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1.1 History of Gas Hydrate

According to Sloan and Koh [1], the research and development of clathrate hydrate,
from its discovery to present times, can be classified into three phases. The first phase
began in 1778, when Joseph Priestley observed the formation of the SO2 hydrate
under laboratory conditions. However, Joseph Priestley did not call it hydrate until
30 years later, in 1811, when Sir Humphrey Davy observed a similar phenomenon
in his laboratory with chlorine and water, thus naming it gas hydrates. Since then,
hydrates have become an area of interest with regard to scientific laboratory research.
The second phase began with the discovery by E. G. Hammershmidt in 1934, sug-
gesting that gas hydrates were the cause of oil and gas pipeline blockages, rather than
ice [2]. This began research on the prevention of gas hydrate formation and plugs in
oil and gas pipelines. Research on gas hydrate inhibitors increased due to natural gas
production and operations higher pressures and lower temperatures conditions.

In the 1960s, a group of Soviet geologists realized the existence of natural gas
hydrates in larger quantities in subsea sediments in the tropical, Antarctic Ocean
and below the permafrost zones [3]. This discovery commenced the third phase of
hydrate research in order to understand natural gas hydrate deposition and develop
its production technologies. Interestingly, it has been established that natural gas
hydrates possess the potential to become a future energy source to replace fossil fuels
[3]. Research has shown that the estimated amounts of natural gas hydrate reserves
sit at about 1.5 × 10 16 m3 which doubles that of fossil fuels [3]. Active research on
natural gas production from natural gas hydrate reservoir sources is still ongoing, as
a means to develop natural gas production techniques. However, other applications
of gas hydrates such as sea water desalination [4], gas storage and transportation
[5–7], and mixed gas separation through hydrates for CO2 sequestration [8–15] have
been introduced and are still under active research until now. It is hoped that such
technologies can be commercialized. Based on the recent rise in climate change
issues related to CO2 emissions, hydrate-based CO2 methods to capture and store
are on the rise.
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2 1 Introduction to Gas Hydrates

1.2 Introducing Gas Hydrates

Gas hydrates are ice-like non-stoichiometric compounds which are formed by trap-
ping of gas (guest) molecules into hydrogen-bonded water molecules (host) [1, 16,
17]. They usually form under high-pressure and low-temperature conditions, with
the host and guest molecules bonding together via van der Waals forces. A typical
gas hydrate structure contains about 85% water molecules, with the water molecules
bonded together by hydrogen bonds to form cages which trap the guest molecules
[1]. The guest molecule could be liquid or gas. However, the majority of applied and
reported guests are typically gases. Some common guest molecules are methane,
ethane, propane, carbon dioxide, natural gas, etc. They have similar properties as
ice, but differentiate massively in terms of mechanical strength, heat capacity, and
thermal conductivity [18, 19]. On the other hand, Tetra-n-butylammonium bromide
(TBAB), Tetrahydrofuran (THF), Cyclopentane are the most common liquid gas
hydrate formers.

1.2.1 Gas Hydrate Structure

Generally, three common types of gas hydrate structures are reported. They are the
cubic structure I (sI), the cubic structure II (sII), and the hexagonal structure H (sH)
(see Fig. 1.1) [20–22]. The type of gas hydrate structures which is formed is highly
influenced by the shape, type, and size of the guest molecule. The shape and size of
the hydrate cavities in the cages determine the difference in their structure, while the
type and size of the gas molecules accommodated by the water display the type of
hydrate formed [19, 23, 24]. Mostly, subsea pipeline flow streams contain methane,
propane, and ethane. Therefore, sI and sII are the common hydrate structures formed
in oil and gas pipelines [19].

A certain amount of water molecules are required to form each hydrate structure
as shown in Fig. 1.1. Generally, all hydrate structures contain small pentagonal
dodecahedron (512) cavities as illustrated in Fig. 1.1. Each pentagonal dodecahedron
cavity is made up of 12 pentagonal faces. Considering Fig. 1.1, sI consists of a small
pentagonal dodecahedral cage (512) and a large tetrakaidecahedral cage (51262). The
sI small cage has 12 pentagonal faces, and the large cage has 12 pentagonal and 2
hexagonal faces, containing a total of 46 water molecules. The sI cage consists of two
small and six large cavities. The sII consists of a small pentagonal dodecahedral cage
(512) and a large hexacaidecahedral cage (51264). The sII small cage has 12pentagonal
faces, and the large cage has 12 pentagonal and 4 hexagonal faces, consisting of 136
water molecules. The sI cage consists of 16 small and 8 large cavities. The sH
has three sizes: the small pentagonal dodecahedral cage (512), the medium irregular
dodecahedral cage (435663), and the large icosahedral cage (51268). The sH small
cage has 12 pentagonal faces, and medium, 3 square, 6 pentagonal, and 3 hexagonal
faces. The large 12 pentagonal and 8 hexagonal faces on the cage consist of 34 water
molecules [1, 19]. The sH cage consists of three small cavities, two medium cavities,
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Fig. 1.1 Details of common gas hydrate structures

and a large cavity. Mostly, the small cavity accommodates one guest molecule, and
the larger cavity has two guest molecules with the appropriate size and shape. For
the sH hydrate to form, two guest molecules must be present. The gas hydrate cage
occupancy by the guest molecules depends on the pressure and temperature.

