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ABSTRACT 

 Natural gas  represents a high and constantly growing demand as an energy source, as it 

possesses a high heating value and burns cleaner than other conventional fossil fuels or coal.  

Effective strategies for natural gas storage are essential due to the fluctuations in demand, and 

are in need of improvement so as to not waste this energy source.  

Gas hydrates, also generally referred to as hydrates, exhibit the potential to efficiently 

storage methane, the primary component of natural gas, due to their large methane uptake 

capacity, non-explosive nature, and being environmentally begin. The barriers to 

commercialization of hydrates for methane storage arise from slow hydrate growth and low 

water-to-hydrate conversion. A proposed solution to these issues involves the addition of 

microporous crystals as hydrate promoters, as the properties of the materials can greatly 

influence hydrate formation.  

 In this work, we investigated the effects of selected microporous crystals on methane 

hydrate formation to gain better insight as to what properties of porous materials lend to 

promoting hydrate growth. We focused on a range of microporous material compositions, 

studying organic-inorganic hybrids (metal organic frameworks), organic (porous organic cages), 

and inorganic (zeolites). These studies also elucidated the effects of metal ions (present in metal 

organic frameworks) and surface hydrophobicity on methane hydrate formation. This work may 

pave a new path towards the commercialization of hydrates for methane storage, and could 

improve the feasibility of implementing gas hydrates for other applications, such as carbon 

dioxide sequestration. 
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CHAPTER 1   INTRODUCTION 

Porous materials and gas hydrates occur in many different areas, both in nature and 

engineered in laboratories. The types of porous materials range from sediments like clay or rocks 

to crystalline like zeolites or metal-organic frameworks. The diversity of porous materials, such 

as structures (e.g. pore size, surface area) and chemical composition (e.g. organic, inorganic), 

results in an array of functionalities and applications. Gas hydrates, an ice like structure that 

encapsulates guest molecules, appear as a nuisance in oil and gas operations as it can form plugs 

in pipelines, and in sediments on the ocean floor, where it contains vast amounts of natural gas. 

The simplicity of the gas hydrates (i.e. consists of only water and guest molecules) makes it 

appealing to target the encaging of specific guest molecules, such as carbon sequestration. Both 

porous materials and gas hydrates hold the potential for applications that would increase the 

sustainability of energy usage, especially natural gas. The following sections highlight the 

motivation for utilizing porous materials and gas hydrates, and the relevant applications. 

1.1 Motivation: Energy Demand 

The ever-increasing population growth demands for more resources, ranging from food to 

energy. The U.S. Energy Information Administration predicts that the global energy 

consumption will rise from ~450 quadrillion British thermal units (BTUs) consumed in 2018 to 

~900 quadrillion BTU by 2050.1 Over the last seven years, the amount of natural gas 

consumption in the United States reached an average of 26 trillion cubic feet (TCF), with an 

average increase in consumption each year of 4.3 billion cubic feet (BCF).2 The United States 

currently leads as the world’s highest natural gas producer with an estimate increase in 

production from ~29 TCF in 2018 to ~43 TCF in 2050.1 Consequentially, in 2017 natural gas 

was the second largest sector of energy in the United States and provided approximately 28% of 

the total amount of energy consumed.2  

The ever-growing demand for energy drives the research of sources with less 

environmental impact to both minimize the carbon footprint and prevent the release of toxins, 

such as hydrogen sulfide. Compared to petroleum products, natural gas is considered a cleaner 

energy source, as the combustion natural gas produces primarily carbon dioxide, water, and 

small amounts of nitrogen oxides.3,4 Despite the predicted rapid increase in renewable energy 

sources by 2050, the use of natural gas will still steadily grow with an expected 40% increase 

from 2018 to 2050.1 In order to exploit this cleaner energy source, the extracted natural gas needs 



2 

 

efficient storage and purification. The following sections briefly cover specifics related to natural 

gas storage and separation. 

1.2 Natural Gas Storage & Transportation 

When the demand for natural gas is low, due to factors such as low prices or summer 

time versus winter, gas storage provides a means to conserve the fuel until it is an appropriate 

time to use it. Currently, natural gas is most commonly stored in underground facilities, such as a 

depleted reservoir, aquifer, or salt caverns.4 Although these methods became more common after 

World War II and have since undergone further development, underground facilities are 

geologically and geographically limited.4 Seeking alternative storage methods would provide a 

means to become independent of the geological and geographical limits. This independence 

extends beyond the situation of using natural gas for electricity generation or 

commercial/residential heating and cooling to less common areas, including but not limited to: 

transportation without a pipeline and natural gas as fuel to replace gasoline in vehicles. 

Due to the high cost of pipeline construction, other modes of transporting natural gas are 

in high demand for either remote production facilities, facilities with small yield, and for remote 

areas requiring the consumption of natural gas. Although liquefied natural gas (LNG) is currently 

used today to transport natural gas via tankers, trucks, and railroads, this process requires a 

significant amount of energy to cool the fuel to -162°C, and the boil off from LNG can over 

pressurize the tank.5  

As mentioned before, replacing the use of the petroleum product gasoline for vehicles 

with natural gas would result in less harmful off gas and more efficient fuel usage. One major 

issue with using natural gas in this way stems from the low density of natural gas. Currently, 

there are vehicles that utilize natural gas, but this fuel is stored in highly pressurized, heavy tanks 

due to the low density of natural gas, which pose a major safety hazard.3,6 If the fuel could be 

stored at closer to ambient pressures, this hazard could be significantly reduced and thus promote 

further development of natural gas fueled vehicles.  

Two alternative storage methods currently undergoing research and development are 

adsorbents and gas hydrates. Both of these methods will be discussed in detail in the later 

sections.  
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1.3 Applications of Porous Materials 

The properties of microporous materials, such as structure and chemical makeup, 

influences its interactions with gases and thus it’s potential for gas storage.7 Among those 

properties include: uniform porosity, surface area, pore accessibility, adsorption capacity, and a 

system of interconnected pores and channels.8 Due to the harsh conditions of natural gas, the 

microporous material must be thermally, chemically, and mechanically stable.  

1.3.1 Gas Storage via Sorption 

The microporous material’s surface area plays an extremely important role in its 

effectiveness as a natural gas adsorbent. Multiple studies found that a material with higher 

surface area typically adsorbs more methane, which applies to a range of materials including 

zeolites, metal-organic frameworks (MOFs), activated carbon, and polymers.9,10 One study 

concluded that the surface area of a porous material effects the adsorption capacity significantly 

more than any other property of the material.10  

Another important aspect is the chemical nature of the material, specifically the 

adsorption sites. The type of adsorption site determines what type of gas molecule is more likely 

to adsorb, and the strength of adsorption. Notably, a strong adsorption of methane to a porous 

material must be balanced out with how easily the methane can be released after storage.6 

Although gas storage in porous materials is promising, and in some cases already being applied 

industrially, continued research is needed to explore and gain a better understanding of gas 

storage in porous materials to make the process more economically feasible and efficient, and to 

determine the lifetime and recycling of the material.7  

1.4 Applications of Gas Hydrates 

The properties of guest molecule specific hydrate structure stability and thermodynamic 

stability lend to the development of gas hydrates for gas storage. The properties also lead to the 

stable formation of naturally occurring methane hydrate deposits in oceanic sediments, which is 

currently being investigated as a potential new energy source. 

1.4.1 High Gas Storage Capacity in Hydrates 

A single crystal gas hydrate can capture a significantly large amount of gas; for example, 

164 m3 of CH4 at STP is captured in 1 m3 of hydrate.11 This capacity significantly reduces the 

volume of natural gas when it is captured in a hydrate, making it ideal for storage.12 

Additionally, hydrates can exhibit a self-preservation phenomenon upon dissociation in which 
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after hydrate formation at low temperature and high pressures, lowering the pressure does not 

cause immediate dissociation.11 The understanding of self-preservation is limited, but many 

studies suggest that an ice-like shield forms on the outside of the hydrate, which prevents the gas 

from escaping.11,13 For example, one study showed that methane could be stored at ambient 

pressure and at -5°C for up to 10 days.12 If natural gas can be transported at ambient pressure and 

temperatures, then this method could replace the costly procedure of liquefaction of natural gas, 

which one study estimated could be a cost saving of 24%.14 Furthermore, the precursors required 

for gas hydrate formation are water and gas, making the process nearly environmentally benign, 

making this method high desirable. 

1.4.2 Energy Source in Naturally Occurring Hydrates in Oceanic Sediments 

The naturally occurring gas hydrates most often found in oceanic sediments is an up and 

coming potential energy resource. Surveyors estimate that there is around 1.5 x 1016 m3 of 

methane stored in naturally occurring hydrate deposits, and that over 220 of these deposits 

exist.15 Currently, there is convincing field and simulation data that indicates that extracting the 

methane from these deposits using a method of depressurizing the hydrates works well.16–20 The 

exploitation of this resource runs into many barriers that currently prevent it from becoming 

economically feasible. Although some deposits, as found in China, Alaska N. Slope, India, and 

Japan, contain a high density of naturally occurring gas hydrates, many other sources face the 

barrier of low resource density.21 The key to opening up more opportunities for naturally 

occurring hydrates is to find a way to extract the methane efficiently from the oceanic sediments. 

One of the keys to making this process efficient is to obtain a better understanding of gas hydrate 

growth and stability in porous materials. Characterizing a methane hydrate deposit would narrow 

down the type of extraction process would be best suited for the particular geological system.21 

More research into how different types of porous materials effect hydrate formation, 

dissociation, growth, and nucleation will provide a better means to characterize a naturally 

occurring hydrate deposit. 

1.5 Thesis Organization 

The central objective of this proposal is to explore how structural, compositional, 

morphological, and textural properties of microporous materials influence the nucleation and 

growth of methane gas hydrates. Chapter 1 introduces the motivation of this work, the demand 

for natural gas, and the applicable aspects of porous materials and gas hydrates in the storage and 
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transportation of natural gas. The first section of Chapter 2 discusses the different classes of 

porous materials relevant to this work: metal organic frameworks, porous organic cages, and 

zeolites. The second section of Chapter 2 covers aspects of hydrate growth and thermodynamic 

stability. The third section of Chapter 2 reviews current literature on the synergistic effects of 

porous materials and gas hydrates on methane storage. In Chapter 3, the effects of the metal 

organic framework HKUST-1 on methane hydrate growth will be explored to gain a better 

understanding of how the mild wettability and high thermal conductivity increases water-to-

hydrate conversion and decreases hydrate nucleation induction time. Chapter 4 extends the study 

on HKUST-1 to determine the scalability of the hydrate promotion results to a large, packed 

column. The effect of subcooling on the performance of HKUST-1 as a promoter will be studied 

by varying the pressure and temperature conditions of the column, along with varying the 

concentration of HKUST-1 in the system. Chapter 5 contains an investigation of the metal 

organic frameworks ZIF-8 and ZIF-67 as methane hydrate promoters. The focus is to see how 

two microporous materials with the same sodalite topology and differing metal ions effect 

hydrate conversion and nucleation induction time. Chapter 6 a purely organic microporous 

material, CC3, will be studied to observe the effects of a purely organic microporous material on 

methane hydrate growth. In Chapter 7 the zeolites SSZ-13, and SAPO-34 will be used to 

examine how the hydrophobicity of zeolites with the same chabazite structure effects methane 

hydrate growth. Lastly, Chapter 8 will summarize the findings of the work completed in this 

thesis, and provide recommendations for future work. 
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CHAPTER 2   LITERATURE REVIEW 

2.1 Microporous Crystals 

Microporous materials are defined as porous materials with pore diameters less than 

~2nm and include a vast range of physical and chemical properties. The following sections focus 

on three classes of microporous materials: metal-organic frameworks, porous organic cages, and 

zeolites. 

2.1.1 Metal-Organic Frameworks 

Significant research is targeting the development of metal-organic frameworks (MOF), a 

crystalline material consisting of metal clusters linked with organic molecules, as a means of gas 

storage and separation. The advantages of MOFs that contribute to the potential for storage and 

separation stems from accessible pore volumes and adsorption sites, free pore volume, molecular 

sieving pore aperture, and chemical stability (especially with water and hydrocarbons). 22 

The methane storage capacity may be improved or tuned by changing the chemical 

composition of a MOF, as MOFs are chemically diverse. One study used Raman spectroscopy to 

determine that the linkers in the structure play an essential part in how methane gas adsorbed to a 

isoreticular MOF.23 Another study further investigated the adsorption site of MOFs with a low 

density of unsaturated metal centers, specifically HKUST-1, PCN-11, and PCN-14, and found 

that the metal site coordinated with the gas molecule significantly more than with the linkers.24 

The MOF HKUST-1, illustrated in Figure 2.1, exhibits promising results for methane 

storage, with a reported uptake of 270 cc(STP)/cc at 65 bar that surpasses the Department of 

Energy (DOE) target volumetric uptake of 263 cc(STP)/cc at 65 bar (ignoring packing efficiency 

loss).25 The two primary methane adsorption cites in HKUST-1 are the small cage window site 

and open copper site.24  
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Figure 2.1 (Left) Structure of HKUST-1 where the spheres represent the different cages, with 

internal pore aperture of 1.0 nm and 1.4 nm.26 (Right) The blue represents copper, red represents 

oxygen, grey represents carbon, and white represents hydrogen.27  

 

Another two MOFs of interest are ZIF-8 and ZIF-67, which are zeolitic imidazolate 

frameworks with the same sodalite topology and composed of 2-methylimidazole ligands linking 

zinc ions and cobalt ions, respectively.28 A representative image of ZIF-8 (top right) and ZIF-67 

(bottom right) are giving in Figure 2.2.  

 

 

Figure 2.2 Representation of the metal organic framework subclass known as zeolitic 

imidazolate framework (ZIF) bond angle for the sodalite topology respective to two prototypical 

ZIFs: zinc based ZIF-8 (top right) and cobalt based ZIF-67 (bottom right), in which the large 

pore diameter is 1.2 nm.29 
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Both ZIFs exhibit high chemical and thermal stability. Unlike HKUST-1, methane 

adsorbs preferentially to the organic linker of these ZIFs rather than the metal ion cite.30 A study 

using neutron powder diffraction found that methane preferentially adsorbed to the organic linker 

with a secondary adsorption site on the zinc ion.31 

2.1.2 Porous Organic Cages 

Porous organic cages (POCs) are comprised of organic molecules covalently bonded 

together to form a cage. These cages can assemble to produce a 3D diamonoid crystalline 

microporous structure with uniform pore size and large surface areas that are chemically and 

thermally stable.32 What makes this material very different from zeolites and MOFs is that the 

cages are discrete building blocks, thus in addition to the cage’s intrinsic cavity, the assembly of 

cages form extrinsic voids. Most POC synthesis involves a cycloimination reaction, and a variety 

of amines and trialdehydes required for this reaction result in the formation of different cages.33 

The morphology, structure, and texture of a POC can be controlled by stirring and solvothermal 

treatment conditions, offering a wide variety of tunable properties.34,35 

A highly studied POC is CC3, which is made up of 1,3,5-triformylbezene coordinated 

with trans-1,2,-diaminocyclohexane, is a good candidate for methane storage.33 Figure 2.3 

contains an illustration of the material’s framework. The tunable properties of CC3, such as its 

density, can affect the extent of gas storage.36  

 

 

Figure 2.3 Representative image of a prototypical porous organic cage denoted as CC3.37,38  

 

A study conducted on using functionalized CC3 found that it could adsorb a significant 

amount of methane, as the cage’s internal surfaces acts as a good adsorption site, and the cage 

geometry is optimal for confining methane.36  
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In addition to gas storage, CC3 shows promise as membrane as the limiting pore size of 

CC3 is approximately 3.6 Å and therefore able to molecularly sieve small impurities such as 

CO2, N2, and H2 from the primary component of natural gas, CH4.
35 One study found that 

diffusion dominated the high permeation seen in the CC3 membrane.39 Although this material 

show good potential, very little literature exists on synthesis of a pure CC3 membrane for gas 

separations, as most times CC3 or other POCs are incorporated into polymer membranes to form 

a mix matrix membrane. 

2.1.3 Zeolites 

A zeolite is an aluminosilicate (i.e. oxygen linked alumina, silica, and/or phosphorous 

tetrahedral) uniform microporous crystalline material with a rigid pore structure, and is 

chemically, mechanically, and thermally stable.40 Figure 1.1 illustrates the framework of a 

zeolite with chabazite topology. Many different zeolites exist, differing in aspects such as 

structure, porosity, topology, and chemistry. These properties play into whether or not a type of 

zeolite will be suitable for gas storage or gas separation, which is typically specific for what type 

of gas is in question.6 

Open cage frameworks, surface area, pore size, and pore volume all effect the amount of 

methane adsorbed, with some properties promoting adsorption better than others.41 One study 

observed that in a comparison of sodium based zeolites, the one with the largest surface area and 

pore volume absorbed more methane despite having the smallest pore diameter.41 Additionally, 

the surface chemistry of zeolites influences the amount of methane stored with a particular 

emphasis on the structure’s charge, the hydrophobicity, and the acidity of the zeolite.42,43 As seen 

with zeolite SAPO-34, a silico-aluminophosphate zeolite with chabazite topology shown in 

Figure 2.4, the polarity of the gas influences the extent of adsorption due to the interaction 

between the gas molecule and the anionic framework of SAPO-34.44,45 Overall, the gas storage 

performance of a zeolite is determined by structure and chemistry.  
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Figure 2.4 Tetrahedral building units of the zeolite structures forming oxygen bridges that result 

in an overall structural topology.46,47 

 

A large variety of zeolites are applied in the form of a membrane for gas separation. 

SAPO-34, shows promising separation for natural gas as it can separate out a range of impurities: 

CO2/CH4
48–50, N2/CH4

51–53, He/CH4
45 and H2/CH4

54. The primary driving force for these 

separations through SAPO-34 stems from the molecular sieving capabilities, as the pore size of 

SAPO-34 is 3.8 Å, which sieves CO2 (3.3 Å), N2 (3.6 Å), He (2.6 Å), and H2 (2.9 Å) from CH4 

(3.8 Å).55 For the gas mixture CO2/CH4, the CO2 adsorbs relatively better than CH4 to the surface 

of SAPO-34, hence competitive adsorption makes this separation highly successful. The other 

gases, N2, He, and H2, do not adsorb relatively better to the surface of SAPO-34, but their small 

size allows for a higher rate of diffusion. This example goes to show how different aspects of a 

membrane can promote or impede separation of natural gas impurities from methane. Numerous 

other zeolite membranes in literature successfully separated CO2/CH4 (zeolite T 56, SSZ-13 57,58, 

FAU-type 59, DD3R 60) and N2/CH4 (SSZ-13 58, DD3R 60), to name a few. 

2.2 Gas hydrates 

 Gas hydrates, as mentioned previously, occur in nature as an energy source and show 

potential for application to methane storage and gas separation. The following sections describe 

gas hydrates in more detail, highlighting how the properties of gas hydrates effect the potential 

applications. 

2.2.1 Structure 

A gas hydrate consists of water molecules that form hydrogen bonds around a guest 

molecule (typically a gas), and coordinate together into a crystalline structure.11 The guest 

molecule interacts with the water via van der Waals forces, and the strength of this force 

influences the stability of the structure of the hydrate. The stable hydrate formation region 
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requires high pressure and low temperature, with the position of the stability region dependent 

upon the type of guest molecule. The guest molecules promote the formation of different hydrate 

structures, with the most common being structure I (sI), structure II (sII), and structure H (sH), as 

shown in Figure 2.5.11 

 

 

Figure 2.5 Left - representative image of gas hydrate structures: (a) cubic structure I, (b) cubic 

structure II, and (c) hexagonal structure H.11 The most common 512, 51262, and 51264 cages that 

compose these structures are 3.95Å, 4.33Å, and 4.73Å in diameter, respectively.11  Right – 

illustration of structure I hydrate with gas encapsulated inside. 

