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Solidified natural gas (SNG) is an appealing option for storing natural gas 

in the form of clathrate hydrates. However, it has some limitations, particularly the 

slow rate of hydrate formation and the requirement for severe operating conditions. 

To overcome these constraints, one approach is to introduce promoters into the 

system to enhance the hydrate formation rate. Amino acids have been reported as 

kinetic promoters with the potential to improve methane hydrate formation. In this 

work, the effect of three different side-chain amino acids (L-methionine, L-leucine, 

and L-valine) on methane hydrate formation and dissociation was investigated in 

terms of kinetics and morphology. The experiments were conducted at 8 MPa and 

277.2 K using a hybrid combinatorial reactor approach at various amino acid 

concentrations (0.1 to 1.0 wt%). Results showed that the presence of amino acids 

significantly decreased the induction time and increased the rate of methane hydrate 

formation. In addition, L-methionine was shown to be the most effective kinetic 

promoter in this work. However, the final methane uptake and the water to hydrate 

conversion were the same in all experiments. For all investigated experiments, the 

morphology of methane hydrate formation exhibited a similar pattern, including 

methane bubbles and capillary channels. In terms of hydrate dissociation, methane 

recovery was greater than 95% in all studies, and no foam was generated during 

dissociation, which is favorable for large-scale applications. 
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CHAPTER 1  

INTRODUCTION  

 

Natural gas, the cleanest-burning fossil fuel, is one of the most important 

sources of energy. Natural gas demand is expected to increase continuously from 

2019 to 2025. The forecast expects an average annual growth rate of 1.5% during this 

period, reported by EIA (2020). From the widely used natural gas, storage and 

transportation are the issues that need to be considered. Compressed natural gas 

(CNG) is one of approaches to store natural gas in a smaller volume. But under the 

high-pressure condition, safety must be considered as it is flammable. Another 

approach is liquefied natural gas (LNG). It has a high volumetric storage capacity 

with the ease in transportation. But it requires a huge amount of energy to maintain at 

low temperature (111 K). To escape these drawbacks, there is an interest in storing 

natural gas in a solid form, as solidified natural gas (SNG) via clathrate hydrates 

(Thomas and Dawe, 2003; Veluswamy et al., 2018). 

Gas hydrates, also known as clathrate hydrates, are solid crystalline inclusion 

compounds containing water and gas molecules such as methane, ethane, or propane 

(Carroll, 2020; Sloan Jr and Koh, 2007). They form a solid network of hydrogen-bond 

water molecules at high pressure and low temperature. Guest gases are stored in 

cavities between their molecules (Costandy et al., 2015). There are three main 

structures of gas hydrates; cubic structure I (sI), cubic structure II (sII), and the 

hexagonal structure (sH) (Sloan Jr and Koh, 2007; Strobel et al., 2009). After 

Makogon’s discovery of natural gas hydrates as an energy resource in 1965, there has 

been intense research into the gas hydrate formation, which has become an interesting 

approach to natural gas storage (Makogon, 1981; Veluswamy et al., 2018). 

Furthermore, there are other applications of gas hydrates such as carbon dioxide 

capture, separation processes, and water desalination (Babu et al., 2018; 

Eslamimanesh et al., 2012; Sun and Kang, 2016). 

Clathrate hydrates for storing natural gas as SNG are very safe and 

environmentally benign. In addition, as compared to other approaches, the storage 

conditions require less energy (Veluswamy et al., 2018). However, clathrate hydrates 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 

are limited by their slow rate of hydrate formation. Therefore, there are challenges to 

overcome in order to propel the clathrate hydrate technology for gas storage 

(Veluswamy et al., 2016b). Increasing mass transfer by changing reactor design is one 

method to improve the hydrate formation rate. Stirred tank reactors are known to 

provide high initial hydrate formation rates but low conversion of water to hydrates 

due to unintentional hydrate formation, preventing the efficient mass transfer of the 

gas through the gas-liquid interface. On the other hand, an unstirred tank reactor 

results in higher final gas uptake and higher water to hydrate conversions for methane 

hydrate formation with kinetic promoters (Linga et al., 2012; Zhong et al., 2015). 