Interestingly, only small gas molecules <10 Å may probably fill the hydrogen-
bonded water cavities. Guest molecules such as carbon dioxide, methane, and ethane
have molecular diameters in the range of 4.2–6 A, hence, they usually form sI
hydrates. Other gases with molecular diameters less than 4.2 A form sII hydrate
structures, for example nitrogen and hydrogen. Generally, the 512 cages in the sII
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hydrates per volume are 3 times the size of the sI, hence explaining the reason why
some smaller molecules such as N2 form sII hydrates and are very stable in such
structures [1]. On the other hand, guest molecules with diameters of 6–7 A, such as
propane or isobutane, form sII. However, some guest molecules are reported to form
more than one hydrate structure. For example, cyclopentane (c-C3H6) forms either
sI or sII hydrates [1]. Nevertheless, guest molecules ranging from 7 to 9.8 A such
as cycloheptane or neohexene form sH hydrate structures when they are mixed with
smaller gas molecules such as CH4 and N2.

Under the thermodynamic conditions found in oil and gas pipelines, a single guest
molecule may occupy one hydrate lattice cavity. However, in some cases, multiple
cage occupancies could take place if there are much smaller sized guest molecules
in relatively large cavities. Not all hydrate cavities can be occupied with the guest,
that is to say, there is no “perfect” gas hydrate crystal. It has been reported that
guest molecules such as argon, oxygen, nitrogen, and hydrogen molecules could
have multiple cage occupancies.

Generally, the ideal molar gas-to-water ratio for sI, sII, and sH is 1:5 3/4, 1:5 2/3,
and 1:5 2/3, respectively. Thus, water molecules are almost always more than the
stoichiometric composition with the ideal molar gas–water ratio and full occupancy.
This can be simplified as 1:6, considering the inaccuracy in the cage occupancy. This
can be fairly observed in the sI hydrate of methane or xenon, which has a hydration
number of about 6. The guest-to-cavity ratio is also a major factor accounting for
the non-stoichiometry of the cavity filling. Therefore, a perfect non-stoichiometric
hydration occurs as the diameter ratio attains unity. No strong forces or chemical
bonds exist between the host and the guest molecules; instead, a weak van der Waals
force bonds the hydrated structures together. However, the London dispersion forces
are the most dominant among the molecules with temporal dipoles. This is much
more evident in the presence of the hydrates, which are formed between non-polar
natural gas molecules and water. For instance, the total bond energy of the interaction
between thewater and themethane in simplemethane hydrates consists of about 87%
London dispersion forces [25].

For every hydrate structure, the thermodynamic (macroscopic) properties are very
critical. Therefore, hydrate structural changes adversely affect its thermodynamic
conditions. For example, the addition of propane to methane changes the methane
hydrate structure from sI to sII. This consequently changes the phase behaviour of
methane to suit the new structural stability. When this happens, propane molecules
aid to stabilize the large cavity (51264) of the structure for two hydrates. This results in
a huge drop in the hydrate equilibrium pressure [25]. Interestingly, a mixed hydrate
between methane and ethane is expected to form the sI structure, since both of
them are sI hydrate formers. However, a transition in their phase behaviour mostly
occurs at certain ethane concentrations (below 0.25–0.28 mol fraction of ethane in
themixture), resulting in sII hydrates [25]. This structural transformation is attributed
to an unfavourable partitioning condition between the large and the small cavities in
the sI hydrate (2:6, respectively).
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It has been reported that sI and sII hydrates can coexist duringmethane hydrate for-
mation. It is believed that there is a rapid CH4 diffusion on the interface of both these
hydrate structures [26]. Apart from the structural transformation and coexistence, the
variation in sI and sII polyhedral cages also coexistswith different non-stoichiometric
ratios. Similar observations were confirmed via molecular dynamic simulations by
Jacobson et al. [27]. The enthalpy of the dissociation (Hd) of the hydrate is another
example of microscopic properties which disrupt the macroscopic behaviour of the
hydrate formation. The enthalpy of dissociation (Hd) is not only associated with the
density of the hydrogen bonds, but also associated with the hydrate cavities’ cage
occupancy. When both large and small cages are filled, Hd decreases, compared in
cases where only the large cages are filled. This suggests that an increased hydrate
cage occupancy guarantees easier hydrate structure disassociation with less heat.
An increase in pressure and guest concentrations could increase the hydrate cage’s
occupancy. It is important to note that Hd might remain constant with increased
hydrate stability with lower dissociation pressure and/or higher dissociation temper-
atures. This is because the hydrate’s lattice stability is dependent on the hydrate’s
dissociation time with pressure reduction. Therefore, hydrate remediation would be
efficient with reduced hydrate lattice stability. Hence, a good understanding of the
gas hydrate’s lattice stability is very important for hydrate risk management in oil
and gas flow assurance fields.

1.2.2 Hydrates Verse Ice

It is believed that gas hydrates have very high amounts of water in their structures.
Hydrate structures contain about 85% of water, which makes them relatively com-
parable to ice in properties. Gas hydrate hydrogen bonds are longer than ice by 1%
[25]. Much more details of the differences between hydrates and ice can be found
in the book by Sloan [1]. However, the major variations in hydrates and ice are in
their mechanical and thermal properties. Ice has less mechanical strength than that
of hydrates. According to Durham et al. [28], methane hydrate structures are about
20 times stronger than ice. It was summarized that this is because the rate of water
diffusion in hydrates is two orders of magnitude lower than that of ice. In addition,
the thermal conductivity of sII and sI hydrates (~0.5 W m−1 K−1) is significantly
smaller than that of ice Ih (~2.2 W m−1 K−1) [29]. Similarly, hydrates have a higher
heat capacity (~2100 J kg−1 K−1), which is much more than ice Ih (~1700 J kg−1

K−1) [30].
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1.2.3 Gas Hydrate Formation

The basic requirements necessary for hydrate formation are lower temperature,
high pressure, the presence of guest molecules, and the desired amounts of water
molecules. The formation process is not chemical, but physical in nature, and no
chemical bonds exist between the guest and the water molecules. It must be stated
that the guest molecule rotates freely within the cavities of the water molecules.
Gas hydrate formation is a crystallization process, which consists of nucleation and
crystal growth processes, followed by a massive accumulation process as described
in the following subsections.