 

The structures differ in what size cages it contains and the number of those cages in a unit 

cell, which relates to how many water molecules are required to form that unit cell.11 The type of 

guest molecule factors into determining what structure is formed partly due to ratio of the 

molecule diameter and the cavity size of the cages in a structure.11 A ratio close to 1, yet not 

exceeding 1, correlates with high hydrate stability, as a larger diameter molecule in the cage 

results in more repulsion between the guest and water molecules. The van der Waals interactions 

between the guest molecule and the water increase in strength as that repulsion is increased, 

which in turn stabilizes the cavity. Notably, the hydrate structure is so dependent upon its guest 

molecules for stabilization that hydrates will not form unless the properly sized guest molecule is 

present. 
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2.2.2 Thermodynamics 

The stability of the hydrate structure also depends upon whether or not the temperature 

and pressure conditions of the system lie within the phase envelope. The phase envelope depends 

upon both the type of guest molecule and the structure formed. Figure 2.6 depicts the phase 

envelope for methane hydrate structure I, with values obtained from Gibbs free energy 

minimization software CSMGem. 

 

 

Figure 2.6 Phase boundary for methane hydrate structure I, plotted from CSMGem. Driving 

force in terms of subcooling temperature (ΔT) and pressure (ΔP) indicated for two sets of 

temperature and pressure system conditions.61 

 

The two arbitrary points in the stable hydrate region in Figure ## illustrate how a larger 

subcooling (hydrate equilibrium temperature at a given pressure minus the temperature of the 

system) and a larger pressure driving force (hydrate equilibrium pressure at a given temperature 

minus the pressure of the system) promotes a higher degree of hydrate stability. When a higher 

driving force and subcooling are applied, then system fluctuations are less likely to disturb the 

system as compared to a system that operates with conditions closer to that of the phase 

boundary. 

An additive can shift the hydrate stability region, either by thermodynamically inhibiting 

hydrate stability (curve shifts left) or by promoting it (curve shifts right). For example, methanol 

and sodium chloride are both used as thermodynamic inhibitors in oil and gas pipelines where 
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the operating conditions typically reside in the hydrate stability zone.62 The shift in the curve 

allows the system to continue operating at those conditions while reducing the risk of hydrate 

formation and potentially a hydrate plug.62 Conversely, additives such as tetrahydrofuran (THF) 

shift the curve to the right, which is advantageous for applications such as energy storage in 

hydrates.63 

2.2.3 Kinetics 

The process for hydrate nucleation is stochastic in nature, and therefore the onset of the 

nucleation is not necessarily reproducible.64 Additionally, homogeneous hydrate formation rarely 

takes place in practical conditions, as anything from an impurity in the water phase or the wall of 

a reactor can act as a hydrate nucleation site.64 These aspects makes the study of hydrate kinetics 

difficult. Hydrate nucleation depends heavily upon the extent of subcooling in the system 

(ΔT=Teq –Tsys) and the length of time the system has been at the subcooled temperature.65 Figure 

2.7(1) depicts the general scheme for hydrate formation: induction time (length of time before 

hydrate nucleation), initial rate of consumption (occurs right after nucleation starts), rate of 

consumption (formation that is limited by initial growth thus occurs at slower rate).11 

 

 

Figure 2.7 Growth graph, one of pressure drop versus temperature during formation.11 

 

When hydrates form and dissociate in a system, the next cycle of formation may exhibit 

effects from water memory. Hence, when the system is primed to the conditions for hydrate 
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formation, the hydrates may form with a reduced induction time as compared to the first 

induction period. This phenomena is not well understood, with some researchers hypothesizing 

that after the first cycle of hydrate formation, nanobubbles of gas are trapped in the liquid phase 

as a result from the dissociation of the hydrates, and thus act as a local source for hydrate 

formation, hence why it occurs faster.66  

Similarly to the thermodynamics aspect of hydrates, there are additives that can affect the 

kinetics of hydrate formation. Certain additives promote hydrate growth, such as sodium dodecyl 

sulfate (SDS). A molecular dynamics study on SDS’s effect on hydrate growth determined that 

the capability of SDS to greatly increase the rate of hydrate growth stems from the hydrophobic 

tail interacting favorably with the initial hydrate surface and potentially occupying some of the 

hydrate’s partial cages.67 Kinetic inhibitors target aspects of hydrate growth, typically by 

lengthening the induction time for hydrate nucleation. An example of a kinetic inhibitor is 

polyvinylpyrrolidone (PVP), which similarly to SDS interacts with the growing surface of the 

hydrates, yet the way it binds to the surface inhibit the growth.68 

2.2.4 Mass & Heat Transfer Effects on Hydrate Growth 

The hydrate formation process can be slowed significantly by mass and heat transfer 

limitations. The initial formation of gas hydrates in a system typically takes place at the interface 

between the gas and water phase.69 This formation creates a film at the interface, trapping the 

water phase. Although this film can still permit gas diffusion due to the hydrate’s porous nature, 

the film stunts the rate of hydrate growth. The hydrate film depends upon many factors, such as 

the extent of subcooling, with its crystallization occurring as a continuous growth mechanism.69 

One way to help mitigate this limitation is by increasing the gas-to-water contact area, which can 

be achieved by many means such as apparatus design (e.g. bubble column,70 stirred tanks71) and 

porous materials (e.g. silica glass,72 activated carbon73). 

Hydrate formation is an exothermic process, which limits itself as the local heat given off 

warms the nearby area, making it less desirable for more hydrates to form. The impact of this 

limitation can be reduced by introducing something into the system that is thermally conductive, 

such as copper heat transfer plates74 and porous materials with copper nodes26. 

2.2.5 Self Preservation 

A kinetic anomaly associated with hydrates, called ‘self-preservation’, occurs when the 

dissociation of the hydrate results in a supercooled liquid water film forming at the interface of 
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the gas and water phase which prevents the now trapped gas molecules from escaping.75 This 

supercooled liquid water film can freeze to form a layer of ice (illustrated in Figure 2.8, and thus 

‘preserves’ the hydrate encased inside despite the conditions of the system being outside of the 

hydrate stability region.75  

 

 

Figure 2.8 Illustration of temperature effects on hydrate structure stability.75 

 

Self-preservation can be harnessed for energy storage, as a hydrate can be used to capture 

a gas such as methane, and then preserved at ambient pressure and temperatures slightly below 

the freezing point of ice, which can be stable up to weeks or months.75–77 The methane gas is 

easily recovered from the hydrate, as warming the system above the freezing point of ice results 

in rapid hydrate dissociation, as shown in Figure ##. 

2.3 Combining Gas Hydrates with Porous Crystals 

Porous materials combined with gas hydrates may increase the overall gas storage and 

separation potential by combating two major obstacles in terms for gas hydrates: long induction 

time for hydrate formation and limited water to hydrate conversion. Porous materials offer many 

advantages for gas hydrate nucleation and growth promotion, with two being surface chemistry 

and material structure. Surface chemistry of the material may induce more hydrate growth and 

faster nucleation and growth due to reasons ranging from hydrophobicity to thermal 

conductivity.78,79 The structure of the material impacts hydrate nucleation and growth many 

ways, such as surface area, which increases the gas-to-water interface, and pore volume, which if 

large enough can confine hydrates within, as illustrated in Figure 2.9.79,80  
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Figure 2.9 Metal organic framework with metal nodes (green) linked with organic ligands (grey) 

containing a methane (blue) hydrate consisting of water molecules (red) forming hydrogen bonds 

around the gas molecule.81  

 

A vast array of different porous materials have been studied, ranging from activated 

carbon,82,83 classic order mesoporous carbon CMK-3,84 silica gels,85 to smectite clays86. The 

materials of interest in this work are zeolites, metal-organic frameworks, and porous organic 

cages. These microporous materials cover three primary chemical nature groups: inorganic 

(zeolite), organic-inorganic (metal-organic frameworks), and organic (porous organic cages). 

The following subsections discuss the reasoning and potential of three microporous materials as 

promoters for hydrate formation and growth. 

2.3.1 MOFs as Promoters for Gas Hydrate Formation 

Metal-organic frameworks (MOFs) possess unique properties that not only make this 

porous material suitable for gas storage and separation, but these properties extend to make 

MOFs interesting for promoting gas hydrate formation. These properties include chemical 

diversity (e.g. surface chemistry, framework composition), structural flexibility due to its organic 

linkers, generally large surface area (~1000 m2/g), and tunable porosity.87  

Similarly to zeolites, the cavity size of a MOF must exceed the size of a structure I 

hydrate, which has a unit cell length of 1.2 nm. An advantage MOFs have over zeolites is the 

flexibility of the framework, as a zeolite is composed of purely inorganic components while 
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MOFs are a mix of organic and inorganic. The organic ligands that link the metal ions together in 

the framework can flex, making it easier for the MOF to adjust in size when a hydrate forms 

inside the pore cavity.  

There are only a few studies conducted on MOFs and methane gas hydrates. One of the 

completed studies compared hydrophobic ZIF-8 and hydrophilic MIL-53(Fe) and found that the 

hydrophobicity of ZIF-8, combined with its high adsorption of methane, resulted in more 

methane storage and more water-to-hydrate conversion than MIL-53(Fe).87 Thus, the chemical 

nature of a MOF can be optimized as a gas hydrate promoter. 

Some of the studies on gas hydrate growth in microporous metal-organic frameworks 

(MOFs) encompass the following materials: MIL-53,88 MIL-53(Al),89 ZIF-8,87,89,90 MIL-101,91 

and MIL-100(Fe)87. 

This next table, Table 2.1, summarizes the studies that used metal organic frameworks 

(MOFs) to promote gas hydrate formation.  

 

Table 2.1 Summary of studies on the different types of MOFs that have been employed as 

methane hydrate promoters and corresponding comments on experimental procedures and 

overall conclusions from the study. 

Type of MOF Comments Ref. 

MIL-53(Al) 

Recorded pressure and temperature in a reactor. Measured hydrate 

equilibrium curve with the material present, matches that of bulk 

water. At 274.15K and pressures 0 to 10 MPa, less methane stored in 

system with MIL-53 & hydrates versus a system with dry MIL-53. 

89 

MIL-100(Fe) 
Methane high pressure adsorption. Water-to-hydrate conversion 56% 

at 4 MPa and 275K. 

87 

MIL-53 
Low-temperature synchrotron high-resolution powder diffraction. 

Hydrates form in meso/macro pores. Equilibrium curves measured. 

88 

ZIF-8 

Recorded pressure and temperature in a reactor. Measured hydrate 

equilibrium curve with the material present, matches that of bulk 

water. At 274.15K and pressures 0 to 10 MPa, ZIF-8 combined with 

gas hydrates increased the amount of methane stored relative to dry 

ZIF-8. 

89 
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Table 2.1 continued. 

ZIF-8 

Methane high pressure adsorption, inelastic neutron scattering, and 

synchrotron x-ray powder diffraction. Nearly 100% water-to-hydrate 

conversion. 

87 

Measured pressure drop. The net methane stored in the material with 

hydrates is 56% more than that of the dry material at 269.15K and 

2.85 MPa. 

90 

MIL-101 

Microsecond molecular dynamics simulations. Methane hydrate 

forms preferentially on outer surface. Hydrophilicity causes water to 

block cavities, decreasing the amount of methane in cavities as the 

water content increases. 

91 

Cr-soc-MOF-1 

High pressure methane isotherms 275K, 0 to 10 MPa. At 10 MPa, 

this material combined with hydrates stores 50% more methane as 

compared to the dry material. Conversion of 66% 

73 

Y-shp-MOF-5 
The addition of this material did not increase the overall amount of 

methane stored relative to how much the dry material can store. 

73 

HKUST-1 

 

Measured heat consumed/released using high pressure differential 

scanning calorimeter. Water-to-hydrate conversion reached a high of 

87.2% at 8 MPa. 

26 

 

2.3.2 POCs as Promoters for Gas Hydrate Formation 

POCs offer a unique structure that could promote gas hydrate growth and nucleation as 

the material has intrinsic cavities in a discrete cage, and extrinsic voids formed by the packing of 

these cages.92 As this crystalline material is purely organic, it also offers a similar advantage as 

MOFs in terms of an expanding pore size, which could accommodate a gas hydrate unit cell if 

the pore is close to or larger than 1.2 nm.11 

Some POCs, such as CC3, show high water stability, a feature essential for a gas hydrate 

promoter.92 The cage geometry of this material promotes high methane adsorption, which may 

aid in hydrate nucleation due to the gas adsorbing to the surface.36 CC3 also proved stable under 

high pressure conditions with methane gas, further showing that this porous material may work 
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well as a gas hydrate formation promoter. As far as the author is aware, no studies on gas hydrate 

growth in POCs has been executed. 

 

2.3.3 Zeolites as Promoters for Gas Hydrate Formation 

A zeolite has many desirable properties for gas hydrate formation, such as mechanical, 

thermal, and chemical stability. The mechanical stability, stemming from four oxygen atoms 

bridging the Si, Al, and/or P atoms together, is essential as high pressures are required for the 

formation of gas hydrates, which could crush a structure, making it no longer useful.44 The 

thermal stability is necessary to withstand the low temperatures need for hydrate formation, and 

the cycling of cooling and heating that would take place if the material is reused. Chemical 

stability would prevent the various compositions of natural gas and the water present to form 

hydrates from degrading the material.  

Other properties of zeolites that may influence gas hydrate formation is its surface area, 

which can be as high as ~800 m2/g,93 tunable acid-base chemistry,94 varying hydrophobicity,95 

and pore diameter and volume41. The cavity size of a zeolite determines whether or not gas 

hydrates can form within the pores. The unit cell length of a structure I hydrate, the most 

common structure, formed with methane, is 1.2 nm, therefore the cavity size of the zeolite must 

be larger.11,96 For zeolite RHO, the cavity size is 1.0 nm, suggesting that the pores will contain 

water and/or gas, but no hydrates.96 The pores near the external surface of the crystal may act as 

nucleation sites for gas hydrates, explaining in part why RHO promoted hydrate nucleation.96 

Some of the studies on the growth of methane hydrates in microporous zeolites in literature are 

RHO,96 13X,89,97 5A,97–99 3A,98 and 13A97.  

The following Table 2.2 summarizes the studies in literature that involve methane gas 

hydrate growth by zeolites. 

 

Table 2.2. Summary of the types of zeolites studied as promoters for methane hydrate growth 

with comments on the experimental procedure and results.  

Type of Zeolite Comments Ref. 

RHO 
Chemical additives: THF. At 100 bar, 275K, and 60,000s, amount of 

CH4 adsorbed reached 140 mmol/g. 

96 
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Table 2.2 continued. 

13A Zeolite 

Measured amount of gas consumed. Equilibrium curve determined. 

At a subcooling temperature of 2K, nucleation time reduced from 18 

hours to 8 hours, whereas at >7K, no reduction in nucleation time 

was observed. 

97 

13X Zeolite 

 

Measured amount of gas consumed. Equilibrium curve determined. 

At a subcooling temperature of 2K, nucleation time reduced from 18 

hours to 2.5 hours, whereas at >7K, no reduction in nucleation time 

was observed. 

97 

No chemical additives. Recorded pressure and temperature in a 

reactor. Measured hydrate equilibrium curve with the material 

present, matches that of bulk water. 

89 

5A Zeolite 

 

Measured amount of gas consumed. Equilibrium curve determined. 

At a subcooling temperature of 2K, nucleation time reduced from 18 

hours to 5 hours, whereas at >7K, no reduction in nucleation time 

was observed. 

97 

Chemical additives: SDS. Mechanical agitation and magnetic 

stirring. 8.4 MPa, 273.5K. Measured amount of gas in hydrate. 

Without SDS, gas storage capacity of methane hydrate (volume 

ratio) is 54, while with SDS it is 156. 

98 

Chemical additives: THF, TBAB. 1.5 & 1.8 MPa, 285.15K Reduced 

hydrate nucleation time. Measured pressure drop. Performance 

based on gas uptake. Highest gas to hydrate conversion 39.42%. 

99 

3A Zeolite 

 

Chemical additives: SDS. Mechanical agitation and magnetic 

stirring. 8.4 MPa, 273.5K. Measured amount of gas in hydrate. 

Without SDS, gas storage capacity of methane hydrate (volume 

ratio) is 62, while with SDS it is 178. 

98 
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CHAPTER 3  

METAL ORGANIC FRAMEWORK HKUST-1 PROMOTES  

METHANE HYDRATE FORMATION FOR IMPROVED  

GAS STORAGE CAPACITY 

 

Modified from: S. Denning, A.AA. Majid, J.M. Lucero, J.M. Crawford, M.A. Carreon, C.A. 

Koh*, “Metal−Organic Framework HKUST‑1 Promotes Methane Hydrate Formation for 

Improved Gas Storage Capacity” ACS Applied Materials & Interfaces 2020, 12, 47, 53510-

53518 

 In this chapter, we studied the synergistic effects of the copper based metal organic 

framework HKUST-1 and gas hydrates for the purpose of methane storage. The following 

chapter covers the results of the study along with the experimental methods used, which is also 

published in ACS Applied Materials & Interfaces, 2020, 12, 47, 53510-53518. 

3.1 Porous Crystals for Methane Hydrate Formation Promotion 

This work aims to further investigate porous materials as a hydrate growth promoter. 

Porous materials provide two primary desired advantages: the material increases the surface area 

of gas-to-water contact, and the surface chemistry of the material may induce faster gas hydrate 

nucleation and growth 78,79. Researchers have investigated an extensive number of materials  

(including but not limited to): activated carbon 82,100,101, functionalized carbon nanotubes 102, 

silica gels 85,103, silica glass 72,104, silica sand 105,106, clay 86,107, Ottawa sand 108, polyurethane 

foam 109, aluminum foam 110, carbon CMK-3 84, zeolites 96–99,111, and metal organic frameworks 

(MOFs) 79. The last material listed, MOFs, offer a unique combination of properties that are 

seemingly advantageous for promoting gas hydrate formation: namely, high surface area and an 

assortment of different surface chemistries and structures. The MOFs investigated 

experimentally and/or via computer simulations, as far as we are aware of, consist of the 

following: MIL-101 91, MIL-53 88, MIL-100 87, and ZIF-8 87,90.  

The work presented here focuses on employing the metal-organic framework HKUST-1 

(or Cu3(BTC)2) as a promoter for methane hydrate growth. This MOF is comprised of copper 

nodes linked by 1,3,5-benzenetricarboxylic acid, resulting in a structure with bimodal pores 112. 

HKUST-1 shows promise as a material for promoting gas hydrate formation mainly due to its 

high surface area, typically ~1000 m2/g 112,113, internal pore apertures of 1.4 nm and 1.0 nm 114, 
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high volumetric methane uptake 25, and thermally conductive structural chemistry 115. Figure 3.1 

illustrates the structure of HKUST-1 (left) and structure I hydrate (right), although not to scale 

116,117. 

 

 

Figure 3.1 (Left) Structure of HKUST-1, which consists of 1,3,5-benzenetricarboxylic acid 

linking copper nodes the structure of HKUST-1. The green and pink spheres represent the size of 

the two internal pores where gas can be stored.116 (Right) The most common methane hydrate, 

structure I. Water molecules hydrogen bond to form a cage around methane.117 These depictions 

are not to scale. 

 

Furthermore, the surface chemistry of HKUST-1 results in high methane 113,118 and water 

adsorption 119, in which the wettability of HKUST-1 increases the gas-to-water contact area and 

may promote gas hydrate growth in the pores as well as on the external surface. Furthermore, the 

high thermal conductivity of HKUST-1 due to the presence of copper within its framework may 

help to promote hydrate growth by removing the local heat of hydrate formation. 

In this study we used a high pressure differential scanning calorimeter (HP-DSC) to 

follow methane hydrate growth in the presence of HKUST-1. The results demonstrate that the 

unique properties of HKUST-1 (i.e. large surface area, hydrophilicity, thermal conductivity) 

result in high water-to-hydrate conversion, suggesting that this MOF is an excellent methane 

hydrate growth promotor.  
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3.2 Experimental Methods 

The synthesis and characterization of HKUST-1, the procedures used for the high 

pressure differential scanning calorimeter (HP-DSC), and the calculations of the obtained data 

are detailed in the following sections. 

