functional Theory Calculations

For the computational part, we used density functional theory (DFT) calculations [64] with the projected augmented wave (PAW) method and the standard pseudopotentials as implemented in Quantum Espresso (QE) software [12,65,66]. A full detailed description of the promoterhydrate models and calculation parameters are shown in supporting information Section C.4.

Results and discussion

Zeolite promoter (H-SSZ-13) was characterized by powder X-ray diffraction (PXRD,Figure C.10).

All data show that the employed material is highly crystalline. ICP-AES and EDX revealed that Si/Al ratio of 9. Powder XRD analysis confirmed sII formation, which coexists with a small amount of hexagonal ice. Raman spectroscopy analysis on the synthesized binary hydrate was 6.3. Results and discussion The small difference between lattice parameter of empty and filled cages for small gas guests agrees well with those reported in literature [95]. In case filled cages, we considered pure CH Although there are experimental and computational evidence for H bath. An external refrigerator (ER; Julabo, F250) circulated a glycol solution to control the temperature of the cooling bath. A pressure transmitter (PT; UNIK 5000, GE) with a range of 0-30 MPa and 0.1 % global error was used to measure the system pressure, while a K-type thermocouple (T) with ± 1.0 K accuracy was used to monitor the temperature. A data acquisition logger (DAQ; Nanodac, Eurotherm) was connected to a computer to record the data during the experiment. All experiments were repeated three times to ensure consistency and carried out with a fixed amount of gas and solution in a closed system (isochoric quiescent system), and the average value was reported.

A. Hydrate number is the number of water molecules required per methane molecule for the complete conversion. In our calculations, we used the hydrate number of 8.5 because we applied the stoichiometric mole% of THF (5.56 mole%), which resulted in the complete occupation of THF in all large cages of mixed sII hydrates [6]. Then, Eq.(A.2) describes the methane gas conversion is calculated as follow:

A.3. Computational Methods where n H 0 and n H f are the initial numbers of moles of methane at the beginning of the experiment and those consumed at the end, respectively.

To evaluate the methane uptake, the hydrates were dissociated by increasing the temperature at the end of all experiments to 310.2 K for at least 6 hours. The selection of that temperature ensures complete hydrate dissociation as it is beyond the equilibrium phase boundary. After 6 hours, the dissociation is deemed completed when the pressure is not changing for 1 h. During dissociation, the amount of methane released from hydrate at any time t is calculated by Eq.(A.3)

where n H,↓ is the moles of methane gas consumed for the hydrate formation at the end of experiment. Finally the methane recovery is calculated as in Eq.(A.4):

A.3 Computational Methods

DFT calculations has been performed with kinetic energy cutoffs for plane wave expansion of wavefunctions and charge density values of 55 and 440 Ry, respectively [1]. All structures were fully optimized using force convergence threshold of at least 10 -4 Ry/a.u. and with a self-consistency convergence criterion of at least 1 × 10 -8 . The calculations have been carried pore volumes [12] as per Eq.(A.5)

Table C.1 describes the BET-surface (S BET ), the external surface (S ext ), the volume of micropores (V micro ), the volume of mesopores (V meso ), and the total volume of pores (V total ) of the H-Y zeolite and of the Na-X zeolite. S ext (m 2 g -1 ) V micro (cm 3 g-1)

V meso (cm 3 g -1 ) V total (cm 3 g -1 )

ε Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) on an OPTIMA 4300 DV (Perkin-Elmer) was used to determine all chemical compositions. Energy dispersive X-ray spectroscopy (EDX) measurements using the same scanning electron microscope model mentioned above were also performed to confirm the elemental analysis.The acidity of zeolites is measured via temperature programmed desorption (TPD). More specifically, the acidity is measured by pyridine (Py) adsorption quantified via infrared (IR) measurements. IR spectra were recorded on a Nicolet Magna 550 Fourier-Transform (FT)-IR spectrometer with 4 cm -1 optical resolution, with one level of zero-filling for the Fourier transform. pores. The measurements also showed that H-Y possesses a slightly higher external surface area than Na-X, which may increase the contact and enhance hydrate nucleation. A higher Si/Al ratio is associated with higher hydrophobicity [2,4]. (ICP-AES) measurements revealed that while Na-X zeolite maintained high concentration of sodium, most of the sodium extra framework cation has been exchanged, and Si/Al ratio of H-Y is 2.7 compared to 1.2 in the case of Na-X as shown in Table C.2 Such Si/Al ratios were also confirmed using (EDX) spectroscopy elemental analysis, as shown in Table C.3. The acidity of the H-Y zeolite and of the Na-X zeolite were determined via temperature programmed desorption, i.e., by pyridine adsorption quantified via infrared measurements as described herein. Table C.1 below reports the results for the two extinction coefficients ε 1545 (Brønsted acidic sites) and ε 1455 (Lewis acidic sites) and the total acidities while Figures C.5 and C.6 show the corresponding IR-spectra. The IR acidity measurements show that H-Y possesses high Lewis and total acidity than Na-X. More importantly, such results of acidity were reflected in the prepared THF aqueous solutions. To illustrate, the pH of blank 5.56 mol% THF aqueous solution is 7.5 while the same solution prepared with 0.5 wt% of H-Y, or 0.5 wt% Na-X solution were 9.19 and 4.52, receptively. More details can be found the supporting information.