1.2.4 Gas Hydrate Nucleation Process

Gas hydrate nucleation is a microscopic phenomenon, which consists of a tiny num-
ber of molecules. This process refers to the formation and growth of hydrate nuclei
into a critical size for further growth. Hydrate nucleation is characterized by induc-
tion time determination (the time elapsed during which the nucleation processes take
place, which includes the formation of gas–water clusters and their growth into stable
nuclei with a critical size) [1]. It is a stochastic and time-dependent process and can
last from seconds to hours or days, depending on themixing conditions, composition,
apparatus, etc. The stochastic nature of hydrate formation is a result of the degree
of metastability (the ability of a non-equilibrium state to persist for a long period of
time) that exists in the formation process.

Hydrate nucleation is usually known as a primary nucleation, because the nucle-
ation takes place from freshwater and guest systems. Thus, there is no hydrate forma-
tion history or particles in the system. During hydrate nucleation, water molecules
group around the guest molecules to form incomplete or complete crystal embryos.
These embryos continuously form and shrink due to localmass, pressure, and temper-
ature changes. Themechanismmakes the nucleation hydrate a free energy-dependent
and statistically random process. When the hydrate nuclei achieve a critical size, the
free energy barrier is overcome, and next stage in nucleation is initiated for further
growth. During the nucleation process, stage factors such as energy barrier, driving
force, critical size, and nucleation rates are very important.

The hydrate formation nucleation and themetastability of gas hydrates can bewell
understood by observing the pressure and temperature plots in Fig. 1.2. In Fig. 1.2,
AB represents the hydrate equilibrium curve, and CD is the so-called thermodynamic
spinodal curve that defines the metastable limit. In the metastable region of Fig. 1.2,
the system does not have enough energy to overcome the entropy/enthalpy barrier for
the creation of critical-sized nuclei. Hence, in this area, crystallizationmight be aided
by the addition of a seed nucleus/crystal, but not without. At pointP, which acts as the
formation process, the system is said to be in a superheated state by the amount ofPR;
therefore, hydrate nucleation is impossible. Hydrate nucleation begins rapidly and
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Fig. 1.2 Hydrate formation as function of subcooling, AB—equilibrium line and CD—spinodal
line

crystallizes to the left of the line CD, due to the high driving force. However, between
the hydrate equilibrium curve (AB) and the thermodynamic spinodal curve (CD), at
point Q, a metastable zone is reached, which is characterized by the possibility to
form hydrate nuclei or not to form nuclei. When hydrate nucleation is complete, the
cages formed are unstable and can either dissipate or grow to hydrate unit cells, or
drive the agglomerations of unit cells, thus forming metastable nuclei.

1.2.5 Gas Hydrate Nucleation Mechanism

The solubility of gases in liquid water can give a better understanding of why certain
gases form more stable hydrates than others [1]. Previous studies have shown that
gas hydrate nucleation takes place at the vapour–liquid interface [1]. To better under-
stand hydrate nucleation processes, the extended model of labile cluster nucleation
hypothesis by Christiansen and Sloan [31] becomes important. Their model is based
on the fact that water clusters around dissolved gas molecules which may grow to
achieve a critical radius, as shown schematically in Fig. 1.3. When a critical size
cluster agglomeration is reached, nucleation is said to be complete, which allows
hydrate growth to begin.

Generally, gas hydrate nucleation processes can be divided into two types: homo-
geneous (HON) or heterogeneous (HEN) processes. Homogeneous hydrate nucle-
ation processes take place in systems without impurities. It normally consists of two
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Fig. 1.3 Schematic model of the labile cluster nucleation hypothesis

phases: the solute and the nuclei/growing crystal [32]. In real life, it is unusual to
observe a HON nucleation process. Gas hydrate nucleation occurs at the gas–liq-
uid interface, which mostly consists of impurities. Also, foreign surfaces such as
the reactor/pipe walls might also play an important role in the process. Hence, gas
hydrate nucleation processes in real life are generally heterogeneous (HEN). The ini-
tial stage of any hydrate study or application is the nucleation stage and thus must be
critically considered. However, hydrate nucleation studies are very difficult because
it takes place at the molecular level, and are thus considered probabilistic.

The hydrate nucleation phenomenon is controlled by the energy barrier and crit-
ical size. Initially, the hydrate embryos form via the battling between the volume
excess free energy and the surface excess free energy. Through this process, the sur-
face excess free energy allows solute molecules to participate in the clustering of the
subcritical embryos. On the other hand, the volume excess free energy allows solute
molecules to fuse into the bulk of the critical-sized hydrate nuclei. Eventually, the
existing free energy barrier and critical size of the forming hydrate nuclei develop sta-
ble particles with respect to Gibbs free energy, which then drives the hydrate growth
progression and hence forms the setting for describing various hydrate nucleation
phenomena.

Another important factor worth considering is the driving force. Expressing the
hydrate nucleation process of individually clustered embryos or nuclei mechanisms
is different from that of the hydrate nucleation driving force at a given pressure
and temperature. The clustering embryos are useful to determine the distance from
point Q in the metastable area, to the spinodal curve and the label region as shown
in Fig. 1.2. At the spinodal point, nucleation assumes a likely occurrence and the
chance of nucleation increases with increasing distance from the spinodal curve in
the label region. With a sufficient degree of supercooling, and distance in the label
region, nucleation becomes spontaneous. Thus, the driving force defines the ability
of nucleation and its ability to become spontaneous.
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The size of the system can influence the total excess energy needed in a system
at any given temperature. Therefore, considering an experimental apparatus with a
certain width, the “apparent metastable region”, Q′, would be somewhat system size
and geometry dependent. Ke et al. [25] reported that their hydrate reactor with a
diameter of 120 mm demonstrated a fast hydrate nucleation with less subcooling,
as compared to reactors with the same diameters, such as 90, 60, and 20 mm. This
suggests that decreasing reactor diameter would result in an increase in the degree
of subcooling to achieve the required hydrate nucleation. The variation in hydrate
nucleation with system size and geometrymight be related to the different metastable
limits in the reactors itself. However, sample size or amount of water is also system
size dependent. However, factors such as system cooling rate, stirring speed, and
type were not considered in their discussion. But, their factors also have very serious
effects on the hydrate nucleation process.