3.2.1 HKUST-1 Materials & Synthesis Procedure 

The HKUST-1 synthesis approach used in this study follows the synthetic protocol 

reported elsewhere 120. First, 3.5 g of copper(II) nitrate hydrate (98%, Sigma-Aldrich, 

Cu(NO3)2·2H2O) was mixed in 96 mL deionized water until completely dissolved. A separate 

solution containing 1.68 g of 1,3,5-benzenetricarboxylic acid (98%, Sigma-Aldrich) was mixed 

until dissolved in 96 mL of ethanol. Next, the two solutions were stirred together for 10 minutes 

before being placed in a Teflon-lined autoclave in a conventional oven. The solution was heated 

for 6 hours at 100°C and then cooled at a rate of 1°C/minute to 60°C. Once the oven reached 

60°C, the autoclave was taken out of the oven and cooled to room temperature (~20°C). The 

cooled solution was centrifuged to separate out the HKUST-1 crystals, which were then washed 

by adding clean ethanol. The resulting solution was centrifuged to re-isolate the HKUST-1 

crystals. This washing process was completed 3 times. The resultant material was then dried in 

an oven at 100°C. 

3.2.2 HKUST-1 Characterization Methods 

Powder X-ray diffraction patterns were collected using a Siemens Kristalloflex 810 

diffractometer operating with Cu Kαl radiation at a wavelength of 1.54059Å with a voltage of 30 

kV and current of 25 mA. The morphology of the HKUST-1 crystals before and after use in the 

HP-DSC was observed using a JOEL JSM-7000F field emission scanning electron microscope. 

A nitrogen isotherm at 77K was conducted to elucidate the surface area and pore volume using 

an ASAP 2020 porosimeter (Micromeritics, Norcross, GA, USA). For this analysis, all samples 

were degassed at 150°C for over 8 hours under vacuum. The same instrument and degas 

parameters were used to collect a methane isotherm at 273 K. 

3.2.3 High Pressure Differential Scanning Calorimeter Measurements 

The gas hydrate formation and dissociation behavior was observed using a high pressure 

differential scanning calorimeter (HP-DSC) VIIa (Setaram Inc.) with an operational pressure 

range of 0.1 MPa to 15.4 MPa and a temperature range of 228 K to 393 K, a resolution of 0.04 
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μW, and an overall precision of ±0.2K and ±25kPa. Figure 3.2 provides a schematic of the 

equipment 121.  

 

 

Figure 3.2 Schematic of the high pressure Differential Scanning Calorimeter (HP-DSC) VIIa 

(Setaram Inc.) 

 

The sample was prepared by pipetting deionized water directly onto the dried sample to 

achieve a desired water ratio, further denoted as Rw. The HP-DSC tests were conducted as 

follows: first, the sample was placed into the DSC cuvette cell and was pressurized to the 

specified pressure. Then, the temperature was raised to 30℃ at a rate of 0.8℃/min. Next, the 

sample was cooled down to -15℃ at a rate of 0.8℃/min and then warmed back to 30℃ at a rate 

of 0.7℃/min. This cooling and heating cycle was repeated two more times, for a total of three 

times. 

An additional HP-DSC test was conducted using the same sample preparation method as 

for that of the scan but a different HP-DSC cooling and heating procedure. The sample was 

heated to 30℃ at a rate of 0.5℃/min, held at 30℃ for 3 hours, cooled at a rate of 0.8℃/min to -

10℃, held for 24 hours, and then heated to 30℃ at a rate of 0.3℃/min. This method is called an 

isothermal experiment. 

3.2.4 Calculation of Water-to-Hydrate Conversion 

The extent of water-to-hydrate conversion utilizes the heat flux measured by the HP-DSC 

for the endothermic peak. The endothermic hydrate dissociation peak is integrated and the 
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resulting value, given in J/g, is denoted as 𝐻𝑑𝑖𝑠𝑠. This value is used to calculate the water-to-

hydrate conversion using the following equation121:  

𝐻𝑦𝑑𝑟𝑎𝑡𝑒 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) = 100 ∗
𝐻𝑑𝑖𝑠𝑠 ∗  𝑀𝑊𝐻2𝑂 ∗ 𝑛𝐻𝑌𝐷

𝐻𝐻𝑌𝐷
 

(3.1) 

The other variables in this equation represent the following:  

 Heat of dissociation of methane structure I hydrate (𝐻𝐻𝑌𝐷) = 54.4 kJ/mol.122 

 Molecular weight of water (𝑀𝑊𝐻2𝑂) = 18 g/mol. 

Hydration number (𝑛𝐻𝑌𝐷) = 5.9121 

3.3 Results & Discussion 

The following subsections detail the results from this study and the respective discussion. 

3.3.1 HKUST-1 Effect on Hydrate Formation and Dissociation 

Table 3.1 displays the key results from experiments that vary by the mass ratio of water 

to HKUST-1 (Rw). These results include: water-to-hydrate conversion, hydrate dissociation 

temperature, and amount of methane stored in the system relative to the amount of water present.  

 

Table 3.1 The hydrate percent of water-to-hydrate conversion, hydrate dissociation temperature 

for different ratios of water to HKUST-1 by mass (Rw), and amount of methane stored per gram 

of water in the system. 

Ratio H2O to 

HKUST-1 (g/g) 

 Water to Hydrate 

Conversion (%) 

 Dissociation 

Temperature (℃) 

CH4 Stored to H2O in 

System (mmol/g) 

No HKUST-1 5.9±0.3% 10.5±0.1 0.55±0.03 

0.39 20.5±0.8% 10.3±0.1 1.9±0.1 

0.58 52.4±1.3% 10.5±0.1 4.9±0.1 

0.97 62.3±0.7% 10.3±0.1 5.8±0.1 

0.98 64.4±2.6% 10.5±0.1 6.0±0.2 

0.98 67.5±0.7% 10.4±0.1 6.3±0.1 

1.08 87.2±0.7% 10.7±0.1 8.1±0.1 

1Experiments repeated 3 times to test reproducibility. 
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The addition of HKUST-1 increased the amount of water converted into hydrate by 3.5 to 

14.8 times compared to a system with only water and methane. The dissociation temperature of 

each trial, in comparison to the experiment with only water and methane, do not show variances 

that exceed the equipment precision limits. The amount of methane stored relative to the amount 

of water in the system increased 3.5 to 14.7 times as compared to a system with only water and 

methane, which confirms that adding HKUST-1 promotes more methane storage. The HKUST-1 

sample used in this study had a measured methane volumetric uptake of 0.89 mmol CH4/g 

HKUST-1, whereas the hydrate formation experiment with the highest conversion, 87.2%, 

resulted in 9.8 times more methane stored relative to the mass of HKUST-1 in the system. The 

methane adsorption isotherm for the synthesized HKUST-1 is show in Figure 3.3.  

 

 

Figure 3.3 Total volumetric uptake of methane isotherm for HKUST-1, collected at 273K. 
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Notably, other studies in literature observed higher methane adsorption on dry HKUST-1 

than that measured in this study, but the experimental conditions are not similar enough for a 

direct valid comparison 118,123. Although still significant, the focus of this work is to use 

HKUST-1 as a gas hydrate promoter, as the promising results of hydrates for gas storage 

mentioned previously stem from hydrates exhibiting self-preservation (i.e. ice film forming 

around bulk hydrate that maintains hydrate stability after formation outside of the hydrate 

thermodynamic stability zone) 124. Self-preservation allows for methane storage and 

transportation in hydrates at ambient pressures and low temperatures 125. This independence from 

high pressure makes gas hydrates a desirable method of gas storage and fuel transportation, 

whereas dry HKUST-1 would need to be maintained at high pressure for methane storage. 

In this study, the water-to-HKUST-1 mass ratio of 1.08 produced the highest water-to-

hydrate conversion of 87.2% while the mass ratio of 0.39 only converted 20.5%. Overall, the 

amount of water converted to hydrate decreased with decreasing Rw, as shown in Figure 3.4.  

 

 

Figure 3.4 HP-DSC warming profiles of synthesized HKUST-1 and CH4 at different water-to-

HKUST-1 mass ratios (Rw) compared to profile without HKUST-1 and the respective water to 

hydrate conversion at 8.0 MPa. Scanning procedure of cooling from 30°C to -15°C and then 

heating back to 30°C. Each sample was subjected to 3 cycles of hydrate formation and 

dissociation to ensure repeatability. 
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The observed correlation of increased hydrate conversion with increasing Rw also arose 

in a study that conducted molecular dynamic simulations of hydrate formation with the MOF 

MIL-101 91. The authors of this study found that oversaturation of the MOF led to hydrate 

formation in the outer space of the MOF crystal; seemingly, hydrate growth was no longer 

constrained within the crystal’s pores 91. An additional postulation for this correlation stems from 

the water dispersion capabilities of HKUST-1. A study using 1H MAS NMR to observe the water 

uptake of HKUST-1 concluded that the water molecules adsorb to the copper atoms in the 

structure; as more water molecules adsorb, faster exchange of water occurs throughout the 

structure 126. This fast exchange leads to relatively efficient water dispersion over the surface of 

HKUST-1, providing a large gas-to-water interface. For a methane/water system, the hydrate 

film starts at the interface and then propagates into the water phase as methane diffuses through 

the hydrate layer 127. Therefore, the experiment with higher water contact provided more water 

uniformly dispersed on the surface, allowing for more hydrate growth. 

Although increased water dispersion increases the gas-to-water interface, the interaction 

between a MOF’s surface and the water molecules also plays a significant role in hydrate 

nucleation. This relationship was explored in a study comparing hydrophilic MIL-100 (Fe) and 

hydrophobic ZIF-8 87. ZIF-8 converted almost all of the water to hydrate, whereas MIL-100 (Fe) 

only converted ~56% of the water on the external surface of MIL-100 (Fe) into hydrate 87. The 

hydrophobicity of ZIF-8 prevented water from clogging the pores; instead, methane adsorbed to 

the surface, increasing the gas-to-water interface better than a hydrophilic surface does and thus 

promoting more hydrate formation 87. The authors also postulated that the strength of the 

interaction between water and the surface of MIL-100 (Fe) interfered with the preferred 

orientation of water molecules for hydrate formation. One study supported this postulation by 

conducting molecular dynamics simulations on materials with different hydrophobicity and 

concluded that a hydrophilic surface changed the local ordering of water molecules in a way that 

hindered hydrate nucleation 128,129. The extent of water adsorption of HKUST-1 (~400 mg/g) 130 

is between that of MIL-100 (Fe) (560 mg/g) and ZIF-8 (18 mg/g), suggesting that the 

hydrophilicity of HKUST-1 may limit the hydrate growth. 

In literature, other materials have shown higher water-to-hydrate. One example is silica 

sand, in which an experiment performed at 8.0 MPa and a constant 4°C resulted in a water-to-
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hydrate conversion of 94.7% with an induction time of 34.7 hours 131. Another example is a 

study on activated carbon, which found that at 8.0 MPa, the highest conversion 98.6%82. Our 

work has similarly high conversion for the experiment conducted with a water to HKUST-1 mass 

ratio of 1.08, as it resulted in a conversion of 87.2%. Note that although many other materials 

showed relatively high water-to-hydrate conversion, most of those studies were conducted at 

different experimental conditions, such as different pressures132, and/or with chemical additives, 

such as THF 99, and therefore a direct comparison is challenging.  

Another factor in the successful gas hydrate promotion may stem from the thermal 

conductivity of the HKUST-1 structure. A study on the transport of heat generation from gas 

adsorption to the surface of HKUST-1 using molecular dynamics simulations found that this heat 

dissipated quickly throughout the structure 115. Similarly, the exothermic heat given off by gas 

hydrate formation would move away from the local area, promoting both hydrate nucleation and 

growth.  

A brief investigation of the effects of HKUST-1 was performed via an isothermal test 

conducted in the HP-DSC. Figure 3.5 in the Supporting Information shows the change in heat 

flux versus time for a system with only H2O and CH4 versus a system with HKUST-1, H2O and 

CH4 where both experiments were pressurized at 8.0MPa and held at -10°C for 24 hours. The 

system without HKUST-1 shows a prominent hydrate and/or ice formation peak starting at 

approximately 4 hours and 15 minutes after the system reach -10°C. In contrast, the system with 

HKUST-1 started forming hydrate and/or ice approximately 10 minutes before the system 

reached -10°C. Therefore, the presence of HKUST-1 decreased the induction time by 4 hours 

and 25 minutes, making the addition of HKUST-1 to the system kinetically favorable. 

Additionally, the heat flux profile in Figure 3.5 shows ice and hydrate dissociation for the system 

containing only H2O and CH4 while the system with HKUST-1, H2O and CH4 only shows 

dissociation of hydrate. This further observation confirms our statement that HKUST-1 promotes 

hydrate formation.  

 



30 

 

 

Figure 3.5 HP-DSC cooling and warming profile for isothermal test at 8.0 MPa with only H2O 

and CH4 (bottom line) and for a test with HKUST-1, H2O and CH4 with a water to HKUST-1 

mass ratio (Rw) of 0.87 (top line). 

 

3.3.2 Effects of Hydrate Formation/Dissociation on HKUST-1 Pores 

The HP-DSC experiment conducted with an Rw of 0.39 is close to the saturation point of 

HKUST-1 reported in literature (~400mg/g) 130, and thus gives insight on the location of hydrate 

formation. The water-to-hydrate conversion in the system with the Rw of 0.39 is only 3.5 times 

higher than the conversion in a system with only water and methane. This relatively poor 

improvement as compared to the Rw of 1.08 (87.2% conversion) may be caused by the rapid and 

uniform water dispersion on the crystal surface leaving little water left for hydrate formation. 

The low conversion is not accompanied by endothermic peak at 0°C, which corresponds to ice 

dissociation. The absence of this peak indicates that the pores are playing an influential role in 

the process of hydrate formation and dissociation. 

The large pore cavity (1.4 nm) could potentially accommodate most common methane 

hydrate, structure I, which has a lattice size of approximately 1.2 nm 11,114. However, the limiting 

pore aperture of HKUST-1 of ~1.0 nm would make this potential hydrate allocation within the 

pores quite challenging 114. Therefore, pore confinement may potentially lead to increased gas 

hydrate formation and/or sites for nucleation without containing methane hydrates within the 

pores. 

Powder X-ray diffraction (XRD) and nitrogen isotherms were collected to further 

investigate whether hydrate formation took place only on the outer surface of the HKUST-1 
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crystal, or both on both the surface and in the pores. Figure 3.6 shows the powder XRD patterns 

for the HKUST-1 crystals before and after hydrate formation and dissociation in the HP-DSC in 

comparison to the simulated HKUST-1 pattern. The XRD peak positions of the experimental 

patterns agree well with the simulated XRD pattern, confirming the formation HKUST-1 

crystalline structure. 

 

 

Figure 3.6 Powder XRD pattern of synthesized HKUST-1 crystals before and after hydrate 

formation and dissociation in the HP-DSC. Simulated pattern shown for comparison. The dashed 

line shows the 11.8° 2θ angle. 

 

The post HP-DSC pattern in Figure 3.6 shows a slight 2θ shift of 0.1° to the left relative 

to the pre HP-DSC pattern, denoted with a dashed vertical line. Previous studies on microporous 

crystals concluded that a shift to the left indicates an expansion of the unit cell 33. The nitrogen 

isotherm at 77K confirmed pore expansion, as shown in the inset of Figure 3.7.  
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Figure 3.7 Nitrogen adsorption isotherms at 77K for a sample of HKUST-1 before and after 

hydrate formation/dissociation. The pore volume and pore width for the two samples is shown in 

the inset. 

 

The most prominent pore in the HKUST-1 sample before the HP-DSC was 0.59 nm, 

while the sample after hydrate formation and dissociation was 0.86 nm. Initially, the pre HP-

DSC sample had a large pore size range of ~0.7 to 0.85 nm with a the most prominent size being 

~0.73 nm. After the HP-DSC, the large pore size shifted right to a range of ~0.7 to 0.93 nm and a 

primary large pore size of ~0.86 nm. The size of the typical methane hydrate, structure I, is 1.2 

nm, which is too big for the HKUST-1 pores.  

A plausible reason for the expansion is formation of ice in the pores. The lack of an 

endothermic peak at 0℃ for these tests further supports the hypothesis that if ice formation 

occurs, it is in the pores while hydrates form on the outer surface. The hydrate layer on the 

external surface of the HKUST-1 crystal may prevent the ice from melting until the hydrate 

melts. Another explanation may be that some of the water adsorbed by HKUST-1 in the pores 

may stay as a free liquid water phase. This would account for why only some of the pores with a 

diameter of 0.6 nm increased in size, as the pores that did not increase may have held liquid 

water throughout the experiment. 

To explore ice formation versus trapped liquid water, a test was conducted with a mass 

ratio of water to HKUST-1 of 1.05 at ambient pressure. Approximately 56.4% of the water in the 
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system converted into ice, insinuating that the remaining 43.6% of the water stayed in a liquid 

phase. Due to the HKUST-1 material’s high water affinity, the liquid water most likely occupied 

the pores of the crystal. This phenomena was studied in silica micropores and found that liquid 

water phase could stay thermodynamically stable down to ~235K 133. Thus, both ice and water 

are likely filling the pores while hydrate formation occurs only at the surface of HKUST-1 

crystals. Previous studies on methane hydrate formation in MOFs support the preferential 

formation of methane hydrates form on the crystal surface.87,88,91 

3.3.3 HKUST-1 Structural Integrity after Hydrate Formation and Dissociation 

For practical gas storage applications using HKUST-1, the material must maintain its 

integrity throughout multiple uses. Figure 3.8 shows the cooling and warming profiles for the 

same HKUST-1 sample undergoing hydrate formation and dissociation for three cycles that 

occurred consecutively. The minimal deviation in conversion (±0.7%) and equilibrium 

temperature (±0.1°C) are well within the bounds of precision of the HP-DSC. 

 

 

Figure 3.8 HP-DSC cooling (left) and warming (right) profiles of synthesized HKUST-1 and 

CH4 at water-to-HKUST-1 mass ratios (Rw) of 0.97 at 8.0 MPa for 3 cycles. For the 3 cycles, the 

extent of hydrate conversion is within ±0.7% and the equilibrium temperature (TEQ) is within 

±0.1°C. 

 

An interesting observation notable in the XRD pattern in Figure 3.6 is that the sample 

underwent gas hydrate formation and dissociation (post HP-DSC). This sample displays different 
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intensity ratios for some of the peaks, compared with the intensity ratios of the sample before 

hydrate formation and dissociation (pre HP-DSC). For instance, after subjecting HKUST-1 to 

several formation and dissociation cycles, the pattern clearly shows a change in the preferential 

plane exposure of the plane (222) over the other crystallographic planes. One possible reason for 

the overall change in intensity ratios is that a higher concentration of crystallites are present after 

gas hydrate formation, an observation noted in other studies of crystalline materials 134,135.  

The nitrogen isotherm at 77K, shown in Figure 3.7, shows evidence of densification as 

the pore volume decreased from 0.50 to 0.33 cm3/g. The most likely causes for the densification 

are exposure to water and high pressure. Previous studies correlated the decrease in the 200/222 

and 220/222 ratios with the presence of water densifying the structure 136,137, a change observed 

in this work as the 200/222 and 220/222 peak intensity ratios decreased by a factor of 0.72 and 

0.56, respectively. As for the high pressure postulation, one particular study found that when 

subjecting HKUST-1 to high pressure the structure retained its crystallinity up to 200 MPa, 

which is 25 times higher than the pressure this study used in the HP-DSC experiments 138. 

Therefore, the most probable reason for the densification is exposure to water during the HP-

DSC experiments, since the pressures used in this study were insufficient to cause significant 

densification. These studies indicate that the changes to HKUST-1 structure (i.e. pore volume, 

pore diameter, and degree of crystallinity) in this work was not due to the high pressure nor low 

temperature conditions of the HP-DSC, but instead due to the presence of water. Overall, the 

crystalline structure of HKUST-1 is preserved after hydrate formation and dissociation, as 

indicated by Figure 3.6, and therefore no phase change occurred.  