A.4.2 Binary CH 4 -THF Hydrate Characterization

Structure II crystal information was obtained by powder X-ray diffraction (PXRD) [7]. The measurement were carried out atmospheric pressure and low temperature with a PANalytical X'Pert Pro ® diffractometer system using Cu-K α -radiation (λ = 1.5418 Å; 45 kV; 40 mA) in a continuous scan at 25 • C. The start position in 2θ was 10.0114 • while the end position in 2θ was 39.7500 • . We used step size in 2θ of 0.0170 • and scan step time of 50.1650 s. The measured specimen had a length of 10 mm. Binary CH 4 -THF hydrates were synthesized in high pressure reactor as described in Experimental Section using 5.56 mol% THF aqueous solution at 6 MPa and 283.2 K. After the reaction is deemed completed, the unreacted gas is depressurized to atmosphere followed by quick reactor cooling by liquid nitrogen. Under liquid nitrogen to avoid hydrate dissociation, the hydrate sample was grounded by a mortar and pestle to prepare the uniform powder. Then, the sample was compared to standard hydrate pattern. In Raman spectra of hydrate samples is obtained using an immersion Raman probe (InPhotonics ® ) lined to the laser spectrometer (Horiba LabRam Evol ® ) via optical fibres. A green laser at 532 nm wavelength was used for excitation. The spectral coverage is 50-3500 cm -1 .After the reaction is deemed completed, the unreacted gas is depressurized to atmosphere followed by quick reactor cooling by liquid nitrogen for data acquisition. Raman spectroscopic measurements were performed on the binary hydrate synthesized using 5.56 mol% THF solution and methane gas starting at a pressure of 6 MPa and 283. it is thermodynamically stable at 193 K [2]. To further prove the formation of binary CH 4 -THF hydrate rather than pure sII THF hydrate, we carried out a sequential Raman analysis of hydrate dissociation. Our focus is to track the methane gas release from hydrate structure following the disappearance of ∼ 2911.1 cm -1 peak of methane at 5 12 cage. Figure C.9 shows Raman spectra measured as a function of time during hydrate dissociation. It reveals a decrease of ∼ 2911.1 cm -1 peak intensity over 3 hours of methane dissociation at atmospheric pressure and 293.2 K until the signal disappeared. This disappearance indicates that all methane has been released from the solid hydrate. In general, the surface area and the porous volume measurements can be measured via N 2 -adsorption using usual surface area measurements. In particular, surface area measurements such as a BET measurement (measurement according to Brunauer, Emmet, Teller) can be used (ASTM D3663 for the surface area; and ASTM D4365 for the porous volume). Nitrogen adsorption measurements were performed on Micromeritics ASAP 2020 surface area analyzer and all samples were degassed under vacuum at 300 • C overnight before measurement. The isotherms were obtained using ASAP 2020 analysis program. The external surface (S ext ), and the volume of micropores (V micro ) were obtained from extitt-plot based on the Harkins-Jura equation. Further, the mesoporous volume was determined as the difference between the total and micropore volumes [1] as per Eq.(C.8)

A.5 Other Figures and Tables

All measurements and data plots as utilized herein were made with a Micromeritics Tristar 3000 analyzer. The total surface area was determined by N 2 sorption analysis according to ASTM D 4365 -95 (reapproved 2008). Volumes of micropores and mesopores were determined according to D4641-94 (reapproved 2006).

Appendix B. Supporting Information for Chapter 5

Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) on an OPTIMA 4300 DV (Perkin-Elmer) was used to determine all chemical compositions. Energy-dispersive Xray spectroscopy (EDX) measurements using the same scanning electron microscope model mentioned above were also performed to confirm the elemental analysis.

B.1.2 Seawater-based Mixed CH 4 -THF Characterization

Natural seawater was Natural seawater (SW) obtained from Ouistreham coast, Caen, France.