1.2.6 Factors That Enhance Hydrate Nucleation Process

In addition to the condition necessary for hydrate formation, other factors such as
agitation cause interfacial gas+ liquid+ crystal structures to be dispersed within the
liquid, giving the appearance of a bulk nucleation from the surface, which affects the
resulting hydrate formation. The presence of nucleation sites (such as impurities like
sand) and freewatermay enhance hydrate nucleation or formation. These factors only
enhance hydrate formation but are not ultimately necessary for hydrate formation.

1.2.7 Gas Hydrate Growth Process

Following hydrate nucleation, hydrate growth takes place. The hydrate crystal growth
process depicts the growth of stable hydrate nuclei into solid hydrates. The growth
of a hydrate is dependent on the interfacial area, pressure, temperature, agitation,
water history, and the degree of supercooling. From Fig. 1.4, the sudden pressure
drop caused by the consumption of gas molecules to form hydrate structure depicts
hydrate growth and the constant pressure in the system, showing the completion of
the formation of hydrates [1]. During hydrate growth, the mass transport of the gas
to the hydrate’s surface is of major importance and may dominate the process. In
addition, the exothermic heat of hydrate formation can also control hydrate growth.

1.3 Gas Hydrate Issues

Oil and gas are mostly transported via pipelines from the wellheads to the produc-
tion site. When these pipelines are operated under thermodynamic (temperature and
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Fig. 1.4 Schematic representation of the pressure-time plot during kinetic hydrate formation exper-
iment

pressure) conditions which favour hydrate formation, gas hydrate may form in them
and may plug the pipelines in severe cases [19].

Gas hydrates form and plug transmission pipelines, resulting in uneconomical
operation, conditions, and production stoppages, as well as loss of lives in severe
cases. At times, production facilities and drilling operations may also experience
hydrate plug issues, especially in deep-sea operations. According to Li et al. [33],
the cost of preventing or removing hydrate blocks from pipelines is estimated to over
US$200 M annually. Hydrate formation does affect the industry not only economi-
cally, but environmentally as well, and can lead to loss of human lives and reduction
or stoppages in production. As petroleum activities move into deeper offshore areas,
where temperature and pressure conditions are favourable for hydrate formation,
especially in the Gulf of Mexico, the Caspian Sea, the North Sea, and permafrost
regions like Alaska, the gas hydrates continue to be a major problem that must be
mitigated for safe operations to take place.

In view of this, the oil and gas industries have continuously attempted to develop
and modify technologies to mitigate hydrate formation.

The available methods for gas hydrate mitigation are water removal, heating,
depressurization, and chemical injection [34–36]. Even though these are the available
methods, some are not practical in real-world situations, especially with respect to
water removal. Some are also expensive, leading to their difficulty in application.
Therefore, injection of chemical inhibitors is most commonly applied in the industry
[36].
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Water removal is the best mitigation method for gas hydrates because once water
is completely taken out of the flow stream, no hydrate will form. However, this is
only true ideally. It is not practical to completely remove water from the hydrocarbon
flow stream. The heating method focuses on the mechanism of using electric heaters
to keep the pipeline temperatures in the non-hydrate formation region (i.e. increasing
temperature). It is mostly used to keep pipeline temperatures higher during shutdown
periods and can alsobe applied tomelt hydrateswhen thepipeline is plugged [34].The
electric heating method is comparatively more expensive. Moreover, depressurizing
pipelines in order to lower the pressure below the hydrate formation pressure is not a
suitable method for industrial processes, since it may decrease the energy density to
a point that is not economical. So, this method is mostly used to dissociate hydrates
after gas hydrates are already formed, and there is a necessity to carry out hydrate
plug removal during long shutdowns. The process is very slow and can last for longer
periods [34].

Chemical inhibition consists of different inhibition techniques. The first group
of chemical inhibitors that are used are thermodynamic inhibitors (THIs), such as
alcohols (mainly methanol and glycol). They have been in use for several years.
These primarily inhibit gas hydrate formation by depressing the freezing point. The
major limitation of thermodynamic inhibition is the large amounts of methanol or
glycol required (often more than 20 wt% of the aqueous phase) [32, 33]. In addi-
tion, alcohols can cause safety problems since they are highly flammable liquids.
It is worth noting that these chemicals are also not environmentally friendly and
biogradable. Due to these challenges, new chemical inhibitors were introduced in
the 1990s, also known as low-dosage hydrate inhibitors (LDHIs). There are two
types of LDHIs, which are anti-agglomerates and kinetic hydrate inhibitors (KHIs).
The latter mainly inhibits hydrates by delaying the hydrate nucleation time and is
mostly polymers (PVP), while the former allows hydrates to form, but prevents them
from agglomeration. One advantage of LDHIs is that they are used at low concentra-
tions (<2 wt%) and have been successfully used in the industry over several years.
However, as the oil and gas offshore activities move deeper, these inhibitions face
challenges at high subcooling temperatures. Therefore, there is a need for the devel-
opment of new inhibitors. Recently, ionic liquids (ILs) have been introduced as a
dual functional gas hydrate inhibitor (i.e. they have the ability to delay hydrate for-
mation and growth and also shift the equilibrium hydrate curve to low-temperature
and/or high-pressure regions) [24, 35, 37–45].Most recently, natural amino acids and
biomolecules have been proposed as novel gas hydrate inhibitors [46–48]. However,
less inhibition impact has been observed as compared to the conventional hydrate
inhibitors. Research on these novel inhibitors is still at the early stages and is ongoing
to discover a less expensive, environmentally friendly, and effective gas hydrate inhi-
bition impact. Chapter 2 gives much more details and the state-of-the-art depictions
with regard to the performance associated with recent novel inhibitors (ionic liquids,
amino acids, and biomolecules).
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1.4 Potential Application of Gas Hydrates