Figure 3.9 shows representative SEM images of the HKUST-1 sample before and after 

hydrate formation and dissociation.  
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Figure 3.9. Representative SEM images of synthesized HKUST-1 crystals (a) before and (b) 

after hydrate formation and dissociation.  

 

These images show that the crystal retained its well-faceted bipyramid octahedral 

morphology. Further analysis verified that the crystals retained a relatively narrow size 

distribution and average particle size of 9.30±2.68 μm and 8.01±1.32 μm, respectively. The 

relatively large overall size of the HKUST-1 crystal may be one reason why the observed surface 

area (498 m2/g) was lower than the typically reported surface areas (~1000 m2/g) 112,113. The very 

small particles visible around the HKUST-1 crystals in Figure 3.9 for the sample after hydrate 

formation and dissociation in the HP-DSC (b) may result from the decomposition of the material 

due to the presence of water, as found by a study that took SEM images of HKUST-1 exposed to 

water over a time period of 28 days 139. These particles and the maintained morphology for the 

post HP-DSC align with the conclusion of a study, which found that the decomposition due to 

water starts at the crystal surface 135. Multiple studies found that an ethanol solvent treatment can 

reverse decomposition of HKUST-1, as ethanol plays a vital role in the kinetics of the synthesis 

of HKUST-1; thus, an ethanol treatment could increase the longevity of HKUST-1 136,137. 

The work completed in this study will aid in future studies utilizing HKUST-1 in aiding 

in hydrate growth, particularly studies looking at the scalability of HKUST-1 to larger volumes. 

Scalability is the key to confirming whether or not HKUST-1 and hydrates could be potentially 

implemented as a commercial methane storage technology. Since the synthesis of HKUST-1 is 

already commercially developed, then the focus of scalability would be the hydrate component. 

The process must address the mass transfer (e.g. formation of hydrate at the interface of water 
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and gas forms a gas diffusion barrier) and heat transfer (e.g. local heat of hydrate formation 

inhibiting further hydrate growth) challenges mentioned previously. The complexity of different 

apparatus configurations, crystal concentrations, and operating conditions makes scalability 

worth a future in-depth study.  

3.4 Conclusions 

In summary, HKUST-1 was demonstrated to increase the water-to-hydrate conversion 

from 5.9% to as high as 87.2% for the purpose of promoting gas hydrate growth for methane gas 

storage. The increased conversion stems from the material’s large surface area and unique 

surface chemistry of the material. Specifically, the large surface area increased the gas-to-water 

interface, reducing the transport limitation of a hydrate film forming between phases. The 

structure’s hydrophilicity led to dispersed water molecules across its surface, which increased the 

gas-to-water contact area but also ordered the water molecules in a way that may have limited or 

prohibited hydrate formation. The high thermal conductivity of HKUST-1 due to the presence of 

copper nodes within its framework promoted hydrate growth by removing the local heat of 

hydrate formation. These properties led to a reduction of 4.4 hours in induction time when 

HKUST-1 was added to the system. Investigation into the crystal integrity over the course of 

multiple hydrate formation and dissociation cycles showed that, the HKUST-1 crystal structure 

was preserved. The desirable methane hydrate growth and potential for long-term stability of the 

HKUST-1 crystal structure makes this MOF, HKUST-1, a highly promising promoter for gas 

hydrate formation for methane storage applications. 
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CHAPTER 4  

METHANE HYDRATE GROWTH PROMOTED BY MICROPOROUS  

ZEOLITIC IMIDAZOLATE FRAMEWORKS ZIF-8 & ZIF-67  

FOR ENHANCED METHANE STORAGE 

 

Modified from: S. Denning, A.AA. Majid, J.M. Lucero, J.M. Crawford, M.A. Carreon, C.A. 

Koh*, “Methane Hydrate Growth Promoted by Microporous Zeolitic Imidazolate Frameworks 

ZIF‑8 and ZIF-67 for Enhanced Methane Storage” ACS Sustainable Chemistry & Engineering 

2021, 9, 27, 9001-9010 

 This work studied the effects of two zeolitic imidazolate frameworks, ZIF-8 and ZIF-67, 

on methane hydrate. The chapter contains detailed experimental methods and analysis, of which 

are published in ACS Sustainable Chemistry & Engineering 2021, 9, 27, 9001-9010. 

4.1 Comparison of Zeolitic Imidazole Frameworks ZIF-8 and ZIF-67 as Methane Hydrate 

Growth Promoters 

By combining the methane storage capabilities of porous materials with gas hydrates, 

there can be a synergistic result where the amount stored with the combination of both hydrates 

and the porous materials is more than that of hydrates or porous materials on their own.81,90 

Metal-organic frameworks (MOFs) are a particularly interesting class of porous materials, as 

they are chemically diverse in composition, have large surface areas, and exhibit tunable 

porosity.140 As far as the authors are aware, the MOFs studied as methane hydrate promoters 

include MIL-53,88 MIL-53(Al),89 ZIF-8,87,89,90 HKUST-1,26,89 MIL-101,91 MIL-100(Fe),87 Cr-

soc-MOF-1,81 and Y-shp-MOF-5.81 These studies showed promising results for the application 

of MOFs as methane hydrate promoters, with more details of the results show in Table 4.1.  

 

Table 4.1 Overview of studies that used metal organic frameworks (MOFs) as methane hydrate 

growth promoters. 

Type of MOF Comments Ref. 

MIL-53(Al) 

Recorded pressure and temperature in a reactor. Measured hydrate 

equilibrium curve with the material present, matches that of bulk 

water. At 274.15K and pressures 0 to 10 MPa, less methane stored in 

system with MIL-53 & hydrates versus a system with dry MIL-53. 

89 
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Table 4.1 continued. 

MIL-100(Fe) 
Methane high pressure adsorption. Water-to-hydrate conversion 56% 

at 4 MPa and 275K. 

87 

MIL-53 
Low-temperature synchrotron high-resolution powder diffraction. 

Hydrates form in meso/macro pores. Equilibrium curves measured. 

88 

ZIF-8 

Recorded pressure and temperature in a reactor. Measured hydrate 

equilibrium curve with the material present, matches that of bulk 

water. At 274.15K and pressures 0 to 10 MPa, ZIF-8 combined with 

gas hydrates increased the amount of methane stored relative to dry 

ZIF-8. 

89 

Methane high pressure adsorption, inelastic neutron scattering, and 

synchrotron x-ray powder diffraction. Nearly 100% water-to-hydrate 

conversion. 

87 

Measured pressure drop. The net methane stored in the material with 

hydrates is 56% more than that of the dry material at 269.15K and 

2.85 MPa. 

90 

MIL-101 

Microsecond molecular dynamics simulations. Methane hydrate 

forms preferentially on outer surface. Hydrophilicity causes water to 

block cavities, decreasing the amount of methane in cavities as the 

water content increases. 

91 

Cr-soc-MOF-1 

High pressure methane isotherms 275K, 0 to 10 MPa. At 10 MPa, 

this material combined with hydrates stores 50% more methane as 

compared to the dry material. Conversion of 66% 

73 

Y-shp-MOF-5 
The addition of this material did not increase the overall amount of 

methane stored relative to how much the dry material can store. 

73 

HKUST-1 

 

Measured heat consumed/released using high pressure differential 

scanning calorimeter. Water-to-hydrate conversion as high as 87.2% 

at 8.0 MPa. 

26 

 

The studies on HKUST-126 and ZIF-887 reported high (>80%) water-to-hydrate 

conversion, whereas the other studies focused primarily on the amount of methane consumed by 
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the hydrate and MOF. Of these studies, very few look at the recyclability and structural integrity 

of the metal organic frameworks after methane hydrate formation and dissociation, with the 

notable exceptions of two studies on ZIF-887,89 and previous work by our group with HKUST-

126. Both ZIF-8 studies evaluated structural changes after only a single cycle of hydrate 

formation and dissociation, whereas our work with HKUST-1 evaluated these changes after three 

cycles. Therefore, more research is needed to determine the long-term viability of metal organic 

frameworks as methane hydrate promoters.  

The porous materials relevant to this study are metal-organic frameworks; more 

specifically, the materials are zeolitic imidazolate frameworks (ZIF), which is a subclass of 

MOFs. ZIFs contain both inorganic (metal ion) and organic (imidazolate linker) components, and 

the framework is composed of tetrahedral structural units, like that of zeolites.141 In this study, 

two microporous zeolitic imidazolate frameworks were chosen: ZIF-8 and ZIF-67. To the best of 

our knowledge, no studies have been documented on ZIF-67 as a methane hydrate promoter. 

Since these ZIFs are isostructural, the study of both, would be helpful to better understand the 

role (if any) of the metal core in methane gas hydrate formation. ZIF-8 and ZIF-67 exhibit the 

same sodalite topology with imidazole linkers and zinc or cobalt metal centers, respectively28. 

Both ZIFs exhibit surface areas above 1000 m2/g, pore volumes of ca. 0.6 cm3/g, and internal 

pore diameters of 1.2 nm142–146. An illustration of the representative structures of gas hydrate 

structure I, ZIF-8 and ZIF-67 are given in Figure 4.1(a), Figure 4.1(b) and Figure 4.1(c), 

respectively.  

 

 

Figure 4.1 Illustration of (a) methane hydrate structure I with a unit cell size of 1.2 nm, and the 

two zeolitic imidazolate frameworks of sodalite structure (b) ZIF-8 and (c) ZIF-67. The yellow 

spheres represent the internal pore, which has a diameter of 1.2 nm.117,147 Not to scale. 
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For ZIF-8 and ZIF-67, the large surface areas and the internal pore diameter are 

advantageous for hydrate formation. The large surface area generates a large gas-to-water 

contact area, both externally and internally due to the pores. The diameter of the ZIFs cavity (1.2 

nm) is approximately the same size of a methane hydrate structure I unit cell (1.2 nm), thus the 

pores could provide more interfacial area for gas hydrate formation. The confined space of the 

pore also can promote hydrate growth due to the pore’s effect on the water activity, and this 

formation can act as a site for hydrate nucleation.96,99 

These porous materials also have high methane adsorption capacity, with ZIF-8 reaching 

up to ~8 mmol/g at 80 bar, which provides a source of methane for hydrate formation.89,148 The 

hydrophobicity of the ZIFs also plays an important role, as a hydrophobic surface positively 

effects the water ordering necessary for hydrate cages to begin to form.149 According to a study 

that tested the water stability of both ZIF-8 and ZIF-67, these ZIFs were stable in water to 

pressures as high as 800 bar, which indicates that these materials should maintain crystal 

integrity during and after the wet, high pressure environment in hydrate formation and 

dissociation experiments.150 

In this study, the effect of ZIF-8 and ZIF-67 on methane hydrate growth was investigated 

using a high pressure differential scanning calorimeter (HP-DSC). Two key findings confirm that 

these microporous crystals are exceptional methane hydrate growth promoters: 1) high water-to-

hydrate conversion, and 2) significant reduction in hydrate nucleation induction time. These 

encouraging results are most likely due to the ZIFs’ large surface areas, hydrophobicity, water 

stability, and mechanical stability. 

4.2 Experimental Methods 

The synthesis method for ZIF-8 and ZIF-67 are detailed below along with the 

characterization methods, the operating procedure for the high pressure differential scanning 

calorimeter (HP-DSC) and the respective calculations. 

4.2.1 ZIF-8 & ZIF-67 Materials & Synthesis Procedure 

ZIF-8 and ZIF-67 were synthesized via microwave heating. This method has been 

employed for synthesis as it produces small crystals with a narrow size distribution, as observed 

in studies that used this method to synthesize other porous crystals, such as MOFs,151,152 

zeolites,67 oxides 68 and porous organic cages.155 
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The procedure for synthesizing ZIF-8 is adapted from elsewhere.142 First, 0.10 g of zinc 

acetate hexahydrate (Sigma-Aldrich, >98%), was dissolved in 10 g of deionized water. Next, 

0.41 g of 2-methylimidazolate (Aldrich, 99%) was added to the solution, which was stirred for 1 

hour. The resulting solution was put in a 100 cm3 Teflon-lined XP1500 vessel with a 

thermocouple inside. The vessel was then placed in a CEM Mars 5 microwave and heated to 

120°C for 30 minutes with a ramp time of 5 minutes at 100% of 400W power, with a ramp time 

of 5 minutes. Once the vessel cooled naturally to room temperature, the solution was washed 

with deionized water and ethanol via centrifugation for 5 minutes at 3800 rpm. The resulting 

crystals were dried at 80°C for 24 hours. 

The procedure for synthesizing ZIF-67 is similar to that of ZIF-8, with modifications 

from elsewhere.156 The precursors employed to synthesize ZIF-67 are 2-methylimidazolate 

(Aldrich, 99%), cobalt(II) nitrate hexahydrate (Sigma-Aldrich, >98%), and deionized water. 

First, 5.50 g of 2-methylimidazolate was dissolved into 20 g of deionized water. Second, in a 

separate beaker, 0.45 g of cobalt(II) nitrate hexahydrate was dissolved in 3 g of deionized water. 

Next, the two solutions were mixed together for 1 hour. The combined solution was put in a 100 

cm3 Teflon-lined XP1500 vessel with a thermocouple inside. The vessel was then placed in a 

CEM Mars 5 microwave and heated to 120°C for 30 minutes at 100% of 400W power, with a 

ramp time of 5 minutes. Once the vessel cooled naturally to room temperature, the solution was 

washed with deionized water and methanol via centrifugation for 5 minutes at 3800 rpm. The 

resulting crystals were dried at 80°C for 24 hours. 

4.2.2 ZIF-8 & ZIF-67 Characterization Methods 

To test the structural integrity of ZIF-8 and ZIF-67 crystals, a baseline was taken before 

subjecting the materials to the formation and dissociation of gas hydrates and then one was taken 

after. To this end, a Siemens Kristalloflex 810 X-ray diffractometer was used to gather powder 

x-ray diffraction patterns of the microporous crystals. The diffractometer used Cu Kαl radiation 

operating at a wavelength of 1.54059Å, accompanied by a current of 25 mA and a voltage of 30 

kV. The morphology of each material before and after hydrate formation and dissociation was 

inspected using a JEOL JSM-7000F field emission scanning electron microscope. An ASAP 

2020 porosimeter (Micromeritics, Norcross, GA, USA) was used to collect nitrogen isotherms at 

-196°C, after the sample was degassed for 8 hours at 200°C under vacuum. Surface areas were 

calculated using the Brunauer-Emmet-Teller (BET) method following the criterion described by 
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Rouquerol et al.157 Pore size distributions were calculated using non-local density functional 

theory (NLDFT) for nitrogen on carbon slit pores. Pore volumes were calculated at P/Po = 0.9. 

Methane isotherms were collected at 0°C using the same ASAP 2020 porosimeter and employing 

similar degas conditions as the nitrogen isotherms. 

4.2.3 High Pressure Differential Scanning Calorimeter Measurements 

A high pressure differential scanning calorimeter (HP-DSC) VIIa Seteram Inc. was used 

to investigate hydrate formation and dissociation. The HP-DSC operated within these criteria: a 

resolution of 0.04 μW; a temperature range of 228K to 393K, with a precision of ±0.2K; and a 

pressure range of 0.1 MPa to 15.4 MPa, with a precision of ±25kPa. The schematic of the HP-

DSC is given in Figure 4.2. 

 

 

Figure 4.2 Schematic of the high pressure differential scanning calorimeter (HP-DSC). 

 

The employed methods are similar to our previous work.26 Each sample was prepared by 

loading the cuvette HP-DSC cell with a specified amount of deionized water, and then adding the 

dry crystalline material. The ratio of the water’s mass relative to the material’s mass is denoted 

by Rw and shown in the following equation: 

Rw= 
mass of water

mass of ZIF
       (4.1) 
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The sample was loaded into the HP-DSC and then pressurized with methane gas (Matherson, 

99.99%). Two procedures were used for this research: scanning and isothermal. Each procedure 

was conducted at 8.0 MPa. Note that all of the HP-DSC experiments are performed in-situ. 

The scanning procedure started by raising the temperature of the system to 30℃ at a rate of 

0.5℃/min. The system was held at 30℃ for 3 hours. Next, the system was cooled at a rate of 

0.3℃/min to -30℃, then immediately warmed to 30℃ at a rate of 0.3℃/min. To ensure 

reproducibility and crystal structure integrity, the cooling and heating process was repeated twice 

more, for a total of 3 times.  

The isothermal procedure started by raising the temperature of the system to 30℃ at a 

rate of 0.5℃/min. The system was held at 30℃ for 3 hours. Next, the system was cooled at a 

rate of 0.8℃/min to -15℃, then held at that temperature for 24 hours. Then, the system was 

warmed back up to 30℃ at a rate of 0.3℃/min. This process was repeated once, for a total of 2 

times.  

For both the scanning and isothermal experiments, the heat flux profiles generated by the HP-

DSC were collected. The appearance of peaks corresponded to either ice or hydrate formation or 

dissociation. The peak location indicates the time and temperature for hydrate 

formation/dissociation. The area under the peaks corresponds to the magnitude of the amount of 

hydrate and/or ice formed/dissociated in the system. 

4.2.4 Water-to-Hydrate Conversion Calculation 

The water-to-hydrate conversion in the HP-DSC system was calculated via the following 

equation:26,121  

Hydrate Conversion (%)=100*
Hdiss* MWH2O*nHYD

HHYD
     (4.2) 

Hdiss is the heat flux for the hydrate dissociation endothermic peak, as measured by the HP-DSC. 

MWH2O is the molecular weight of water (18 g/mol). nHYD is the hydration number (5.9).121 

HHYD is the known value of the heat of dissociation for a methane structure I hydrate (54.4 

kJ/mol).122  

4.3 Results & Discussion 

The experimental results their respective discussion is detailed in the following 

subsections. 
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4.3.1 Influence of ZIF-8 & ZIF-67 on Water-to-Hydrate Conversion 

The zeolitic imidazolate frameworks ZIF-8 and ZIF-67 displayed remarkable 

performance as methane hydrate growth promoters. The measurements and calculations from the 

high pressure differential pressure scanning calorimeter (HP-DSC) experiments for a system 

with only water and with four systems with different water to microporous material mass ratios 

(Rw) are summarized for ZIF-8 in Table 4.2 and ZIF-67 in Table 4.3. 

 

Table 4.2 Water-to-hydrate conversion, dissociation temperature, and methane stored relative to 

the amount of water in the system for a system with no microporous material and four water to 

microporous material mass ratio (Rw) for the zeolitic imidazolate frameworks ZIF-8. 

ZIF-8 

Mass Ratio  

H2O to ZIF-8 (g/g) 

Conversion 

(%) 

Dissociation 

Temperature (°C) 

CH4 Stored to H2O 

in System (mmol/g) 

No ZIF-8 4.5 11.5 0.42 

0.16 81.1 8.2 7.5 

0.38 85.6 8.5 7.9 

0.54 83.8 7.9 7.8 

1.01 80.0 8.1 7.4 

Values correspond to the third cycle of hydrate formation and dissociation 

 

Table 4.3 Water-to-hydrate conversion, dissociation temperature, and methane stored relative to 

the amount of water in the system for a system with no microporous material and four water to 

microporous material mass ratio (Rw) for the zeolitic imidazolate framework for ZIF-67. 

ZIF-67 

Mass Ratio  

H2O to ZIF-67 (g/g) 

Conversion 

(%) 

Dissociation 

Temperature (°C) 

CH4 Stored to H2O 

in System (mmol/g) 

No ZIF-67 4.5 11.5 0.42 

0.16 75.5 8.7 7.0 

0.33 86.4 8.8 8.0 

0.50 87.7 8.9 8.1 

0.82 83.6 8.6 7.7 

Values correspond to the third cycle of hydrate formation and dissociation 
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The warming heat flux profiles for these experiments are given in Figure 4.3. 

 

 

Figure 4.3 Warming HP-DSC heat flux profiles for ZIF-8 (left) and ZIF-67 (right), with 

respective values for crystal to water mass ratio (Rw) and water-to-hydrate conversion conducted 

at 8.0 MPa. 