After filtration of large particles, an Agilent quadrupole ICP/MS 7900 equipped with a 1.5 mm Quartz torch and a Helium collision cell was used to determine the elemental content of our seawater sample. Then, structure II clathrate crystal information was obtained by powder X-ray diffraction (PXRD) [2]. Variable temperature powder X-ray diffraction (PXRD) data was collected on a PANalytical X'Pert Pro ® diffractometer system using an X-ray tube Co-K α -radiation (λ = 1.79 Å; 45 kV; 40 mA) and an Anton Paar TTK450 temperature chamber.

The XRPD pattern were collected in Bragg-Brentano configuration with an X'Celerator detector from 8 • ≤ 2θ ≤ 70 • with a step size of 0.0167 • and 180 s/step. Variable temperature PXRD data were also collected between -20 • C and -100 • C under flowing nitrogen. Scattering from the sample holder was avoided by using a Si zero-scattering background slide in the sample holder. The nitrogen was dried by flowing it through a Drierite gas purifier (filled with DRIERITE and 5 A molecular sieve). Structural analysis was performed using the program JANA2020 [3]. Mixed CH 4 -THF hydrates were synthesized in the high pressure reactor as described in Section 2.1 using 5.56 mol% THF freshwater aqueous solution at 9.5 MPa and 298.2 K. After the reaction is deemed complete, the unreacted gas is depressurized to atmosphere followed by quick reactor cooling by liquid nitrogen. Under liquid nitrogen to avoid hydrate dissociation, the hydrate sample was grounded by a mortar and pestle to prepare the uniform powder. Then, the sample was compared to a standard hydrate pattern. Since hydrate conversion is not 100%, the I h ice in the PXRD data comes from unreacted water. In a similar manner, solid state 13 C MAS NMR spectra were obtained using a Bruker DRX400 spectrometer at a Larmor frequency of 100.6 MHz. Spectra were recorded at 250 K by placing the powdered hydrate samples in a 4 mm o.d. Zr-rotor that was loaded into a variable-temperature (VT) probe. All 13C NMR spectra were recorded with magic angle spinning (MAS) between 2 and 4 kHz.

B.1.3 Hydrate formation experiment

First, the reactor was filled with the solution until the desired level was achieved before it is sealed. After purging with N 2 for three-time to ensure oxygen removal, the reactor and related connection were purged with methane too. The system then is cooled down/heated to the target 298.2 K temperature. Once the target temperature was achieved, the system was pressurized

B.1.5 Computational Methods

We performed density functional theory (DFT) calculations [5] using the projected augmented wave (PAW) method and the standard pseudopotentials supplied by Quantum Espresso (QE) software [6]. The kinetic energy cutoff for plane wave expansion of wavefunctions and charge density were 55 and 440 Ry, respectively [7]. All structures were fully optimized using a force convergence threshold of at least 10 -4 Ry/a.u. and with a self-consistency convergence criterion of at least 1, ×10 -8 . The calculations have been carried out using the Monkhorst-Pack k-points grid of 2 × 2 × 2 in the reciprocal space. The DFT calculations for isolated cages and zeolite clusters were performed in a cubic simulation cell of volume 30 × 30 × 30 Å 3 . The 5 12 small cage was modeled with a 20-molecule water cluster. In these small (5 12 ) cages, 8 oxygen atoms are located in a perfect cube (O h ). An estimated distance of 3.91 Å separates those 8 oxygen atoms from the cage center. The remaining 12 oxygen are positioned at 3.95 Å from the cage center and transform according to the (T h ) subgroup of (O h ) [8]. The results agree with the average obtained from the X-ray structure of sII as well as the optimized crystal model [9,10]. Amino acids' interaction with the above hydrate cages was successfully monitored using DFT calculated as reported by Lee et al. [11]. A similar method was used to represent the zeolite promoters and their interaction with hydrate cages. In that method, we have used computationally affordable finite cluster models of zeolite crystals. Cluster models have extensively been employed to understand reactive and absorptive processes in various framework types of zeolites [12]. In particular, they have been successfully applied to understand zeolite acidity and water-zeolite interactions [13,14]. Table B.1: Textural measurement for Zeolite Promoters obtained from Nitrogen adsorption measurements Zeolite S BET (m 2 g -1 ) S ext (m 2 g -1 ) V micro (cm 3 g -1 ) V meso (cm 3 g -1 ) V total (cm First, the reactor was filled with the solution until the desired level was achieved before it was sealed, and purged with nitrogen. Further, the reactor and related connections were purged with methane to ensure the removal of any contaminants. The system then is cooled down/heated to the target temperature. The system is left to equilibrate at the desired for one hour before it is pressurized with methane up to 6 MPa. During the reaction, pressure and temperature were monitored and recorded every 10 sec via a data acquisition system (DAQ). The induction time is defined as the period between this starting point and the formation of the first hydrate crystal. Here, we monitor the end of the induction period by a simultaneous sudden C.1. Experimental Procedure and Calculations 227 pressure drop that is usually accompanied by a temperature increase due to the exothermic nature of hydrate formation. As the reaction continues, the pressure drops further, and the hydrate formation process is considered complete if there is no further significant pressure drop for 1 hour.