Gas hydrate is a potential technology prospect for the future with several impor-
tant applications in energy, water, and environment research domains. Some known
and established applications of gas hydrates are natural gas production, energy stor-
age, gas separation, cold energy storage, CO2 sequestration, energy transport, and
desalination applications. These applications generally require gas hydrate forma-
tion across various systems to have an efficient and fast hydrate formation, with low
energy applications and effective separation factors.

1.4.1 Hydrate as Energy Source

There are large amounts of methane gas hydrates forming as solids in sediments and
sedimentary rockswithin 2000mof the earth’s crust in the permafrost and deep-water
regions [49]. Interestingly, it has been established that natural gas hydrate is the next
potential future energy source that will replace fossil fuels. Research has shown that
the estimated amount of natural gas hydrate reserves (about 1.5 × 1016 m3) in the
world doubles that of fossil fuel [3]. The estimated amount of natural gas hydrates
varies considerably. However, a realistic estimate is that 1016m3 ofmethane exists in
hydrate form. The reserves of methane hydrate pose to be more than the conventional
natural gas reserves and support the recent commitment to economically produce
methane hydrates. Since its discovery, the subject of in situ gas hydrates immediately
attracted the attention of a wide range of researchers because of its huge quintiles
and energy potentials, its possible climate impact, and the drilling and production
problems associated with in situ hydrates. Recently, there has been lots of research
works to carry out drilling and produce natural gas hydrates, with countries such as
the USA, Japan, China, India, making some great progress in that regard.

1.4.2 The Capture and Sequestration of Carbon Dioxide

The effects of industrial emission of CO2 and its impact on the environment leading
to global warming as claimed in the literature have gained importance in recent years.
The main sources of carbon dioxide emissions in the atmosphere are manufacturing
industries including cement, iron, and steel making. Thermal power generation and
petrochemical industries also contribute massively to the emission of CO2 in the
atmosphere [50]. CO2 capture and sequestration are now key areas of active research
across many industrialized countries in a bid to conquer global warming. Moreover,
the basis of CO2 is to capture CO2 not only as a polluting greenhouse gas, but also
as an important raw material. Currently, available techniques for CO2 capture and
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separation are handled using chemical solvents, adsorption, chemisorptions, absorp-
tion, and chemical bonding through mineralization. However, due to the amount
of chemicals used, environmental concerns, and cost, the application of these CO2

capture methods is limited. Therefore, the development of new less energy-intensive
processes is of major research interest. The gas hydrate crystallization techniques
have certain advantages, as the major chemical needed for CO2 hydrate formation
is water, thus providing cheaper and greener chemical applications, as water is very
common and is known as a potential chemical for life. Interestingly, the use of gas
hydrate promoters can lower the energy demands for hydrate formation [11]. After
separation, the capture of carbon dioxide must be sequestered. Similar to hydrate
inhibition, there are two types of gas hydrate promoters. Thermodynamic promoters
such as THF [51] and acetone [52] are used to shift the behaviour of the hydrate phase
boundary. In addition, kinetic hydrate promoters are used to enhance the hydrate for-
mation kinetics. A well-known kinetic promoter is SDS [53]. On the other hand,
QAS such as TBAB [54] is known as semi-clathrate hydrate and is also known to be
a thermodynamic promoter. Due to the ineffectiveness and environmental concerns,
nanoparticles [55] and amino acids [48] have been introduced as a source of good
kinetic hydrate promoters comparable to SDS. Chapter 3 deals with much more cur-
rent developments in the field of hydrate promoters which are available across the
literature works.

1.4.3 Natural Gas Storage and Transportation

Gas hydrate can also be employed for the transportation and storage of natural gases
[56]. This is possible because of the high gas storage capacity of hydrates. It is
believed that 1 m3 gas hydrate can store about 180 m3 of gas, which provides a
high gas concentration storage [57]. Natural gas hydrate (NGH) is regarded as an
important technique among several methods for transporting gas from production
fields to the place of use, which includes pipeline natural gas (PNG), liquefied natural
gas (LNG), compressed natural gas (CNG), gas to liquid (GTL), gas to commodity
(GTC), and gas to wire (GTW), i.e. electricity. Storage and transportation of natural
gases in the form of gas hydrates have an economic advantage mainly because of
the lower investment in infrastructure and equipment [56]. The key to NGH storage
and transportation is to overcome longer induction times and accelerate the hydrate
formation. A great deal of research has been done to increase the hydrate formation
rate via hydrate promoters, including adding surfactants, stirring, bubbling to the
solution [50]. However, the economic aspect remaining is the separation factor in
determining the optimal process efficiency. The review of hydrate-based application
in gas storage and transportation was presented by Veluswamy et al. [56].
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1.4.4 Cool Storage Application