 

Full cooling and warming heat flux profiles for ZIF-8 and ZIF-67 are given in Figure 4.4, 

with the corresponding temperature profile of the HP-DSC system overlaid. 

 

 

Figure 4.4 Full HP-DSC cooling and warming profiles for 3 consecutive cycles of hydrate 

formation and dissociation for ZIF-8 (left) and ZIF-67 (right). The orange dashed line represents 

the temperature of the HP-DSC system. 

 

The addition of either ZIF-8 or ZIF-67 dramatically increased water-to-hydrate 

conversion as compared to a system without any porous material. The water-to-hydrate 

conversion ranged from 80.0-85.6% for ZIF-8 and from 75.5-87.7% for ZIF-67 for different 
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water to ZIF mass ratios. A system with ZIF-8 increased the water-to-hydrate conversion by as 

much as 15.3 times, raising it from 4.5% to 85.6%. A system with ZIF-67 increased water-to-

hydrate conversion by as much as 15.7 times, from 4.5% to 87.7%. Therefore, the addition of 

ZIF-8 and ZIF-67 increased the amount of methane stored relative to the amount of water in the 

system from 0.42 mmol/g to highs of 7.9 mmol/g and 8.1 mmol/g, respectively. The amount of 

methane stored accounts only for the amount that is captured in the hydrate as determined using 

the methane structure I hydration number and heat flux from the respective HP-DSC 

experiments, and does not include the amount of methane potentially adsorbed on the 

microporous crystal.  

The high water-to-hydrate conversion seen is this study most likely stems from physical 

and chemical properties of the two ZIFs. The high surface area of ZIF-8 (1052 m2/g) and ZIF-67 

(1585 m2/g) increased the gas-to-water contact area, thus reducing the gas diffusion barrier 

caused by a hydrate growth forming a film at the interface of gas and water. The water-to-

hydrate conversion of neither ZIF-8 nor ZIF-67 exhibited a significant dependency on the 

crystal-to-water mass ratio as compared to the results from our previous study where we used the 

metal organic framework HKUST-1 as a promoter at the same conditions, as we saw a 

significant positive correlation between crystal-to-water mass ratio and water-to-hydrate 

conversion.26 A small decrease in conversion was observed at the higher ZIF to water mass ratios 

in this study, most likely due to the increased amount of water slightly decreasing the gas-to-

water contact area. 

The organic linker 2-methylimidazole linker, present in both ZIF-8 and ZIF-67, 

contributes to high hydrophobicity in both materials, as evident from water contact angle 

measurements and water adsorption isotherms reported in literature.145,146,158–160 This high 

hydrophobicity promotes hydrate growth, as found by a study that compared the efficacy of a 

hydrophobic and a hydrophilic MOF in promoting methane hydrate growth.87 These authors 

demonstrated that the hydrophobic MOF promoted more water-to-hydrate conversion, thus 

increasing the amount of methane stored in hydrate form.87 Other studies in the literature 

determined that a hydrophobic surface does not negatively interfere with the ordering of water 

molecules necessary for hydrate nucleation,128,161 further supporting the positive effect of 

hydrophobicity in hydrate growth. 
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Another influential property of ZIF-8 and ZIF-67 is their relatively high methane 

adsorption. The methane adsorption isotherms obtained for the synthesized ZIF-8 and ZIF-67 are 

shown in Figure 4.5.  

 

Figure 4.5 Methane adsorption isotherm for synthesized ZIF-8 (left) and synthesize ZIF-67 

(right) conducted at 273K after degassed at 200°C for 8 hours.  

 

The linear shape of the methane adsorption isotherms collected in this work are at low 

pressures (max of 1.1 bar) and match the shape of methane adsorption for both ZIF-8 and ZIF-67 

at these similar low pressures.87,148 ZIF-8 stores approximately 0.33 mmol CH4/g at 1 bar and 

273K, which is less than the value reported in the literature at similar conditions (0.53 mmol/g at 

1 bar and 273K).148 The difference in CH4 uptake may be related to different textural, and 

morphological properties (surface area, crystal size among others). ZIF-67 stored more than ZIF-

8, reaching a high of 0.41 mmol CH4/g at 1 bar and 273K. This value, as well, was lower than 

reported in the literature (0.54 mmol/g at 1 bar and 273K).148 Note, at higher pressures (~80 bar), 

studies observed significantly higher methane adsorption (~8 mmol/g) for ZIF-8, thus more 

methane may be adsorbed to the ZIFs at the conditions of the HP-DSC.89 The methane adsorbed 

on the material’s surface acted as a methane source for hydrate formation. When combined with 

the hydrophobicity of the materials, this methane source helps promote hydrate growth, as 

observed in a similar system with silica material.162 Additionally, the methane adsorption 

isotherms collected in this work are at 1 bar, whereas in literature a study measured methane 

adsorption on ZIF-8 as high as 8 mmol/g at 80 bar, indicating that significantly more methane 

may be adsorbed to the ZIFs during the HP-DSC experiments.89 
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An isothermal HP-DSC elucidated that ZIF-8 and ZIF-67 dramatically reduced the 

hydrate nucleation induction time (i.e. the time between the system’s stabilization at -15°C and 

the appearance of an exothermic peak, which is indicative of hydrate formation). A system with 

no porous material had a nucleation induction time of 3.8±1.3 hours. ZIF-8 and ZIF-67 reduced 

this time on average by 2.0 hours (51.6% decrease) and 3.5 hours (92.2% decrease), respectively. 

Therefore, these materials provide a considerable kinetic advantage as methane hydrate 

promoters. Figure 4.6 shows the isothermal HP-DSC profiles of ZIF-8 and ZIF-67 compared to a 

system without any material. 

 

 

Figure 4.6 Profile of isothermal HP-DSC experiments conducted at -15°C for ZIF-67 (top), ZIF-

8 (middle), and a system with any porous material (bottom). 

 

In terms of shortening hydrate nucleation induction time, ZIF-67 exceeded the 

performance of ZIF-8. The 1.3-hour-faster induction time of ZIF-67 can be attributed to two 

measured properties that differ between the synthesized ZIFs: surface area and methane 

adsorption. The synthesized ZIF-67 has a surface area of 1585 m2/g, whereas the surface area of 

the synthesized ZIF-8 is 1052 m2/g. As mentioned above, the methane adsorption of ZIF-67 

(0.41 mmol/g at 1 bar) is higher than ZIF-8 (0.33 mmol/g at 1 bar). For both materials, methane 

adsorbs preferentially to the organic linker, not the metal ions. The larger surface area is capable 

of containing more adsorbed methane, and thus surface area is the primary reason for differing 

induction times.30 Therefore, the higher surface area and methane adsorption capacity of ZIF-67 

results in ZIF-67 reducing the hydrate nucleation induction time more than ZIF-8. 
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4.3.2 Effect of ZIF-8 & ZIF-67 on Hydrate Dissociation Temperature 

 The average hydrate dissociation temperatures in systems with ZIF-8 (8.2°C±0.3) or ZIF-

67 (8.8°C±0.1) is notably lower than that in a system without any porous material (11.5°C±0.1). 

(These data are also shown in Table 4.2.) The shift to a lower hydrate dissociation temperature is 

indicative of hydrate formation inside the material, rather than just on the external surface.104,163 

The depression in the dissociation temperature is caused by confined water molecules in the 

pores having lower water activity.88,164  

The low water activity requires more thermodynamic driving force to form stable 

hydrates, and thus these hydrates dissociate at lower temperatures when compared to a bulk 

hydrate system.164 Typically, the extent of depression of the hydrate dissociation temperature 

depends upon the size of the pores, with smaller pore sizes (not smaller than the unit cell size of 

a hydrate) resulting in a greater depression.72,104 Thus, methane hydrate formation is taking place 

in a confined space provided by the ZIFs. The first possible confined space is the pores, as 

nitrogen isotherms of ZIF-8 and ZIF-67, shown in Figure 4.7, reveal that, for both materials, the 

larger pore cavity width is ~1.2 nm, which is about the size of the structure I hydrate unit cell 

(1.2 nm). Additionally, the organic linkers in the ZIFs’ structure leads to flexibility, and thus 

could expanded to better accommodate a methane hydrate.  

 

 

Figure 4.7 Nitrogen isotherms with insets showing pore distributions calculated from NLDFT for 

synthesized ZIF-8 (left) and ZIF-67 (right) before and after subjecting the crystals to hydrate 

formation (pre HP-DSC) and hydrate dissociation (post HP-DSC). 
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Although possible, the pores are an unlikely location for hydrate formation due to the 

similarities in pore size and the hydrophobic nature of the ZIFs. Even though the hydrophobic 

external surface of ZIF-8 and ZIF-67 promotes hydrate growth through its positive effect on 

water ordering, the hydrophobicity limits water uptake into the crystal structure. Water 

adsorption isotherms reported for ZIF-8 and ZIF-67 in literature show low water uptake, in the 

range of 0.2 mmol/g to 0.5 mmol/g depending upon the relative pressure.159,160 The flexible 

structure of the ZIFs does exhibit better diffusion of molecules at high pressure, such as the 

conditions in the HP-DSC. An experimental and simulation study on ZIF-8 at high pressures 

found that at high pressures, the pore windows (3.4Å) expanded to allow transport of molecules 

through it that typically were too large to fit, such as methane (3.8Å), a phenomena termed ‘gate 

opening’.165 The enlargement accounts for the high methane adsorption capacity of ZIF-8 at high 

pressures ranging from 1.8 mmol/g at 1 MPa to 8.5 mmol/g at 10 MPa.89,165,166 The gate opening 

of the ZIFs at high pressure thus would allow more diffusion of water throughout the structure, 

potentially giving rise to hydrate formation within the ZIFs pores. The hydrate formed may only 

be defective hydrate crystals, a result found in a study that used inelastic neutron scattering to 

observe hydrate formation in the micropores (<0.7 nm) of hydrophobic activated carbon.82 

Most likely, though, the reduced dissociation temperature observed in this study with 

ZIF-8 and ZIF-67 results from formation in the interstitial spacing rather than the pores. This 

interstitial space is formed of the gaps that result from uneven packing of crystallites in a ZIF 

particle. A study on MIL-53 found that the hydrate dissociation temperature decreased in the 

presence of MIL-53, yet the micro pore of MIL-53 (0.6 nm) are too small for the structure I unit 

hydrate cell.88 It has been suggested that the observed depression in the hydrate dissociation 

temperature was caused by hydrate formation taking place in the interstitial space.88 Therefore, if 

the interstitial spacing is significant, then it may act more like an external surface, and would not 

significantly inhibit the water diffusion necessary to form hydrates within these spaces. 

4.3.3 Characterization of ZIF-8 Pre & Post Hydrate Formation & Dissociation 

With regard to water-to-hydrate conversion, ZIF-8 exhibited a unique trend over the first 

3 cycles of hydrate formation and dissociation. Conversion increased from 51.3% in the first 

cycle to 78.6% in the second and 85.6% in the third. After the third cycle, the consecutive fourth 

and fifth cycles only showed deviations of ±2.7% from the third cycle. These stabilized results 

indicate that a change in the material occurred within the first three cycles. Figure 4.8(a) shows 
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the powder X-ray diffraction (XRD) patterns of ZIF-8 pre- and post-HP-DSC, showing a good 

match to the simulated sodalite crystallographic pattern, and the relative crystallinity of the peak 

at 7.3 2θ was maintained with only a 2% deviation over all the cycles. 

 

   

 
Figure 4.8 (a) X-ray diffraction patterns of: the ZIF-8 sample before hydrate formation and 

dissociation (Pre-DSC); the ZIF-8 sample after three consecutive cycles; and a simulated pattern 

for ZIF-8. (b) SEM images of the ZIF-8 sample before the HP-DSC and then after three 

consecutive cycles. 

 

Notably, however, an unexpected peak arose after the first cycle at 13.4 2θ. This peak 

then decreased in intensity and nearly disappeared by the third cycle. The presence of this peak 

may be related to a change in surface morphology. 
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The SEM images in Figure 4.8(b) confirm that a morphological change took place after 

each of the first three cycles. The original ZIF-8 sample was a fine powder with an average 

crystal size of 1.05±0.09μm. After the first cycle, large crystal agglomerates started to appear. 

Magnified SEM images, shown in Figure 4.9, suggest that the agglomerates arise from the 

merging of the small crystal particles, as evident in the dashed red circles on the images. 

 

 

Figure 4.9 SEM images of the synthesized ZIF-8 crystals before and after hydrate formation and 

dissociation for 3 consecutive cycles. Dashed red circles surround evident areas of agglomeration 

during cycle 1 and cycle 2, whereas most crystals have already agglomerated by cycle 3. 

 

Immediately after the first cycle, these agglomerates measured up to 8.89±1.10μm, while 

the other crystals maintained a size of 1.13±0.17μm. The ratio of agglomerates to original 

particles increased with each cycle until almost all the small crystals were agglomerated. This 

increase in agglomeration correlated to an increase in conversion, as depicted in Figure 4.10. 
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Figure 4.10 Change in water-to-hydrate conversion for 3 cycles of hydrate formation and 

dissociation for ZIF-8. Inset SEM images of the extent of agglomeration for each cycle. 

 

Therefore, the process of hydrate formation and dissociation must cause the 

agglomeration; the agglomeration, in turn, promotes more hydrate growth. 

Agglomeration of the ZIF-8 particles was observed in another study that examined the 

performance of ZIF-8 as a promoter.90 The authors only conducted one cycle of hydrate 

formation and dissociation, but they found that as the water content in their test increased, the 

extent of agglomeration increased, too. Therefore, they concluded that water caused ZIF-8 to 

agglomerate due to the strong hydrogen bonds formed by water molecules making the ZIF-8 

particles more attracted to one another.90 According to the literature, ZIF-8 does not experience 

any deformation upon exposure to high pressure methane87 – thus eliminating high pressure as a 

potential cause of agglomeration. Hence, the observed increase of agglomeration is most likely 

attributable to increased time of water exposure, with which it correlates.  

Another study that used ZIF-8 as a methane hydrate promoter found that the behaviour of 

the porous material changed after a single cycle of formation and dissociation.87 The authors 

concluded that, during the first cycle, hydrate formation takes place primarily in the pores of the 
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ZIF-8 crystal structure, whereas in the second cycle, hydrate formation occurs in the interstitial 

space between crystals or on the external surface.87 The ZIF-8 agglomerates in this study may be 

forming optimal interstitial spacing for hydrate formation as the single crystals merge. 

Interestingly, the agglomeration of ZIF-8 particles did not significantly affect surface area (1052 

m2/g to 1031 m2/g) or pore volume (0.4 cm3/g to 0.39 cm3/g). Other than the observed 

morphology change, the integrity of the ZIF-8 structure is maintained. 

4.3.4 Characterization of ZIF-67 Pre & Post Hydrate Formation & Dissociation 

For ZIF-67, water-to-hydrate conversion remained consistent throughout each hydrate 

formation and dissociation cycle. The XRD pattern of the Pre-DSC sample of ZIF-67 matched 

the simulated sodalite pattern well, as shown in Figure 4.11(a). 

 

  

 

Figure 4.11 (a) X-ray diffraction patterns of: the ZIF-67 sample before hydrate formation and 

dissociation (Pre-DSC); the ZIF-67 sample after three consecutive cycles; and a simulated 

pattern for ZIF-8. (b) SEM images of the ZIF-67 sample before the HP-DSC and then after three 

consecutive cycles. 

 

No appreciable changes occurred in the XRD pattern between the pre- and post-DSC 

samples aside from an increase in relative crystallinity of the peak at 7.3 2θ after the first cycle of 

hydrate formation and dissociation. The ~30% observed increase after the first cycle can be 

attributed to the HP-DSC conditions interacting with any unused precursors to complete the 

crystal synthesis, as phenomena observed in a study on the effect of ZIF-67 synthesis time on 

relative crystallinity.167 To ensure no further changes occurred, a sample of ZIF-67 after 8 cycles 

was compared to the sample after 1 cycle, and the crystallinity only differed by ±1%. Figure 



55 

 

4.11(b) shows SEM images of the ZIF-67 sample before and after hydrate formation and 

dissociation. The ZIF-67 crystals as synthesized were packed together, but did not agglomerate 

after each cycle. Magnified SEM images of the surface morphology of the ZIF-67, shown in 

Figure 4.12, further indicates that no morphology changes occurred. 

 

Figure 4.12 SEM images of the synthesized ZIF-67 crystals before (pre DSC) and after (post 

DSC) 3 cycles of hydrate formation and dissociation. 

 

The consistency of hydrate conversion and the absence of significant changes in the XRD 

patterns nor SEM images of the pre- and post-DSC ZIF-67 samples indicates that ZIF-67 

preserved its structural integrity and resulted in outstanding recyclability. A brief investigation 

was conducted on the particle size effect for ZIF-67 on hydrate growth promotion. The small 

particles (0.21±0.05μm), shown in Figure 4.11, led to a conversion of 87.7% at an Rw of 0.50, as 

reported in Table 4.2. Interestingly, when larger size ZIF-67 particles (2.95±0.45μm), shown in 

Figure 4.13, were subjected to the HP-DSC, the conversion was 87.6% at an Rw of 0.57. 
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Figure 4.13 (a) synthesized ZIF-67 particles pre HP-DSC with particle diameter of 0.21±0.05μm 

and (b) with particle diameter of 2.95±0.45μm. 

 

This indicates that for ZIF-67 the particle size does not play a significant role the hydrate 

growth promotion performance. 

While the water-to-hydrate conversion for both ZIFs was similar, there was a difference 

in the methane hydrate nucleation induction time between the two ZIFs. The difference in 

reduction observed with ZIF-67 relative to ZIF-8 stems from higher methane adsorption of ZIF-

67 as compared to ZIF-8 (0.41 mmol/g versus 0.33 mmol/g, respectively). Since both ZIFs are 

isostructural and have the same linker, this difference in adsorption uptake is related to the 

presence of different metal cores, and different textural properties of both ZIFs. 

4.4 Conclusions 

The methane hydrate growth promotion performance of the two studied zeolitic 

imidazolate frameworks, ZIF-8 and ZIF-67, showed highly promising results, with water-to-

hydrate conversions as high as 85.6% and 87.7%, respectively. The primary factor was the large 

surface area of ZIF-8 (1052 m2/g) and ZIF-67 (1585 m2/g) reducing mass transport limitations by 

increasing the gas-to-water contact area. ZIF-8 and ZIF-67 reduced the induction times on 

average by 51.6% and 92.2%, respectively. The difference in reduction observed with ZIF-67 

relative to ZIF-8 stems from higher methane adsorption of ZIF-67 as compared to ZIF-8 (0.41 

mmol/g versus 0.33 mmol/g at 1bar, respectively). ZIF-8 experienced a morphological change 

over the course of three consecutive cycles of hydrate formation and dissociation while maintain 

crystallinity. The fourth and fifth cycle resulted in consistent conversion to the third cycle, and 

the morphological changes to ZIF-8 ceased after the third cycle, indicating that these two were 
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correlated. The structural integrity of both ZIFs was preserved. The results from this study 

conclude that ZIF-8 and ZIF-67 are highly suitable methane hydrate growth promoters. This 

work demonstrates that ZIF-8 and ZIF-67 are capable of overcoming the mass transfer 

limitations and slow kinetics typical of methane hydrate formation, exhibiting exceptional 

potential as a way to transition methane hydrates into an efficient and economical method for 

methane storage and transportation. 

  



58 

 

CHAPTER 5  

POROUS ORGANIC CAGE CC3: AN EFFECTIVE PROMOTER  

FOR METHANE HYDRATE FORMATION  

FOR NATURAL GAS STORAGE 

 

Modified from: S. Denning, A.AA. Majid, J.M. Lucero, J.M. Crawford, M.A. Carreon, C.A. 

Koh*, “Porous Organic Cage CC3: An Effective Promoter for Methane Hydrate Formation for 

Natural Gas Storage” J. Phys. Chem. C 2021, 2021, 37, 20512-20521 

The work detailed in this chapter covers the study we conducted on subjecting the porous 

organic cage CC3 to methane hydrate formation to determine its effects on the process. The 

contents of this chapter are published in J. Phys. Chem. C 2021, 37, 20512-20521. 