B.2 Figures and Tables

The number of moles of the gas consumed (∆n H↓ ) at any time t is equal to the difference between the number of moles of the gas (n H,0 ) at time =0 (i.e., the start of the experiment) and the number of moles of the gas present n H,t at any time t in the vessel as shown by Eq.(C.1):

Subscript G 0 and G t represent the gas phase at the start of the experiment and time t, respectively. Here, P, T, and V are the pressure, temperature, and reactor volume, respectively. R is the universal gas constant, and z is the comprehensibility factor calculated by Pitzer's correction [1]. Normalized methane gas uptake is calculated by the following Eq.(C.2):

Finally, the volumetric capacity is calculated following Makagon method [2] where the volume of gas stored in a unit volume of gas hydrate:

Where the density of hydrate δ is calculated as per Sloan and Koh [3] and the molecular weight of hydrate M h is defined as:

Then, the volume of gas stored in a unit volume if hydrate at standard conditions is defined by the equation:

C.1.2 Hydrate dissociation experiment

To evaluate the methane uptake, the hydrates were dissociated by increasing the temperature at the end of all experiments to 310.2 K for at least 6 hours. The selection of that temperature ensures complete hydrate dissociation as it is beyond the equilibrium phase boundary. After 6 hours, the dissociation is deemed completed when the pressure is not changing for 1 h. Dur-Appendix C. Supporting Information for Chapter 6

ing dissociation, the amount of methane released from hydrate at any time t is calculated by Eq.(C.6)

where n H,↓ is the moles of methane gas consumed for the hydrate formation at the end of the experiment. Finally, the methane recovery is calculated as in Eq.(C. sion gun and operated at 20 kV was used to obtain the electron micrographs.The same scanning electron microscope model was used for energy-dispersive X-ray spectroscopy (EDX) measurements using to confirm the elemental analysis. Prior to the measurements, the samples were sputtered with platinum to improve their electrical conductivity. In addition, chemical composition of H-SSZ-13 was confirmed using inductively coupled plasma-atomic emission spectroscopy (ICP-AES) on an OPTIMA 4300 DV (Perkin-Elmer). N 2 -adsorption was employed to get the surface area and the porous volume measurements were measured via BET surface area measurement (measurement according to Brunauer, Emmet, Teller) with ASTM D3663 for the surface area and ASTM D4365 for the porous volume. The adsorption measurements were performed on Micromeritics ASAP 2020 surface area analyzer after degassing all samples under vacuum at 300 • C overnight before measurement. ASAP 2020 analysis program has been used to obtain the isotherms. The t-plot based on the Harkins-Jura equation was used to obtain he external surface (S ext ), and the volume of micropores (V micro ). The mesoporous volume was estimated as the difference between the total and micropore volumes [4] as per Eq.(C.8)

For the data analysis, measurements were plotted with a Micromeritics Tristar 3000 analyzer. The total surface area was determined by N 2 sorption analysis according to ASTM D 4365 -95 (reapproved 2008). Volumes of micropores and mesopores were determined according to D4641-94 (reapproved 2006).

Table C.10: Textural measurement for Zeolite Promoters obtained from Nitrogen adsorption measurements Zeolite S BET (m 2 g -1 ) S ext (m 2 g -1 ) V micro (cm 3 g -1 ) V meso (cm 3 g -1 ) V total (cm Structure II clathrate crystal information was obtained by powder X-ray diffraction (PXRD) [5]. The measurement was carried out at atmospheric pressure and low temperature with a PANalytical X'Pert Pro ® diffractometer system using Cu-K α -radiation (λ = 1.5418 Å; 45 kV; 40 mA) in a continuous scan. The start position in 2θ was 10.0114 • , while the end position in 2θ was 39.7500 • . We used a step size in 2θ of 0.0170 • and a scan step time of 50.1650 s. First, the binary CH 4 -THF hydrates were synthesized in high-pressure reactor as described above using 5.56 mol% THF aqueous solution at 6 MPa and 293.2 K. After the reaction is deemed complete, the unreacted gas is depressurized to the atmosphere followed by quick reactor cooling by liquid nitrogen. The hydrate sample was grounded by a mortar and pestle to prepare the uniform powder under liquid nitrogen to avoid sample dissociation. the obtained PXRD pattern is a typical sII pattern of space group Fd3m which is another indication of the presence of sII and absence of sI.