The increasing demand of electric power for residential air conditioning and the
depletion of the ozone layers by chlorofluorocarbons (CFCs) have brought about
an emphasis on using alternative cool storage systems which shift this demand to
off-peak periods and eliminate the need for using conventional refrigerants such as
chlorofluorocarbons (CFCs) and hydrofluorocarbons (HFCs) [58]. CO2 hydrate is an
alternative way for the refrigeration process in the form of clathrate hydrate slurries
which acts as a two-phase (solid–liquid) refrigerant. These two-phase refrigerants
have a high latent heat of fusion (sometimes also known as phase change materials),
which aremuchmore energy efficient than the single-phase refrigerants. CO2 hydrate
slurries are promising systems in the field of cold distribution and storage as phase
change materials due to the fact that the melting temperatures of some of these
clathrate hydrates are consistent with the temperature needed in applications, such
as air conditioning. Instead of using mechanical methods, the heat of dissociation of
CO2 hydrates can be generated by direct gas injection into an aqueous solution as in
the case of ice slurries. The heat of dissociation of these slurries has been found to
be suitable for its application in refrigeration [59].

1.4.5 Desalination

Most countries have clean water challenges though they have lots of sea water which
contains salts. In addition, the oil and gas industry generates large volumes of pro-
duced water. The quantities of water are constantly increasing because mature fields
havemuch larger water-to-oil ratio than newfields in production. The producedwater
is usually saline (30–300 g/L of total dissolved solids). This high salinity restricts
their disposal options on shore and also becomes an obstacle to recycling or reuse of
the water. Since hydrates are formed between water and gas, both sea and produced
water can be treated using hydrate-based promoters.

In this process, the pure water molecules, now in solid form (hydrate), can be
recovered by melting and separation which leads to desalination. This method has
been long studied in the past using methane hydrate or carbon dioxide hydrate. For
different technical and economic reasons, no real industrial solutions emerged at that
time using such gas host molecules. Recent advancements in the research of clathrate
promoters have opened the door to more adequate, robust, and cheaper solutions, as
opposed to methane or carbon dioxide, for a type of application such as desalination.
Linga’s laboratory plays a vital role in the desalination studies in recent times, with a
patent in which they developed a new experimental method for desalination studies
[60, 61]. Similarly, active research on the effects of hydrate promoters is still ongoing
to fully implement this technology.
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1.5 Gas Hydrate Testing Method

This section deals with recent gas hydrate apparatus and techniques used by
researchers to test hydrate inhibitors and promoters, thermodynamically and kineti-
cally.

1.5.1 Apparatus

In order to successfully apply gas hydrate-based technologies, a good understanding
and evaluation of the formation of kinetics and phase behaviour in gas hydrate pro-
moters and inhibitors are very useful. Generally, authors/researchers employ various
forms of techniques to achieve the required hydrate kinetics and phase behaviour.
Further details on the apparatus and techniques used for hydrate studies are provided
in Sloan’s book [1]. However, in recent times, various simulations and experimental
apparatus and techniques have been adopted.Ahigh-pressure reactor [62–64],mostly
called autoclaves, is themost employed experimental apparatus. However, there have
been instances where nuclear magnetic resonance (NMR) microscopy [65], in situ
powder X-ray diffraction [22, 46], and ultrasonic equipment have been employed to
study the phase behaviour and kinetics of hydrate formation. However, rocking cell
and differential scanning calorimetry (HP DSC) [36, 37, 66, 67] are mostly used for
hydrate phase behaviour, and the rest are mostly employed for hydrate kinetics, and
molecular and structural studies. In addition, some studies have also been conducted
using high-pressure flow loops to evaluate the kinetics of hydrate formation [68,
69]. Another technique that has been used for kinetic studies is the high-pressure
automated lag time apparatus (HP-ALTA). This technique offers a wide range to run
lots of experiments in a short time [70].

1.5.2 Hydrate Kinetic Measurement

Generally, gas hydrate kinetic studies are based on their applications. However, the
methods of measuring hydrate kinetic are similar but the interpretation is solely
reserved for the kind of hydrate application under study. The kinetic measurements
are based on their formation and disassociation path. Sloan’s book gives details on
how these quantities are measured; however in this book, we would consider recent
hydrate kinetic measurements used by the authors. Kinetic indicators are hydrate
nucleation time and rate, growth rate, total gas uptake/consumption, hydrate disso-
ciation rate, hydrate conversion ratio, hydrate preservative ability, etc. Herein, the
recent methods used to measure the aforementioned hydrate kinetic indicators are
briefly discussed. There are generally twomethods for testing hydrate nucleation pro-
cesses. The first is the nucleation at constant temperature and degree of subcooling,
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and the second method involves nucleation during which constant cooling exper-
iments take place. The latter evaluates the subcooling at which hydrate nucleation
will happen. The former determines the hydrate nucleation rate and induction time at
a specific driving force. Because the subcooling point is less probabilistic at constant
cooling, some researchers prefer to use the second method. Generally, at constant
subcooling and temperature induction, time measurement is very stochastic and not
preferred by some authors. However, it is worth noting that the subcooling point
method is also stochastic in application, since the nucleation time/rate are all depen-
dent on the degree of subcooling. On the other hand, for constant temperature mode,
a fixed subcooling is applied in the system. Hence, the nucleation time/rate depends
on a function of a time average of observed nucleation time. Also, the cooling rate
is known to affect the subcooling point.

Generally, to perform a hydrate kinetic experiment, the cell is initially cooled to
temperatures which are about 2 K higher than the hydrate equilibrium temperature.
Then, the desired gas/guest is pressurized into the cell up to the desired experimental
pressure. The stirrer is turned on, and the system is left to stabilize, after which
the system is cooled down to the experimental temperature without stirring during
the cooling period. There would be a decrease in the system pressure due to the
gas solubility into the liquid phase. When the system pressure becomes constant, at
the experimental temperature, the stirrer is turned on. When a rapid pressure drop
is noted in the system, the hydrate is assumed to have formed. When the system
pressure becomes constant after hydrate formation for more than 3 h, the experiment
is considered completed.