5.1 Porous Organic Cage CC3  

A better understanding of porous material and hydrate formation and dissociation 

structure-function relationships is key to determining the optimal promoter. Despite the wide 

range of hydrate formation growth promoters studied, one understudied group is organic porous 

materials.79 A novel class of organic porous materials that is highly appealing as a hydrate 

growth promoter is porous organic cages (POCs).168 To the best of our knowledge, no studies 

have been conducted using any POC as hydrate growth promoters. POCs exhibit a unique crystal 

structure, as they are covalently bonded discrete organic cages that can self-assemble into a 

microporous material.168 This solid-state molecular packing is unlike other porous materials such 

as zeolites or activated carbon.35,169 The resulting assembly has intrinsic pores (inside the cage) 

and extrinsic pores (between he assembled cages), and the structure contains the following 

covalent bonds: C-N, N-H, H-C, and C-C.168 

The work reported here targets, specifically, the porous organic cage denoted as αCC3 

(also referred to as CC3) as a methane hydrate growth promoter. This POC has a 3D 

microporous crystalline structure comprised of 1,3,5-triformylbenzene coordinated with trans-

1,2-diaminocyclohexane that forms cages with unimodal limiting pore size of ~3.6Å and internal 

cavity diameter of ~5Å.168,170 These cages are connected via the cyclohexyl groups to form 

diamondoid pores, as illustrated in Figure 5.1.168 CC3 is being explored for various applications, 

such a gas adsorbent (SF6, Xe;171 acetylene, ethane, CH4, ethylene;36 CO2
172), proton 
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conductor,173 gas chromatography separations with chiral alcohols,174  catalytic support for noble 

metals,175 and for gas separation via membranes.32,39,176 

CC3 possesses several unique and advantageous properties that make this microporous 

crystalline material highly appealing as a methane hydrate promoter. These properties include 

large surface area,168 high methane uptake,79 flexible framework,172 stability under high 

pressure,36,172 and chemical stability.32 In principle, these properties would not only enable CC3 

to improve water-to-hydrate conversion and reduce hydrate nucleation induction time, but also 

could result in high recyclability of CC3. 

In this work, we studied the impact of CC3 on methane hydrate formation and 

dissociation by employing a high pressure differential scanning calorimeter (HP-DSC). The 

addition of CC3 improved the water-to-hydrate conversion significantly and reduced the hydrate 

nucleation induction time primarily due to the large surface area and high methane adsorption. 

 

 

Figure 5.1 (a) Methane structure I hydrate, consisting of water molecules forming hydrogen 

bonds to encage methane. Unit cell length is ~12 Å.117 (b) Porous organic cage CC3, consisting 

of 1,3,5-triformylbenzene coordinated with trans-1,2-diaminocyclohexane, displaying limiting 

pore aperture of 3.6Å in light purple and the internal cage cavity of ~5 Å in dark purple.168,170  
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5.2 Experimental Methods 

The following subsections cover the synthesis and characterization of CC3 along with the high 

pressure differential scanning calorimeter (HP-DSC) procedure and calculations. 

5.2.1 Synthesis of CC3 

Microwave assisted thermal treatment was used to synthesize uniform, and narrow size 

distribution CC3 crystals. Microwave assisted approach is an effective synthetic strategy to 

synthesize chemically diverse porous crystals with narrow size distribution,154,177 including CC3 

crystals.155  

The precursors used in the CC3 synthesis were 1,3,5- triformylbenzene (ACROS 

Organics, 98%), (±)-trans-1,2-diaminocylcohexane (Sigma Aldrich, 99%), dichloromethane 

(ACS certified, stabilized, Fisher Scientific) and trifluoroacetic acid (Alfa Aesar, 99%). In a 

typical synthesis, 25 mL of dichloromethane was added slowly to 200 mg of 1,3,5- 

triformylbenzene in a Teflon liner. Next, 100 µL of trifluoroacetic acid was added. In a separate 

beaker, 25 mL of dichloromethane was added to 102 mg of (±)-trans-1,2-diaminocylcohexane. 

This solution was slowly added to the solution in the Teflon liner before putting the liner into a 

XP1500 vessel. The vessel was placed in a CEM Mars 5 microwave and a thermocouple into the 

vessel for to control the temperature. The microwave was operated at 100% of 400W for 2 hours 

at 100°C. Once complete, the vessel was naturally cooled to room temperature. A mixture with 

the ratio of 60/40 ethanol/dichloromethane was added, and then the solution was centrifuged to 

separate the crystals from solution. Finally, the crystals were washed twice using ethanol before 

drying in an oven at 80°C. 

5.2.2 Characterization Methods 

The structure of CC3 before and after being subjected to hydrate formation and 

dissociation was characterized using powder X-ray diffraction (XRD), field emission scanning 

electron microscope (FESEM), argon adsorption isotherm, and methane adsorption isotherm. 

The XRD used was a Siemens Kristalloflex 810 diffractometer that operated at a wavelength of 

1.54059Å, a voltage of 30 kV, and a current of 25 mA. The FESEM used was a JEOL JSM-

7000F. The argon adsorption isotherms at 87K and methane adsorption isotherm at 0°C were 

collected using an ASAP 2020 porosimeter (Micromeritics, Norcross, GA, USA), with the 

samples undergoing a degas step at 200°C for 8 hours under vacuum. Surface areas were 

calculated using the cross sectional diameter of Ar (0.142 nm) and the Brunauer-Emmett-Teller 
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(BET) method following the criteria described elsewhere.178 The water adsorption isotherm was 

collected at 22°C using an ASAP 2020 equipped with a vapor adsorption accessory. Prior to 

analysis, doubly distilled deionized water was loaded in the vapor flask, purged with nitrogen, 

and allowed to equilibrate at 22°C for 8 hours. 

5.2.3 Scherrer Crystallite Size Calculations 

To determine the size of the CC3 crystallites, the measured width of the peaks in the 

powder X-ray diffraction pattern was used in Scherrer’s equation: 

L= 
K*λ

B*cos(θ)
 

(5.1) 

Where ‘L’ represents the size of the crystallites, ‘K’ is Scherrer’s shape factor constant, 

‘λ’ is the wavelength, ‘B’ is the full width of the peak at half its maximum intensity (FWHM), 

and ‘θ’ is the diffraction angle.179 

5.2.4 High Pressure Differential Scanning Calorimeter Procedure 

Hydrate formation and dissociation were observed using a high pressure differential 

scanning calorimeter (HP-DSC) VIIa Seteram Inc. that has the resolution of 0.04 μW. The HP-

DSC can operate between -45°C to 120°C and 0.1MPa to 15.4MPa with the precision of ±0.2°C 

and ±25kPa, respectively. The HP-DSC schematic is illustrated in Figure 5.2. 

 

 

Figure 5.2 High pressure differential scanning calorimeter (HP-DSC) schematic.  
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The procedures implemented in this study are parallel to our previous work.52 To prepare 

the samples, first deionized water was added to the HP-DSC cell. Next, the synthesized CC3 was 

added to the cell to achieve a specific water-to-CC3 mass ratio (Rw). Once the cell was placed in 

the HP-DSC, the system was pressurized with methane gas (Matherson, 99%). 

The first method employed was a scan. The system was raised to a temperature of 30℃ at 

a heating rate of 0.5℃/min, and then held at 30℃ for 3 hours. Next, the system was cooled to -

30℃ at a rate of 0.3℃/min and then heated to 30℃ at the same rate. This scan was repeated 3 

times for each sample for the purpose of reproducibility of the results and to determine if the 

structure integrity of CC3 was maintained. 

The second method was an isothermal test. Similar to the scanning method, the system 

was heated to 30℃ at a rate of 0.5℃/min and then held at that temperature for 3 hours. Then the 

system was cooled at a rate of 0.8℃/min to -10℃. The temperature was held at -10℃ for 12 

hours before heating the system at a rate of 0.3℃/min to 30℃. This process was repeated 3 

times. 

The warming and cooling HP-DSC heat flux profiles result in exothermic peaks 

(formation) and endothermic peaks (dissociation). The dissociation temperature denotes the 

temperature at the onset of the dissociation peak. The area under the peak relates to how much 

ice or hydrate formed and dissociated in the HP-DSC system. 

5.2.5 Water-to-Hydrate Conversion Calculations 

The heat flux measurements of the endothermic hydrate dissociation peak obtained from 

the HP-DSC, denoted as Hdiss, was used in the following equation to calculation how much water 

was converted into hydrate during the experiment.121 

 

Hydrate Conversion (%)=100*
Hdiss* MWH2O*nHYD

HHYD

 
(5.2) 

 

The other variables in the equation are as follows: molecular weight of water (MWH2O= 

18 g/mol.); hydration number (nHYD= 5.9)121, and the heat of dissociation of the methane 

structure I hydrate (HHYD=54.4 kJ/mol.).122 
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5.3 Results & Discussion 

The next subsection cover the results from this work and provide a detailed analysis and 

discussion. 

5.3.1 Impact of CC3 on Water-to-Hydrate Conversion 

The addition of CC3 to the water and methane system in the high pressure differential 

scanning calorimeter (HP-DSC) resulted in a significant increase in the water-to-hydrate 

conversion, as shown in Table 5.1.  

 

Table 5.1 Results of scanning HP-DSC experiments for a system with and without CC3, 

displaying water-to-hydrate conversion, hydrate dissociation temperature, and the amount of 

methane stored relative to the amount of water in the system.  

Rw: Ratio H2O to 

CC3 (g/g) 

 Water to Hydrate 

Conversion (%) 

 Dissociation 

Temperature (℃) 

CH4 Stored to H2O in 

system (mmol/g) 

No CC3 4.5% 11.5 0.42 

0.47 82.2% 10.2 7.6 

0.65 85.3% 9.9 7.9 

0.86 86.9% 9.9 8.0 

0.93 80.1% 10.3 8.1 

1.22 87.5% 10.2 8.1 

1.81 68.0% 10.7 6.3 

3.98 10.7% 11.2 1.0 

6.02 10.2% 11.1 1.0 

6.20 9.8% 11.3 0.9 

Values correspond to the third cycle of hydrate formation and dissociation. 

 

The warming profiles gathered from the HP-DSC for selected experiments and full 

cooling and warming profiles are shown in Figure 5.4.   
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Figure 5.3 (Top) HP-DSC warming profiles for selected water to CC3 mass ratio and a system 

without CC3. (Bottom) Full HP-DSC cooling and warming profiles for the third cycle of all of 

the water to CC3 mass ratio experiments and the one absent of CC3. 

 

Without CC3, only 4.5% of the water converted to hydrates, whereas adding CC3 

increased the water-to-hydrate conversion to as high as 87.5%. This improvement in conversion 

correlated directly with a rise in the amount of methane stored relative to the amount of water in 

the system, going from 0.42 mmol/g without CC3 to as high as 8.1 mmol/g with CC3. 

The water to CC3 mass ratio (Rw) was varied to learn if the conversion or dissociation 

temperature were directly influenced by the concentration of CC3 in the system. Other studies 

using hollow silica,180 HKUST-1,26 activated carbon,82 and nano silica suspension181 as hydrate 
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growth promoters found that the concentration of promoter played a major role in the overall 

conversion results. Our previous study on HKUST-1 (copper based metal organic framework) 

resulted in a direct correlation between conversion and Rw; 20.5% conversion at Rw of 0.39 

increased to 87.2% conversion at Rw of 1.08.26 For CC3, from the Rw of 0.47 to 1.22 the average 

water-to-hydrate conversion was 84.2±2.9% without any ice formation on the third cycle of 

hydrate formation. In contrast, in the first and second cycle, ice formation was observed. When 

the Rw reached 1.81, only 68.0% of the water converted to hydrates and ice formed on the third 

cycle. Therefore, the optimal Rw was 1.22. The water-to-hydrate conversion continued to decline 

as the Rw increased, and by Rw of 6.20 the conversion dropped to only 9.8%. Although this 

conversion is low compared to the other ratios, it is more than double the amount in a system 

without any CC3. The doubled conversion indicates that the large surface area of the synthesized 

CC3 (415.6 m2/g) played a key role in promoting growth, as the crystals still increase the gas-to-

water contact area as compared to bulk water.  

Another property of CC3 that influences the water-to-hydrate conversion is the high 

methane adsorption capacity of CC3. Methane adsorption isotherms conducted at a low pressure 

of 1.2 bar and at 273K, shown in Figure 5.4, revealed that the synthesized CC3 used in this study 

adsorbed 1.60 mmol/g. 

 

 

Figure 5.4 Methane adsorption isotherm conducted at 273K for the synthesized CC3. 
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Studies on methane hydrate formation in the presence of porous materials (excluding 

POCs) with high methane adsorption have found that the adsorbed methane can form gas 

bubbles or a gas layer on the surface of the material.149,182 In these studies, methane bubbles or 

layers acted as nucleation sites and prevented the surface of the material from negatively 

interfering with the water ordering.66,128,182 It is believed that the methane adsorbed on the 

structure of CC3 may result in a similar effect. Competitive water/methane adsorption occurs on 

the synthesized CC3, as the amount of water adsorbed is 3.67 mmol/g versus 1.60 mmol/g of 

methane. (See Figure 5.5 for the water isotherm). 

 

 

Figure 5.5 Water adsorption isotherm conducted at 295K for the synthesized CC3. 

 

Note, the water adsorbed on this synthesized CC3 is one third of that found in a study in 

literature on CC3, which corresponds to the synthesized CC3 in this work having one third of the 

surface area of the CC3 in that study.183 A study on the effects of hydrophobicity of porous 

materials on methane hydrate growth indicated that although a flat hydrophobic surface promotes 
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hydrate growth more than a hydrophilic one, the optimal internal surface of a pore large enough 

to contain hydrates is one with moderate wettability.149 Therefore, the wettability of the 

synthesized CC3 combined with the competitive water/methane adsorption may provide a 

relatively good balance between promoting hydrate formation in both confined spaces and on the 

external surface of the crystal. This adsorbed methane may also account for the conversion at 

high water to CC3 mass ratios being twice that of a system without CC3, as the adsorbed 

methane creates a gas-to-water interface at the surface of CC3. 

5.3.2 Impact of CC3 on Hydrate Dissociation Temperature 

The addition of CC3 resulted in a decrease of hydrate dissociation temperature on 

average by 1.4±0.1℃ for the water to CC3 mass ratios of 0.47-1.22. A shift of the hydrate 

dissociation temperature to lower values is indicative of a reduction in the stability of the hydrate 

structure.104,184 A change in hydrate stability (i.e. thermodynamic phase envelope) has been 

directly correlated to hydrates that formed in confined spaces, such as interstitial spacing caused 

by uneven crystallite packing discussed later, as the constricted space leads to lower water 

activity, and thus less stable hydrates.58,85,86  A study on the metal organic framework MIL-53 as 

a hydrate growth promoter found that the hydrates confined in the pores of the material exhibited 

inhibited thermodynamic behavior (i.e. hydrate destabilization), resulting in hydrates dissociating 

at lower temperatures, attributing the decrease to reduced water activity.49 Another study using 

porous silica glass observed that the hydrate dissociation temperature decreased with decreasing 

pore diameter, which shows that the extent of thermodynamic effects depends upon the type of 

material used.39 A study on methane hydrate growth in silica gels reported a shift in hydrate 

dissociation temperature as large 6ºC, and found that the confinement effect on dissociation 

temperature tapered off for materials with pore sizes larger than 100nm.48 For certain materials, 

there is an optimum pore size that results in the highest methane storage capacity, such as with 

model-carbon at a pore size of 25nm, despite the fact that it exhibited a depressed dissociation 

temperature due to constricted water activity in the pores.87 Additionally, the chemical 

composition of the material can alter the stabilization of the hydrates inside of the pores, such as 

how a very hydrophilic pore inhibits formation.80 All of these factors must be taken into 

consideration when evaluating confined hydrate growth. 
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Cryogenic argon isotherms (87K), shown in Figure 5.6, were used in place of typical 

nitrogen isotherms (77K) to measure the pore size distribution of CC3, as the kinetic diameter of 

argon (3.4Å) is small enough to probe the limiting aperture (3.6Å) of CC3.  

 

 

Figure 5.6 Argon isotherms conducted at 87K with insets displaying the pore size distributions 

calculated from NLDFT for CC3 samples before and after exposure to 3 cycles of hydrate 

formation and dissociation. 

 

Our results indicate that the synthesized CC3 had a primary cavity size (intrinsic pore 

diameter) of 5Å, in agreement with the calculated cavity size reported in literature.185 Hydrates 

cannot form inside of the CC3 cavity, as the typical methane hydrate structure I has a unit cell 

size of 12Å.11,170 The more likely location of confined hydrate formation is in the void spaces 

caused by uneven packing of CC3 cages or by some incomplete cages, as illustrated in Figure 

5.7a.186  
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Figure 5.7 Illustration of the stages of CC3 particle packing: (a) uneven packing of CC3 cages in 

a single crystal creating void spaces ~1.2nm-1.5nm, (b) assembled CC3 single crystals with 

diameter ~25nm-50nm forming interstitial spacing, and (c) octahedron polycrystalline particle at 

~2μm in diameter provides external surface for gas hydrate growth. 

 

These void spaces would account for the secondary pore size at approximately 15Å 

observed in the argon isotherms at 87K, which represents approximately 5% of the total pore 

volume. Seminal work by Cooper et al. also observed the presence of larger pore sizes between 

the range of 12Å to 15Å, which can accommodate the hydrate structure I unit cell.168 

The other type of confined space that could contain a methane hydrate is the interstitial 

spacing between the assembled CC3 crystallites, exemplified in Figure 5.7b. These crystallites 

pack together to form polycrystalline particles in an octahedron shape, illustrated in Figure 5.7c, 

which results in the overall external surface of the crystal where more hydrate formation can take 

place. 

At the higher water to CC3 mass ratio of 3.98, the drop in conversion to 10.7% still 

exhibited a depressed dissociation temperature (11.1℃) relative to a system without CC3 

(11.5℃). The decrease suggests that in the void and interstitial spaces, adsorbed methane 

promotes hydrate growth in these confined spaces despite the excess amount of water in the 

system. 

5.3.3 CC3 Influences Hydrate Nucleation Induction Time 

Addition of CC3 to the HP-DSC greatly influenced the kinetics of hydrate formation in 

two ways: 1) reduced the hydrate nucleation induction time and 2) promoted consistent hydrate 

formation. The isothermal HP-DSC experiments conducted at -10°C, as shown in Figure S5, 
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resulted in the hydrate nucleation induction time in a system absent of CC3 only forming 

hydrates 2 out of the 6 experiments, with the times 2.0 hours and 9.7 hours, with 4 out of 6 

cycles not forming hydrates at all. The varying induction times are a result of the stochastic 

nature of hydrate formation, another barrier to commercializing hydrates for natural gas storage 

and transportation.82 The isothermal experiments with CC3 showed improved results, as it 

produced hydrates for all four cycles conducted, as shown in Figure 5.8, with a consistent 

induction time of 0.8±0.1 hours. 

 

 

Figure 5.8 HP-DSC isothermal experiments held at -10ºC (left) system without CC3 and (right) 

system with CC3. 

 

The properties of CC3 that influenced the improved kinetics of hydrate formation are its 

high methane adsorption capacity and reversible water uptake of CC3.36,183 As mentioned 

previously, adsorbed methane acts as a source for hydrate growth, thus promoting growth in the 

void and interstitial spaces. As for water adsorption, a study on a microporous RHO zeolite as a 

hydrate promoter found that the hydrated micropores acted as hydrate nucleation sites.96 The 

water uptake in CC3 results in hydrated micropores, as one CC3 cage can adsorb up to 12 water 

molecules, and reversible binding allows the water to disengage from the adsorption sites to 

participate in hydrate formation.183 Therefore, the synergistic properties of water and methane 

adsorption lead to the exceptional performance of CC3 as a kinetic hydrate promoter. 