Similarly, solid-state 13 C MAS NMR spectra were obtained using a Bruker DRX400 spectrometer at a Larmor frequency of 100.6 MHz. Spectra were recorded at 250 K by placing the powdered hydrate samples in a 4 mm o.d. Zr-rotor that was loaded into a variable-temperature (VT) probe. All 13 C NMR spectra were recorded with magic angle spinning (MAS) between Finally, Raman spectra of binary CH 4 -THF clathrate sample are obtained using an immersion Raman probe (InPhotonics ® ) connected to the laser spectrometer (Horiba LabRam Evol ® ) via optical fibers. For excitation, a green laser at 532 nm wavelength was used with a spectral coverage of 50-3500 cm -1 . 

C.3. Computational Methods

C.3 Computational Methods

Computational details were described in detail in our previous publication [6] . In brief, density functional theory (DFT) calculations [7] were performed using the projected augmented wave (PAW) method and the standard pseudopotentials implemented by Quantum Espresso (QE) software [8]. The kinetic energy cutoff for plane wave expansion of wavefunctions and charge density were 55 and 440 Ry, respectively [9]. The structures were fully optimized using a force convergence threshold of at least 10 -4 Ry/a.u. and with a self-consistency convergence criterion of at least 1, ×10 -8 . The calculations have been carried out using the Monkhorst-Pack k-points grid of 2 × 2 × 2 in the reciprocal space. The DFT calculations for isolated cages and amino acids were performed in a cubic simulation cell of volume 30 × 30 × 30 Å 3 . The 5 12 small cage was modeled with a 20-molecule water cluster. In these small (5 12 ) cages, 8 oxygen atoms are located in a perfect cube (O h ). An estimated distance of 3.91 Å separates those 8 oxygen atoms from the cage center. The remaining 12 oxygen are positioned at 3.95 Å from the cage center and transformed according to the (T h ) subgroup of (O h ) [10]. The results agree with the average obtained from the X-ray structure of sII as well as the optimized crystal model [11,12]. Amino acids' interaction with the above hydrate cages was successfully monitored using DFT calculated as reported by Lee et al. [14]. 
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Abstract

In the context of energy and economic crisis, the smooth energy transition will require a proper combination of energy efficiency and integration of renewables to achieve the optimum tradeoff between the increasing energy demand and environmental commitments according to Paris Agreement. In that context, the environmental friendly gas hydrates or "zeolitic ice" can play a key role in areas such as methane storage, hydrogen storage and combined carbon capture and sequestration (CCS). Gas hydrates are non-stoichiometric nanoporous crystalline compounds that are mainly composed of 3D water cages encapsulating gases. Using a combination of experimental and computational techniques, this work aims to promoting the slow hydrate formation kinetics, increase the energy content to enable their scale up, as well as enhance fundamental understanding of the gas diffusion in hydrates. Keywords: zeolitic ice, methane hydrates, hydrogen storage , zeolites , DFT.

Résumé

Dans le contexte de crise énergétique et économique, la transition énergétique en douceur nécessitera une combinaison appropriée d'efficacité énergétique et d'intégration des énergies renouvelables pour atteindre le compromis optimal entre la demande énergétique croissante et les engagements environnementaux selon l'Accord de Paris. Dans ce contexte, les hydrates de gaz ou « glace zéolitique » verts peuvent jouer un rôle clé dans des domaines tels que le stockage du méthane, le stockage de l'hydrogène et la capture et la séquestration combinées du carbone (CSC). Les hydrates de gaz sont des composés cristallins nanoporeux non stoechiométriques qui sont principalement composés de cages d'eau 3D encapsulant des gaz. En utilisant une combinaison de techniques expérimentales et informatiques, ce travail vise à promouvoir la cinétique de formation lente des hydrates, à augmenter le contenu énergétique pour permettre leur mise à l'échelle, ainsi qu'à améliorer la compréhension fondamentale de la diffusion des gaz dans les hydrates.

Mots clés : glace zéolithique, hydrates de méthane, stockage d'hydrogène, zéolithes, DFT.