1.5.2.1 Estimation of Kinetic Parameters

Induction time is defined as the nucleation time or induction time of gas hydrate
formation for a noticeable hydrate nucleus crystal to be formed. It is estimated that
the time at which a rapid temperature increases, or pressure drop is observed in the
system and in a pressure—temperature verse time plot of any hydrate experiment.
However, it is also detected via visual observation using a glass window or camera
in some set-ups.

The initial rate of hydrate formation is very important for gas hydrate application as
mentioned earlier. It describes how fast or slow the hydrate forms in any given system.
Usually, a slow hydrate formation rate is preferred in hydrate testing inhibitors, while
hydrate promoters are expected to exhibit fast hydrate formation rates. The initial
rate of hydrate formation is usually calculated by most authors following Eq. (1.1):

r(t) = ni−1
i − ni+1

i

ti−1 − ti+1
n−1
w0

(1.1)

where ni−1
i and ni+1

i are the amount of moles of gas in the phase at time ti−1 and
ti+1, respectively, and n−1

w0
is the amount of moles of water in the liquid phase.
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The amount of gas consumed or total gas uptake is the amount of gas consumed
or converted into hydrate, which is useful to understand the amount of gas that can
be trapped in the hydrates. In gas hydrate-based applications such as gas storage and
separation, the estimation of the total gas uptake is very important. Interestingly, the
total amount of gas consumed during hydrate formation is not completely dependent
on its formation rate. That is to say, the high rate of hydrate formation does not
guarantee high moles of gas consumed and vice versa. However, kinetic hydrate
inhibitors are required to reduce themoles of gas consumedduring hydrate formation,
while kinetic hydrate promoters are expected to enhance it. The real gas equation
(Eq. 1.2) is generally adopted to determine the total amount of gas consumed during
hydrate kinetic studies. This is valid for isothermal experiments with the assumption
that no water volume changes during hydrate formation.

ng =
[(

PV

RT z

)
0

−
(

PV

RT z

)
t

]
(1.2)

whereP, T, Z, andV are the hydrate reactor pressure, temperature, gas compressibility
factor, and volume of the gas phase, respectively. Z can be determined by employing
any equation states (however, the Peng–Robinson equation of state is mostly used in
the literature). R represents the universal gas constant, while the subscript 0 denotes
the initial time at which the experiment was started; t denotes anytime t of the
experiment. The total gas uptake is usually normalized to eliminate the sample size
using Eq. (1.3). In reality, the normalized amount of gas consumed (nN) indicates
the total quantity of gas trapped in one mole of a loaded solution.

nN = ng
nw

(1.3)

Storage capacity (SC) is employed in applications such as gas transportation and
storage to quantify the amount of gas that can be trapped in any hydrate system.
However, it can also be used in also all hydrate kinetic studies for analysis. The
storage capacity describes the volume of gas captured under standard conditions
(STP) per volume. It can be determined as follows:

SC = V STP
g

VH
= ngRT STP/PSTP

VH
(1.4)

where VH is the gas hydrate volume and estimated using Eq. (1.5).

VH = Mngv
B
W (1.5)

where vBW is the molar volume of empty hydrate lattice.
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vBW = (
11.835 + 2.217 × 10−5T + 2.242 × 10−6T 2

)3
× 10−30NA

46
− 8.006 × 10−9P + 5.448 × 10−12P2 (1.6)

where P(MPa) and T (K) denote the pressure and temperature of the system. NA

is Avogadro’s constant. Also, it is assumed that the molar volume of gas hydrate
and empty hydrate lattice are the same. Hence, the trapping mechanism of gas into
hydrogen water molecules is expressed in the reaction below (see Eq. 1.7):

G + MH2O ↔ G.(H2O)M (1.7)

where G is the type of guest andM represents the hydration number. This is linearly
related to the fractional cage occupancy. However, this is true for sI hydrates. For sII
hydrates, the constant 46 in the equation would be 136.

M = ηk∑
υm

(∑
θm,i

) (1.8)

where ηk is the number of water molecules in a unit cell, υm is the number of cavities
of type m in the unit cell, and θm is the fractional occupancy of cavity of type m,
which are mostly calculated using the Langmuir adsorption theory, as follows.

θm,i = Cm,i fi
1 + ∑

Cm,i fi
(1.9)

where Cm,i represents the gas Langmuir constant of the guest (G) in type i cavity and
f denotes the fugacity of the guest (G) in the gas phase. The Langmuir constant of
gas (Cm,i) is given in Eq. (1.10):

Cm,i = Am,i

T
exp

(
Bm,i

T

)
(1.10)

Am,i and Bm,i are constants. T (K) is the temperature. The fugacity of guest in the
gas phase can be determined by any equation of state.

Water-to-hydrate conversion ratio describes the portion of water molecules that
is converted to gas hydrate per mole of initial solution. It is very useful in hydrate-
based desalinating studies. A highwater conversion-to-hydrate ratiowould guarantee
high water desalination efficacy. Equation (1.11) is usually adopted to calculate the
water-to-hydrate conversion ratio.

Conversion = Mng
nwo

(1.11)
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1.5.3 Hydrate Dissociation and Preservation Measurements

Dissociation and preservation tests for hydrates are usually performed first by cooling
the system. After the hydrate forms in a typical manner as explained in the previous
section, the temperature of the reactor is then lowered to the hydrate equilibrium
temperature at the pressure which the hydrates are expected to be preserved. Mostly,
the hydrate is expected to be preserved at an atmospheric pressure until they are
dissociated. Hence, after the reduction in temperature to 263.2 K, the pressure in
the reactor is decreased to atmospheric pressure and allowed to stabilize. These
experiments are used to determine how stable the hydrate would be especially for
CO2 storage and hydrate pellets applications due to climate concerns.