5.3.4 Recyclability of CC3 after Hydrate Formation & Dissociation 

Multiple cycles of hydrate formation and dissociation were conducted with CC3 in the 

HP-DSC to determine if the performance of CC3 was repeatable. The results showed interesting 

behavior. The water-to-hydrate conversion after the first cycle was on average 30% lower than 



71 

 

that of the second cycle for Rw of 0.47-1.22. For the same range of Rw, ice formation took place 

during the first cycle, yet no ice formed during the second nor during the third cycle, as 

exemplified for Rw of 1.22 shown in Figure 5.9. 

 

 

Figure 5.9 (left) HP-DSC warming profiles for CC3 over the course of 3 consecutive hydrate 

formation and dissociation cycles; (right) XRD patterns of simulated αCC3, sample before 

hydrate formation and dissociation and after 3 consecutive cycles.  

 

For the CC3 sample subjected to 5 cycles of hydrate formation and dissociation, the 

second, third, fourth, and fifth cycles only deviated by ±0.2%, suggesting that any changes to the 

CC3 structure stops after the first cycle. 

The powder XRD patterns, shown in Figure 5.10, exhibited a similar trend to the 

conversion: the peak widths and relative intensities change from the first cycle to the second, and 

then stayed consistent between the second and third cycle. Despite the change, all of the patterns 

match the simulated αCC3 XRD pattern well, indicating the robust structural stability of CC3. 

To further investigate why the change occurred, the measured peak width at half of the 

maximum intensity of the peak was used to calculate the average Scherrer crystallite size (i.e. 

single crystal size) for all the peaks using Scherrer’s equation, shown in the experimental 

methods. The Scherrer crystallite size pre HP-DSC was 48.3±7nm, then it dropped slightly to 

44.2±5nm after the first cycle, then drastically dropped to 27.6±5nm and 26.2±5nm for the 

second and third cycle, respectively. The similar Scherrer crystallite size of the pre HP-DSC and 

the post first cycle samples suggests that the amount of time exposed to the HP-DSC is what 



72 

 

decreases the Scherrer crystallite size. To determine the effects of time on CC3, the HP-DSC 

isothermal 12 hour experiments were analyzed. After the first cycle, the conversion reached 

88.2%, and the powder XRD pattern revealed that the Scherrer crystallite size after the 

isothermal test was 27.3±5nm. Therefore, the 39% decrease in Scherrer crystallite size was most 

likely caused by the amount of time exposed to the HP-DSC. The smaller Scherrer crystallite 

size would lead to more interstitial spacing in the polycrystalline particle, resulting in enhanced 

water-to-hydrate conversion. Notably, the overall pore volume for the ~12-15Å pores decreased 

by ~3%, indicating that as the crystallites change size, some of the void spaces are lost at the 

expense of larger interstitial spacing forming. Furthermore, the relative peak intensity ratios for 

some of the CC3 planes show a similar trend to the crystallite size decrease. For the (222)/(400) 

peak ratios, the pre HP-DSC sample is 5.7, then it drops to 4.7 after the first cycle, and 2.71 and 

3.22 after the second and third cycle, respectively. The change in peak intensity ratios is 

indicative of specific planes of the crystals exhibiting preferential exposure.167  This observation 

could be attributed to the change in Scherrer crystallite size, as the decrease in size may also alter 

the crystallites’ orientation. 

The time length effect on the conversion in the presence of CC3 also may be influenced 

by the diffusion of methane and water into the structure. A study on the diffusion of methane and 

carbon dioxide through CC3 using a zero length column discovered that methane diffuses faster 

than carbon dioxide due to methane’s tetrahedral shape passing through the pore pathways better 

than the linear shape of carbon dioxide, despite the kinetic diameter of methane (3.8Å) being 

larger than carbon dioxide (3.3Å).66 When a mixture of 10:90 molar ratio of carbon dioxide to 

methane was flowed through CC3, the diffusion rate of methane and carbon dioxide decreased 

due to the competitive adsorption between the two.32 A similar competitive adsorption effect 

may be restricting the flow of methane and water though the structure, as the shape of water is 

bent and both molecules adsorb well to CC3. Slow diffusion would require more time for the 

competing methane and water to diffuse through the pores to ideal hydrate nucleation sites and 

promote more water-to-hydrate conversion. 

Representative SEM images of the synthesized CC3 sample before and after 3 cycles of 

hydrate formation and dissociation are shown in Figure 5.10. 
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Figure 5.10 SEM images of the synthesized CC3 (a) before hydrate formation and dissociation in 

the HP-DSC, (b) after 1 cycles of hydrate formation and dissociation, (c) after 2 cycles, and (d) 

after 3 cycles. 

 

For CC3, no morphological changes occurred. The particle size stayed consistently at 

1.9±0.2μm, 1.8±0.1μm, 1.9±0.2μm, and 1.9±0.4μm for the pre HP-DSC and post HP-DSC for 

first, second, and third cycle, respectively. Overall, CC3 maintained its crystallinity and 

morphology well, indicating it is a highly recyclable hydrate promoter. 

This work on CC3 uses similar experimental conditions as our previous studies on metal 

organic frameworks HKUST-152, and ZIFs 92. While CC3, HKUST-1, and ZIFs exhibited similar 

water-to-hydrate conversion, CC3 decreased the hydrate induction time in greater extent as 

compared to HKUST-1 and ZIFs. Furthermore, the advantage of CC3 over HKUST-1, and ZIFs 

is related to its more robust life cycle. Specifically, CC3 has improved water stability, and has a 

longer life cycle as a promoter as compared to HKUST-1 and ZIFs. 
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5.4 Conclusions 

In summary, we demonstrate that a prototypical porous organic cage, denoted as CC3 

acts as an efficient growth promoter for methane hydrate formation. Specifically, the addition of 

CC3 to the HP-DSC water and methane system results in a significant rise in water-to-hydrate 

conversion from 4.5±0.4% without CC3 to a high of 87.5±1.0% with CC3 (for second and third 

cycle). The increase in hydrate growth results from CC3’s high methane adsorption capacity and 

large surface area. The presence of CC3 induced a reduction in the hydrate dissociation 

temperature, going from 11.5±0.1ºC without CC3 to as low as 9.9±0.5ºC with CC3. This 

reduction suggests that hydrate formation took place in a confined space. Argon isotherms at 

87K determined that the intrinsic pore size is 5Å and a secondary pore size at approximately 

15Å, representing ~5% of the total pores. The secondary pore corresponds to void spaces in the 

cage packing, a size which can encompass a methane hydrate unit cell, 12Å. Hydrate formation 

also induced a decrease in CC3 crystallite size from 48.3nm to 26.2nm, which provided more 

interstitial spacing and thus increased the hydrate conversion after the first cycle of hydrate 

formation and dissociation. Addition of CC3 resulted in consistent hydrate formation in 0.8±0.1 

hours, whereas a system without CC3 only formed hydrates 2 out of 6 times. The likely reasons 

for the consistency are the synergistic effects of the high methane adsorbed (source of methane 

for hydrate formation) and the reversible water uptake (water in pores acts as hydrate nucleation 

site). The remarkably enhanced performance of CC3 as a methane hydrate growth promoter and 

its robust structural integrity makes it a highly appealing material for effective methane storage 

in gas hydrates. 
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CHAPTER 6  

PROMOTING METHANE HYDRATE FORMATION  

FOR NATURAL GAS STORAGE OVER  

CHABAZIE ZEOLITES 

 

Modified from: S. Denning, A.AA. Majid, J.M. Crawford, M.A. Carreon, C.A. Koh*, 

“Promoting Methane Hydrate Formation for Natural Gas Storage Over Chabazite Zeolites” 

Under review: ACS Applied Energy Materials, 2021 

This chapter describes the study of the hydrophobicity of zeolites effects methane hydrate 

formation. These findings are under review in ACS Applied Energy Materials, 2021. 

6.1 Chabazite Zeolites 

A wide assortment of porous materials are undergoing research, such as organic (e.g. 

activated carbon82), hybrid organic-inorganic (e.g. metal organic frameworks26,81,87,97,187), and 

inorganic (e.g. zeolites96,97) among others. Zeolites are suitable porous materials due to their high 

mechanical and thermal stability, high surface areas, and tunable surface chemistry. As far as the 

authors are aware, few zeolites have been reported as methane hydrate promoters: RHO,96 13A,97 

13X,89,97, 3A,98 and 5A.97,99 

Two small pore zeolites suitable as promoters for methane hydrate formation are SAPO-

34 and SSZ-13. These zeolites crystallize in the same chabazite topology, illustrated in Figure 

6.1, thus both have limiting pore apertures of 3.8Å, internal pore diameter of ~7.4Å, and surface 

areas in the ~ 450-550 m2/g range.50,188  

 

 

Figure 6.1  Representative illustrations of (a) gas hydrate structure I with unit cell diameter 

1.2nm11,189 and (b) chabazite zeolite structure with a limiting pore window of 0.38 nm.50 Note, 

not to scale.  
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These zeolites differ in composition and surface chemistry: SAPO-34 contains silica, 

alumina, and phosphate leading to a relatively hydrophilic surface190 whereas SSZ-13 only 

contains only silica and alumina, resulting in a more hydrophobic surface.191 Hydrophobicity 

influences methane hydrate formation due to its effect on the tetrahedral water ordering needed 

for hydrate formation.149,192 A comparison of SAPO-34 and SSZ-13 would provide insight into 

the effect of hydrophobicity in methane hydrate formation without variance from pore structure 

differences. 

6.2 Experimental Methods  

The following sections describe the synthesis procedures for the two zeolites, SAPO-34 

and SSZ-13, along with the characterization techniques, procedure for operating the high 

pressure differential scanning calorimeter (HP-DSC), and calculations for the water-to-hydrate 

conversion. 

6.2.1 SAPO-34 Materials & Synthesis Procedure 

The procedure for synthesis is similar to that of other work in our group.45,193 First, 

aluminum isopropoxide (Al(i-C3H7O)3, 99.99%, Sigma-Aldrich) was mixed with deionized 

water and stirred for 1 hour. Second, phosphoric acid (H3PO4, 85 wt.% aqueous solution, 

Sigma-Aldrich) was added, and the solution stirred for 2 hours. Third, Ludox AS-40 colloidal 

silica (40 wt.% suspended in H2O, Sigma-Aldrich) was added and then the solution was stirred 

for 3 hours. Fourth, tetraethylammonium hydroxide (TEAOH, 35 wt.% in aqueous solution, 

Sigma-Aldrich) was added, and the solution stirred 1 hour. Lastly, dipropylamine (DPA, 99% 

Acros Organics) was added. The resulting solution contained the following molar ratios: 1.0 

Al2O3: 2.0 P2O5: 0.6 SiO2: 1.0 TEAOH: 1.6 DPA: 100 H2O. The solution was aged for 4 days at 

45-50ºC with constant stirring. Hydrothermal treatment took place in a Teflon lined autoclave 

(4744 General Acid Digestion Vessel, 45 mL, Parr Instrument) heated to 220ºC for 6 hours in a 

conventional oven (Neytech, Vulcan Multi-stage Programmable Furnace, Model 3-550, 550 cu. 

in., Digital, 9-Stage Program, 120V, 50/60Hz). The autoclave was rapidly cooled. The resulting 

solution was centrifuged to separate out the crystals, and then the crystals were washed via 

centrifugation in water for 5 minutes at 4000 rpm for a total of 3 times. The crystals were dried at 

110ºC overnight and then calcined at 400ºC for 4 hours with a heating/cooling rate of 

0.8ºC/minute in a conventional oven. 
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6.2.2 SSZ-13 Materials & Synthesis Procedure 

The method for synthesizing SSZ-13 stems from other works.58 Aluminum hydroxide 

powder (50% Al2O3, Rehis F-2000 dried gel) and sodium hydroxide tablets (Baker, reagent 

grade) were mixed with deionized water and stirred for 1 hour at room temperature. 

N,N,N,trimethyl-1-adamantammonium hydroxide (TMAdaOH, 25% in aqueous solution, 

ZeoGenTM SACHEM) was added dropwise over a 15 minute interval, then the solution was 

stirred for 1 hour. Colloidal silica (Ludox TM-40, Sigma-Aldrich) was added dropwise, resulting 

in a solution with the following molar ratios: 5 Na: 5 Al2O3: 100 SiO2: 12,000 H2O: 50 

TMAdaOH. Then, the solution was aged via stirring overnight at room temperature. The solution 

was added to a Teflon lined autoclave (4744 General Acid Digestion Vessel, 45 mL, Parr 

Instrument) and hydrothermally treated in a conventional oven (Neytech, Vulcan Multi-stage 

Programmable Furnace, Model 3-550, 550 cu. in., Digital, 9-Stage Program, 120V, 50/60Hz) at 

160ºC for 48 hours. Deionized water was used to wash the resulting solution using centrifugation 

at 4000 rpm for 5 minutes three times. The washed crystals were dried overnight at 100ºC. The 

dried crystals were calcined for 6 hours at 400ºC in a conventional oven with heat/cooling rate of 

0.5ºC/minute. 

6.2.3 Methods for Characterizing SAPO-34 & SSZ-13 

The crystallinity of the zeolites SAPO-34 and SSZ-13 was derived from powder X-ray 

diffraction (XRD) patterns that were measured using a Siemens Kristalloflex 810 diffractometer 

with a voltage of 30 kV, a current of 25 mA, with Cu Kα1 (wavelength of 1.54059Å). The 

morphology of the zeolites was observed using a field emission scanning electron microscopy 

(SEM) JEOL JSM-7000F. The porosity and surface area were measured using an ASAP 2020 

porosimeter (Micromeritics, Norcross, GA, USA) to obtain a nitrogen isotherm at -196ºC and a 

methane isotherm at 20ºC after degassing the sample 10 hours at 300ºC. Water adsorption at 1 

bar and room temperature were collected by degassing the sample using the same instrument at 

300ºC for 10 hours, weighing the sample, then exposing the sample to a humid environment until 

mass stayed constant. 

6.2.4 High Pressure Differential Scanning Calorimeter (HP-DSC) Methods 

The high pressure differential scanning calorimeter (HP-DSC) used was VIIa Seteram 

Inc. at a resolution of 0.04 μW. The operating limitations were -45ºC to 120ºC (±0.2ºC) and 

0.1MPa to 15.4MPa (±25kPa). The schematic of the HP-DSC is given in Figure 6.2.26,121 
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Figure 6.2 Schematic of the VIIa Seteram Inc. high pressure differential scanning 

calorimeter.26,121 

 

A scanning HP-DSC procedure was executed, using similar conditions to previous work 

from our group.26 The samples were prepared by first pipetting deionized water into the HP-DSC 

cell. Second, the powder zeolite (either SAPO-34 or SSZ-13) was added. The mass of the zeolite 

was varied to achieve different water to zeolite mass ratios (Rw). The HP-DSC cell, using two O-

rings (Oil-Resistant Mil. Spec. Dash No. 006,-65°F to 275°F and Square-Profile Oil-Resistant 

Buna-N O-Ring, Dash Number 006), was sealed and then inserted into the HP-DSC. Then the 

HP-DSC cell was pressurized with methane (Matherson, 99%) to 8.0MPa. 

The steps for the scanning procedure are the following: temperature raised to 30℃ at 

0.5℃/min; held at 30℃ for 3 hours; temperature decreased to -30℃ at 0.3℃/min and then 

increased to 30℃ at the same rate for at least 3 consecutive cycles to ensure reproducibility. 

6.2.5 Water-to-Hydrate Calculations 

The HP-DSC experiments measure the heat flux as a function of time as the system is 

undergoing a change in temperature at a constant pressure. To calculate the water-to-hydrate 

conversion, the area under the endothermic peak (Hdiss), indicative of hydrate formation, is put 

into the following equation26,121: 

Hydrate Conversion (%)=100*
Hdiss* MWH2O*nHYD

HHYD

 
(6.1) 
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In the equation, MWH2O is the molecular weight of water (18 g/mol.), nHYD is the 

hydration number (5.9)121, and HHYD is the heat of dissociation associated with structure I 

methane hydrate (54.4 kJ/mol.).122 

6.3 Results & Discussion 

In this study, we determined the performance of SAPO-34 and SSZ-13 in promoting 

methane hydrate formation. Without any zeolite present in the HP-DSC, only 5.8±1.4% of the 

water was converted into hydrate. SSZ-13, the more hydrophobic zeolite due to the high Si/Al 

ratio in its framework, converted as high as 91.3±0.5% water to hydrate, whereas SAPO-34, the 

more hydrophilic of the two zeolites due to its low Si/Al, only converted as high as 38.4±1.5%. 

Thus, SSZ-13 outperformed SAPO-34 as a promoter for improving water-to-hydrate conversion, 

as evident in Figure 6.3.  

 

 

Figure 6.3 Water to hydrate conversion as a function of the water to zeolite mass ratio for SSZ-13 

and SAPO-34. Results from scanning procedure in the HP-DSC conducted at 8.0MPa. 

 

The amount of hydrate converted for both zeolites depended upon the mass ratio of water 

to zeolite (Rw). The values reported in Figure 6.3 are summarized in Tables 6.1 and 6.2 for 

SAPO-34 and SSZ-13, respectively. 
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Table 6.1 The water-to-hydrate conversion and hydrate dissociation temperature results from the 

HP-DSC for systems with and without SAPO-34 at various water to SAPO-34 mass ratios. 
Mass Ratio SAPO-34 to H2O 

(Rw) 

Water-to-Hydrate Conversion 

(%) 

Hydrate Dissociation 

Temperature (°C) 

No SAPO-34* 5.8±1.4 11.4±0.23 

0.3 0.0 - 

0.34 13.1±0.7 10.3±0.07 

0.40 18.1±1.1 10.5±0.003 

0.51 35.0±3.0 10.9±0.05 

0.57 37.0±1.4 10.9±0.01 

0.70 38.4±1.5 11.1±0.03 

0.75 32.3±2.2 11.2±0.03 

0.85 31.3±0.6 11.2±0.03 

0.96 10.1±0.7 11.5±0.03 

1.16 8.7±1.4 11.4±0.05 

1.20 5.3±0.3 11.8±0.02 

Each test repeated 3 times to ensure reproducibility 

*Test repeated 14 times 

 

 

Table 6.2 The water-to-hydrate conversion and hydrate dissociation temperature results from the 

HP-DSC for systems with and without SSZ-13 at various water to SSZ-13 mass ratios. 
Mass Ratio SSZ-13  to H2O (Rw) Water-to-Hydrate Conversion 

(%) 

Hydrate Dissociation 

Temperature (°C) 

No SSZ-13* 5.8±1.4 11.4±0.23 

0.20 67.3±0.3 11.1±0.07 

0.29 73.0±0.8 11.0±0.10 

0.41 77.6±0.8 11.1±0.11 

0.49 91.3±0.5 11.3±0.07 

0.50** 83.5±0.2 10.6±0.05 

0.59 80.9±0.9 11.3±0.09 

0.71 73.3±1.3 11.3±0.06 

0.77 75.3±1.5 11.3±0.08 

0.89 59.2±17.6 11.3±0.15 

0.96 38.6±15.2 11.4±0.10 

0.99 15.8±0.6 11.5±0.02 

1.14 18.7±4.1 11.4±0.01 

1.19 13.1±2.8 11.4±0.05 

Each test repeated 3 times to ensure reproducibility 

*Test repeated 14 times 

**Test repeated 5 times 

 

The warming HP-DSC profiles corresponding to each Rw are given, respectively, in 

Figures 6.4 and 6.5. 
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Figure 6.4 HP-DSC warming profiles for systems with and without SAPO-34 at different water 

to zeolite mass ratios, conducted at 8.0MPa. 

 

 

Figure 6.5 HP-DSC warming profiles for systems with and without SSZ-13 at different water to 

zeolite mass ratios, conducted at 8.0MPa 
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Both zeolites promote hydrate growth at their respective optimal mass ratios as a result of 

their large surface areas leading to an enhanced gas-to-water contact area. Notably, no hydrates 

should form inside of the pores as the pores of these zeolites (0.74 nm in diameter)188 are too 

small for the methane hydrate structure I unit cell (1.2 nm).11 

The discrepancy in water-to-hydrate conversion between SSZ-13 and SAPO-34 is 

associated with the zeolite’s hydrophobicity which affects the wetting of the zeolite particles. 