1.5.4 Hydrate Phase Behaviour Measurement

In order to measure the hydrate phase behaviour, the isochoric temperature cycle
(T-cycle) or pressure search mode is used [23]. During this experimental mode, the
reactor is first cleaned and vacuumed. Then, the temperature of the system is set to
about 2–3 K above the hydrate equilibrium temperature of the studied experimental
pressure. The solution under study is then loaded into the cell, after which the system
is compressed with the guest molecules. The system is then left to stabilize while the
stirrer is turned on. When the pressure becomes constant, the system temperature is
then lowered to an adequate temperature, which would allow hydrate formation. A
sharp pressure drop in the system shows hydrate formation. After gas hydrates are
formed, the system is heated slowly, stepwise, at about 0.5 K/step for 3 h at each
step as proposed by Tohidi et al. [71]. Figure 1.5 illustrates the hydrate formation
and dissociation process during hydrate phase behaviour measurement. The hydrate
phase equilibrium point is determined as the point where the cooling curve intersects
with the heating curve as described in Fig. 1.6.

1.5.4.1 Average Depression Temperature (T )

The average depression temperature (T ) is calculated using Eq. (1.12) [36]. It is used
to quantitatively analyse the impact of hydrate phase behaviour shift in the presence
of inhibitors/promoters.

T = 1

m

m∑
i=1

�T (1.12)

where m is the number of data points and �T is the difference between measured
hydrate dissociation temperature in the presence of inhibitor and pure water. The
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Fig. 1.5 Pictures of hydrate formation and dissociation

pure water equilibrium temperature can be determined using CSMGem, PVTsim, or
any hydrate model at constant pressure [19].

1.5.4.2 Calculation of Methane Hydrate Dissociation Enthalpy

Determining of hydrate dissociation enthalpy is critical in understating the hydrate
structure and guest cage occupancy, which is related to the relative size of the
guest molecule and cavity size. Generally, the gas hydrate formation disassocia-
tion enthalpy is defined as the heat required to decompose hydrate and to release one
mole of guest gas molecule, with a reaction formula as:

M.nH2O(s) = M + nH2O(l) (1.13)
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Fig. 1.6 Typical pressure–temperature profile measured during methane + deionized water exper-
iment

where M and n are the guest and hydration numbers, respectively. The enthalpy
of hydrate dissociation can be determined calorimetrically as a direct method or
indirectly by using the Clausius–Clapeyron equation via the aid of the measured
HLwVE points. The hydrate dissociation enthalpy is estimated by employing the
Clausius–Clapeyron equation (Eq. 1.14) as follows [1]:

d(ln P)

d
(
T−1

) = −�Hd

zR
(1.14)

where P, T, ΔHd, z, and R are pressure, temperature, dissociation enthalpy, com-
pressibility factor, and universal gas constant, respectively.

1.6 Gas Hydrate Models

Based on the knowledge of hydrate structure and formation mechanisms, effective
hydrate themodynamic and kinetic predictive methods have been formulated by sev-
eral authors. These predictive models are needed and are constantly modified for
more accurate prediction, especially kinetic models.
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1.6.1 Nucleation and Growth Models

Hydrate nucleation and growth processes have a lot of measurement challenges,
resulting in the difficulty to model their formation processes. However, there has
been a rise in the attempts to model hydrate kinetics from the Bostnia days till now.
Both nucleation and growth models have been used in literature. Vysniauskas and
Bishnoi et al., in their seminal work, reviewed the kinetics of hydrate formation and
developed a semi-empirical model to correlate experimental data on methane and
ethane hydrate formation. In their work, the hydrate formation modelling did not
include the hydrate nucleation. They further followed up with other modifications
of their model. Kvamme et al. developed a generic hydrate nucleation model based
on the phase field theory for describing the nucleation of CO2 hydrates in aqueous
solutions. Other forms of hydrate nucleation and growth theories including CNT
have been reviewed in Chap. 4 of this book. However, due to the probabilistic nature
of hydrate nucleation and its dependence on apparatus and many other factors, very
poor accurate hydrate kinetic prediction has been reported.

1.6.2 Thermodynamic Models

The use of thermodynamic hydrate models has made hydrate formation pressure and
temperature prediction much easier for industrial applications. This model has been
extended to several hydrate systems and is very accurate in predictions by comparing
them with its kinetic counterpart. On the other hand, simple hydrate phase behaviour
models canbedeveloped.Themodel proposedbyvanderWaals andPlatteeuw (1959)
discussed the basics of the modern hydrate models with or without inhibitors. Since
new hydrate inhibitors such as ionic liquids, and amino acids have been reported,
constant modification of the models has been developed to suit such systems. The
advantage of this model is that it is able to predict macroscopic property such as
pressure. Chapter 4 gives a detailedmethod of all the hydrate thermodynamicmodels
used recently in the presence and absence of hydrate inhibitors.

1.7 The Connection of This Chapter to Those That Follow

This chapter provides a background for hydrate formation and applications. Consid-
ering the fact that the focus of this book is to provide recent advances on the progress
of hydrate chemical additives, the next chapter will provide the state-of-the-art devel-
opment on recent hydrate inhibitors devel and their inhibitionmechanisms. Similarly,
Chap. 3 deals with gas hydrate additives (promoter) that enhance hydrate formation
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for gas separation, desalination, and CO2 storage. It also provides the hydrate promo-
tion mechanism for these additives. Lastly, Chap. 4 details the thermodynamic and
kinetic models for gas hydrates in the presence and absence of additives, including
recently introduced novel additives.
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