The amount of water adsorbed by SSZ-13 (7 mmol/g) is significantly less than that of SAPO-34 

(16 mmol/g), indicating that SSZ-13 is more hydrophobic in comparison to the hydrophilic 

SAPO-34. The effect of hydrophilicity arises especially in the water to zeolite mass ratio (Rw) of 

0.3, denoted as a partially saturated bed. At this Rw, SSZ-13 converted 73.0±0.8% of water into 

hydrate, and does not form any ice. This observation results from the hydrophobicity of SSZ-13 

causing high adsorption of methane in its pores and on the external surface of the particles, 

which can them to be consumed in hydrate formation, as depicted in Figure 6.6(a).  

 

 

Figure 6.6 Illustration of packing in (a) partially saturated SSZ-13 bed, (b) partially saturated 

SAPO-34 bed, (c) oversaturated SSZ-13 bed, and (d) oversaturated SAPO-34 bed.149 Pink 

represents methane gas, blue represents water, and grey represents zeolite particles. 

 

The large surface area of SSZ-13 results in a thin water layer around the particles, which 

in principle would promote a thin layer of hydrate formation and thus explain the lack of ice 

formation. In comparison, in a partially saturated bed of SAPO-34 with an Rw=0.3, no hydrate 

nor ice formation was observed. Therefore, all of the water in the HP-DSC system fills the 
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SAPO-34 pores, as illustrated in Figure 6.6(b) where the zeolite particles are tinted blue.190 The 

lack of water outside of the SAPO-34 particles results in no formation of hydrate nor ice.  

The difference in optimal Rw for the two zeolites also supports the hypothesis that 

hydrophobicity plays a primary role in how a zeolite can promote water-to-hydrate conversion. 

As evident in Figure 6.3, the optimal Rw for SSZ-13 (Rw=0.49) is lower than the optimal for 

SAPO-34 (Rw=0.7). The system with SAPO-34 requires more water to reach its optimal ratio due 

to the hydrophilicity preferentially filling the pores of SAPO-34 with water. This trapped water 

cannot convert to hydrate as the pores of SAPO-34 are too small. Thus, a higher ratio of water to 

zeolite is necessary to create the desirable thin layer of water around the SAPO-34 particles, as 

the thin layer maximizes the gas-to-water contact area. The relative hydrophobicity of SSZ-13 

does not preferentially fill its pores with water, consequently the desirable thin layer of water is 

reached at a lower water to zeolite ratio. 

In the oversaturated saturated scenario (Rw>1.2), SSZ-13 converts more than twice as 

much hydrate as SAPO-34 (13.1% versus 5.3%, respectively). This difference could result from 

the adsorbed methane on the surface of SSZ-13 (both inside the pores and on the external 

surface) creating a thin layer of methane or methane bubbles on the external surface of the 

particle, illustrated in Figure 6.6(c). The adsorbed methane may be consumed in methane hydrate 

formation, resulting in an overall increased gas-to-water contact area relative to a system without 

any hydrates. Despite SSZ-13 and SAPO-34 adsorbing a similar amount of methane (0.53 

mmol/g versus 0.52 mmol/g at 1 bar and 20ºC, respectively), the competitive adsorption between 

water and methane dominates how much methane is adsorbed in the hydrate formation 

conditions. The methane adsorption isotherms are shown in Figure 6.7.  
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Figure 6.7 Methane adsorption isotherms conducted at 293K for the synthesized SAPO-34 and 

SSZ-13. 

 

The ratio of water to methane adsorbed for SAPO-34 is 31.5, which is 2.4 times more 

than SSZ-13 at 13.1. Note, that these ratios are similar to a previous study on the adsorption of 

methane and water on these zeolites.194 Similar to the low Rw scenario with SAPO-34, at the high 

Rw the water blocks the pores. A study on how humidity affects SAPO-34 found that the 

adsorbed water completely blocked the pores, preventing the permeation of methane through the 

material.190 These observations aid in explaining why at Rw~1.2, the conversion in a system with 

SAPO-34 (5.3±0.3%) is nearly the same as a system without any zeolite (5.8±1.4%). The lack of 

readily available adsorbed methane on SAPO-34 is illustrated in Figure 6.6(d). The competitive 

adsorption affects the performance of the zeolites at all other water to zeolite mass ratios, with 

conversions averaging 2.6 times more for SSZ-13 compared to SAPO-34. 

Interestingly, both zeolites showed a similar trend with regard to their effect on the 

hydrate dissociation temperature. As the amount of water in the system decreased (i.e., zeolite to 

water mass ratio decreased), the dissociation temperature decreased, as shown in Figure 6.8. 
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Figure 6.8 Hydrate dissociation temperature for bulk water (red diamond) and for different water 

to zeolite mass ratios for SSZ-13 (black triangle) and SAPO-34 (black circles). 

 

Although the difference in dissociation temperature (system without zeolite versus 

system with zeolite) is nearly commensurate with the precision of the HP-DSC (±0.5ºC), the 

trend is distinct for each zeolite with small deviations. Previous studies found that a decrease in 

hydrate dissociation temperature correlates to thermodynamic inhibition, which can be caused by 

a confined space, such as interparticle spacing, restricting the water activity and in consequence 

shifting the phase envelope.79,88 To reiterate, the pores of both zeolites in this study (~0.74 nm, 

shown in nitrogen adsorption isotherms at 77K in Figure 6.9) are too small for hydrate formation 

(unit cell size 1.2 nm) to take place within the pores, thus the formation is most likely taking 

place in the interparticle spacing. 
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Figure 6.9 Nitrogen isotherms 77K for SAPO-34 (blue) and SSZ-13 (red) with respective 

NLDFT pore size distributions in the inset. 

 

The effect of zeolite hydrophobicity on the wetting of the zeolite particles may contribute 

to the fact that SAPO-34 depresses the dissociation temperature at lower water content more than 

SSZ-13. The hydrophilicity of SAPO-34 may hold water in interstitial and interparticle spaces 

better than the hydrophobic SSZ-13.149 Although at a lesser extent, the system with SSZ-13 also 

experiences a decreasing trend in dissociation temperature, as SSZ-13 is not completely 

hydrophobic due to the presence of Al in the structure (Si/Al molar ratio is 20).  

Furthermore, the higher electrostatic interactions of SAPO-34 due to the high Al content 

and the presence of phosphorus in the structure can reduce the water activity coefficient, which 

can cause thermodynamic inhibition.11 In SSZ-13, the high content of Si leads to low 

electrostatic interactions, yet the presence of the small amount of Al can attribute to why a small 

decrease is still observed. Thus, the reactivity and hydrophilicity of SAPO-34 may be the 

dominating factor leading to the reduced hydrate dissociation temperatures. 

To ensure that a difference in zeolite particle size was not a contributing factor in hydrate 

formation and dissociation, SEM images of SSZ-13 and SAPO-34 were taken and the particles 

measured, as shown in Figure 6.10(left). 
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Figure 6.10 (Left) SEM images of SAPO-34 (a) pre HP-DSC and (b) post HP-DSC, and SSZ-13 

(c) pre HP-DSC and (d) post HP-DSC. (Right) XRD patterns for simulated chabazite and for 

measured SAPO-34 and SSZ-13 pre and post HP-DSC. 

 

The overall particle size distribution of SSZ-13 (0.51-3.76 μm) and SAPO-34 (0.38-3.64 

μm) were similar. Therefore, it is unlikely that the size of the particles influenced the depressed 

dissociation temperature. 

The XRD patterns, given in Figure 6.10(right), show that the synthesized zeolites match 

the simulated chabazite zeolite pattern well. Although both pre and post HP-DSC zeolite patterns 

exhibit no observable change in peak location, the intensity ratios of the peaks change slightly 

for both zeolites. The (100)/(20-1) plane intensity ratio decreased by a factor of 1.45 for SAPO-

34 and 0.48 for SSZ-13. This change in preferential plane exposure may result from water 

influencing the crystallinity of the samples. As expected, SAPO-34 exhibits a larger change, as 

one study in the literature found that in a humid environment, SAPO-34 was prone to degrade to 

a greater extent over time.190 The higher stability of SSZ-13 also stems from its higher Si/Al ratio 

as compared to SAPO-34 with a low Si/Al ratio, as one study found that the stability of these 

zeolites in humid environments increased with increasing Si/Al ratios.195 

Overall, both SAPO-34 and SSZ-13 maintain their morphology and crystallinity after 

three consecutive cycles of hydrate formation and dissociation, as evident in the SEM images 

and XRD patterns given in Figure 5. This structural integrity indicates that the zeolites are 

recyclable, giving the material a long lifecycle as a hydrate promoter.  

The previous work completed by our group using metal organic framework HKUST-1, 

ZIF-8, and ZIF-67 as methane hydrate promoters exhibited similar high water-to-hydrate 
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conversion results as SSZ-13.26,187 The most advantageous aspect of using zeolites instead of 

metal organic frameworks is that the process for producing zeolites is already well established. 

Zeolites are composed of non-precious metals/metalloids (i.e. aluminum and silica) as compared 

to the metal organic frameworks which use copper (HKUST-1), zinc (ZIF-8), or cobalt (ZIF-67). 

Therefore, SSZ-13 is highly desirable as it provides a more cost-effective approach while also 

producing the same high hydrate yield. 

6.4 Conclusions 

In summary, we demonstrated how chabazite zeolites SSZ-13 and SAPO-34 promoted 

methane hydrate growth by increasing the water-to-hydrate conversion. The more hydrophobic 

zeolite, SSZ-13, on average over a range of different water to zeolite mass ratios converted 2.6 

times more water into hydrate than SAPO-34. The outperformance of SSZ-13 is associated with 

its hydrophobic nature aiding in correctly orienting water molecules for hydrate formation and its 

lower water to methane adsorption ratio (13.1), as compared to SAPO-34 (31.5) providing an 

additional gas-to-water contact area at the surface of the material. The low Si/Al ratio in SAPO-

34 (Si/Al of 0.6) resulted in a more electrostatic structure than SSZ-13 (Si/Al of 20), which 

ended up thermodynamically inhibiting the hydrates in a system with lower water content. The 

mechanical stability and preservation of crystal integrity after multiple cycles of hydrate 

formation and dissociation, combined with the induced high water-to-hydrate conversion, 

suggests that SSZ-13 is a highly appealing candidate as a methane hydrate promoter for natural 

gas storage. 
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CHAPTER 7 

SUMMARY & FUTURE WORK  

RECOMMENDATIONS 

7.1 Summary of Thesis Findings 

In this work, the effects of selected microporous crystals on methane hydrate formation 

and growth were investigated. The studies focused on materials with varying chemical 

compositions, and included specific comparisons of microporous materials with the same 

topology yet different structural chemistry. The primary findings from these studies are: 

1. Large surface areas promote higher water-to-hydrate conversion 

a. The metal organic framework HKUST-1 significantly increases the water-to-hydrate 

conversion for methane hydrates (14.8 times more) due to its large surface area and 

moderate wettability.  

b. The two metal organic frameworks ZIF-8 and ZIF-67 that share the same sodalite 

topology, differing only in the metal ion (zinc vs. cobalt, respectively) increased the 

water-to-hydrate conversion on average from 4.5% to 85.6% and 87.7%, respectively, 

due to both crystals exhibiting a large surface area increasing the water-to-gas contact 

area. 

c. The porous organic cage CC3 showed excellent promotion of water-to-hydrate 

conversion (from 4.5% to 87.5%) due to its large surface area, high methane adsorption 

capacity, and moderate hydrophobicity 

d. The zeolites SSZ-13 and SAPO-34, which share the same chabazite topology, both 

improved water-to-hydrate conversion from 5.8±1.4% to 91.3±0.5% and 38.4±1.5%, 

respectively, due to large surface areas and moderate methane adsorption. 

2. High methane adsorption shortens hydrate nucleation induction times & improves 

conversion 

a. HKUST-1 reduced the ice/hydrate nucleation induction time by 4.4, as the thermal 

conductivity of HKUST-1 due to the copper nodes in its structure removed the local heat 

of hydrate formation and its high methane adsorption capacity. 

b. ZIF-8 and ZIF-67 reduced the hydrate nucleation time by 51.6% and 92.2%. The larger 

reduction observed for ZIF-67 stems from its larger surface area and higher methane 

adsorption capacity, as compared to ZIF-8. 
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c. CC3 reduced the hydrate nucleation induction time to 0.8 hours, as a system without CC3 

only formed hydrates 30% of the time with an average formation time of 5.9 hours. The 

high methane adsorption capacity and reversible water uptake of CC3 attributed to this 

reduction, as the adsorbed methane can be consumed for hydrate formation and the 

hydrated CC3 pores can act as hydrate nucleation sites. 

d. CC3 also induced consistent shortened hydrate nucleation induction times, ±0.1 hours, 

whereas a system without CC3 deviated by ±3.9 hours due to the stochastic nature of 

hydrate formation. Most likely the high methane adsorption tendency of CC3 keeps the 

methane on and in its structure before and after hydrate formation, thus keeping a readily 

available source of methane for hydrates to use during formation. 

3. Confined spaces reduced water activity thus depressed the hydrate dissociation temperature 

a. Both ZIF-8 and ZIF-67 reduced the methane hydrate dissociation temperature from 

11.5°C±0.1 (pure water) to 8.2°C±0.3 and 8.8°C±0.1, respectively, due to hydrate 

formation taking place in the confined interstitial spacing in the polycrystalline particles, 

which reduces the water activity leading to thermodynamic inhibition. 

b. The dissociation temperature of methane hydrates is depressed in a system with CC3, 

most likely due to formation taking place in void (due to uneven packing of the CC3 

cages) and interstitial spacing (particles are polycrystalline) in the crystals.  

c. Both zeolites SAPO-34 and SSZ-13 induced thermodynamic inhibition at low water 

content due to the effects of their electrostatic structure on water activity and methane 

adsorption. SAPO-34 depressed the hydrate dissociation temperature at a greater extent 

than SSZ-13 due to the difference in electrostatic structure of the zeolites, as SSZ-13 has 

a higher Si/Al ratio of 20 as compared to SAPO-34 with only 0.6. 

4. Morphological changes are induced by hydrate formation 

a. HKUST-1 exhibited signs of decomposition due to the exposure of water. This finding 

indicates that HKUST-1 may need to be regenerated during its lifecycle as a methane 

hydrate promoter. 

b. ZIF-8 underwent a morphological change after three cycles of hydrate formation and 

dissociation. The particles agglomerated to a uniform size, potentially due to the water 

molecules hydrogen bonding promoting attraction between the ZIF-8 particles until 

reaching a stable particle size. 
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5. Maintained structural integrity/crystallinity indicates good recyclability 

a. After subjection to multiple cycles of hydrate formation and dissociation, HKUST-1 

maintained its overall crystallinity. 

b. ZIF-67 exhibited a change in relative crystallinity after the first cycle of hydrate 

formation and dissociation with no subsequent changes afterwards. The change most 

likely stems from the presence of water and the high pressure conditions causing any 

unused precursors to form more crystal. 

c. After experiencing one cycle of hydrate formation and dissociation, a change in 

crystallinity and crystallite size (39% decrease) in CC3 occurred, caused most likely 

by hydrate formation inside the CC3 particles halving the crystallites. The crystallite 

size stayed constant after consecutive cycles, indicating good overall stability. 

d. Both SAPO-34 and SSZ-13 maintained overall crystallinity and morphology along 

with the promotion effects show high reproducibility, indicating a long lifecycle for 

both zeolites as they are recycled.  

6. Hydrophobic microporous crystalline material promotes hydrate growth better than 

hydrophilic 

a. SSZ-13 converted on average 2.6 times more water to hydrate than SAPO-34 due to SSZ-

13 being more hydrophobic than SAPO-34. This difference occurs as SSZ-13 did not 

interfere as much as SAPO-34 with the water ordering required for hydrate formation as 

it is less electrostatic and preferentially adsorbed more methane versus water than SAPO-

34 (water to methane adsorption ratio of 13.1 versus 31.5, respectively). 

7.2 Recommendations for Future Work 

1. Effects of Pressure on Performance of Microporous Crystals as Methane Hydrate Promoters 

The work completed in this thesis focused on results obtained at 8 MPa. Some of the 

materials induced a degree of thermodynamic inhibition at 8 MPa (ZIF-8, ZIF-67, CC3, SAPO-

34, SSZ-13)187,196, indicating that these materials may shift the entire pressure/temperature 

equilibrium curve for methane hydrates. The extent of this shift at different conditions may elude 

to more optimum operating conditions for the formation of hydrates with these promoters.88 

2. Scalability of Methane Hydrate Growth Promotion Performance 

 Although the results in the microscale high pressure differential scanning calorimeter in 

the materials tested show  great potential for commercialization, further testing must be 
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conducted to determine if these results are reproducible on a large scale.197 This is not a trivial 

issue, but one that deserves attention.  

3. Hydrate Formation Promoter in Apparatus Optimization 

 The type of apparatus that these microporous crystals are introduced to in order to 

promote methane hydrate growth should be investigated to determine which optimizes 

performance.198 The type of apparatus can affect the extent of water-to-hydrate conversion, the 

hydrate nucleation induction time, and the concentration of promoters needed. A study on silica 

sand discovered that in a large scale fixed bed, the porous material promoted hydrate growth 

better than that of a stirred tank.131 

4. Application of Growth Promoters to Other Gas Hydrates 

 The process of utilizing gas hydrates for methane storage is not the only application of 

gas hydrates. Currently, studies are being performed to determine the capabilities of hydrates to 

capture and store carbon dioxide for sequestration.199,200 The microporous crystals studied in this 

dissertation for methane hydrate growth can be applied to other gases including carbon dioxide 

hydrates. If these crystals are not optimal carbon dioxide hydrate growth promoters, other gases 

can be explored.  

5. Application of Hydrates with Promoters for Gas Separation 

 Gas hydrates will preferentially form using a gas that stabilizes the hydrate structure 

better than others, making hydrates a candidate for gas separation purposes.201 For instance, gas 

hydrates preferentially form with carbon dioxide as compared to methane, thus they could be 

applied to natural gas purification. Once studies are performed on the effects of the promoters in 

this dissertation on the other gas hydrates that may be present in the targeted gas mixture, then 

those materials could be tested to see the effect on promoting hydrate growth for selective gas 

capture. 

6. Application of Hydrates with Promoters for Desalinization of Seawater 

 Another potential  use of gas hydrates is for desalinization of seawater, as hydrates will 

exclude the salts from their structure upon formation.202 If the hydrate promoters in this 

dissertation were applied to gas hydrate desalinization, then the effects of salts on these 

promoters in an aqueous environment would need to be studied. 

7. Synergistic Effects with Other Hydrate Growth Promoters 
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 The combination of the microporous materials in this study combined with another 

hydrate growth promoter may exhibit heightened performance. For example, in the case of ZIF-8 

and ZIF-67, the thermodynamic inhibition induced by the effects of these materials on water 

activity could be reversed with the addition of a thermodynamic promoter, such as THF.203 Other 

studies in the literature probed this concept, as shown with the combination of cetyl trimethyl 

ammonium bromide (CTAB) and copper nanoparticles,204 indicating that similar synergistic effects 

could be observed with the microporous materials tested in this thesis work.  

8. Ion-Exchanged Zeolites as Hydrate Promoters 

 Zeolites can undergo a chemical change to incorporate ions such as copper into their 

framework, such as SSZ-13 to Cu-SSZ-13. This exchange could take the attractive properties of 

zeolites (mechanical and thermal stability) and the thermal conductivity capabilities of copper to 

form an excellent hydrate growth promoter. 

9. Compare Racemic vs. Single Chirality CC3 as Hydrate Promoters 

 The synthesis of the porous organic cage CC3 can use either single chirality diamines 

(R,R- or S,S-cyclohexanediamine) or racemic, with the former more expensive than the later. 

The difference in behavior exhibited, such as how racemic CC3 precipitates out of many organic 

solvents whereas the single chirality CC3s readily dissolve, may influence methane hydrate 

growth.37 
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