Veluswamy et al. (2017a) found that the hybrid combinatorial reactor (HCR) 

approach, a simple combination of stirred and unstirred reactor configurations, 

effectively improved the kinetics of methane hydrate formation in the presence of 0.3 

wt% L-leucine. The HCR involves stirring the reactor contents until hydrate 

nucleation occurs. The hydrate growth then continues in an unstirred state. Using 

kinetic hydrate promoters is yet another possible method to improve the hydrate 

formation rate. Surfactants have been widely reported in the literature as kinetic 

promoters for hydrate formation (Kalogerakis et al., 1993; Kumar et al., 2015; 

Veluswamy et al., 2015). Ganji et al. (2007) studied the effect of different surfactants 

on the methane hydrate formation. They found that all surfactant promoters efficiently 

increased the methane hydrate formation rate and also increased the storage capacity 

of methane hydrate compared to pure water systems. In particular, sodium dodecyl 

sulfate (SDS), an anionic surfactant, significantly reduces the induction time. SDS has 

been reported to be one of the best kinetic promoters because it enhances the mass 

transfer of gas molecules to the liquid solution by reducing the tension at the gas-

liquid interface (Du et al., 2014; Wang et al., 2015; Yoslim et al., 2010). However, 

the main disadvantage of using SDS as a kinetic promoter is foam formation during 

the dissociation process. This foam deters the hydrate dissociation, reducing the gas 

release rate, which is undesirable on a large scale (Veluswamy et al., 2016a). In 

addition, they are not environmentally friendly. Therefore, some studies have 

attempted to reduce the foam generation in the SDS solutions (Pandey et al., 2018; 

Viriyakul et al., 2021) or find other compounds with similar properties.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3 

Amino acids are promising alternatives as they are biomolecules and have a 

similar chemical structure to surfactants. Amino acids consist of amine (-NH2) and 

carboxylic (-COOH) functional groups along with a characteristic side chain. The 

various side chains make amino acids with different properties, which can be 

classified into polar (hydrophilic) and nonpolar (hydrophobic) (Bavoh et al., 2019; 

Bhattacharjee and Linga, 2021). In the field of gas storage, amino acids are used as a 

kinetic promoter to improve the rate of hydrate formation. Liu et al. (2015) studied 

the promotion effect of natural amino acids on the kinetics of methane hydrate 

formation. 0.5 wt% L-leucine can promote methane hydrate formation at a high rate 

and capacity of 143 mg/g at 9.5 MPa and 273 K. Veluswamy et al. (2016a) studied 

the morphology of methane hydrate formation and dissociation in the presence of 

amino acid. During the methane hydrate formation using L-leucine, an interesting 

characteristic called “methane bubble” in the bulk solution with a “breathing effect” 

was observed. These phenomena were attributed to the enhanced methane hydrate 

formation kinetics. During the methane hydrate dissociation, no foam formation in the 

L-leucine solution was detected, unlike in the SDS solution. Furthermore, Veluswamy 

et al. (2017b) studied the effect of three different amino acids (tryptophan (nonpolar), 

histidine (polar), and arginine (polar) on the kinetics of methane hydrate formation. 

The induction time was low for all amino acids. But at the same concentration, the 

nonpolar hydrophobic amino acids (L-tryptophan and L-leucine) significantly 

enhanced the methane hydrate formation with similar performance in both stirred and 

unstirred reactor configurations. Pandey et al. (2020b) observed that hydrophobic 

amino acids (L-methionine and L-valine) showed higher methane uptake and lower 

induction time than hydrophilic amino acids (L-histidine and L-arginine) at the same 

concentration. In addition, they investigated methane hydrate formation in 

unconsolidated sediments (silica sand) using biofriendly amino acids. Similar to their 

previous studies, hydrophobic amino acids (L-valine and L-methionine) served as an 

effective kinetic promoter for methane hydrate formation, exhibiting comparable 

kinetic promotion performance to the surfactant SDS (Pandey et al., 2020a). 
However, the effect of amino acids on the methane gas hydrates has not yet 

been fully understood as each amino acid has different properties such as polarity, 

hydropathy index, and side chain characteristics (Bavoh et al., 2019; Bhattacharjee 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 4 

and Linga, 2021; Veluswamy et al., 2017b). According to our group's previous study 

(Inkong et al., 2022b; Jeenmuang et al., 2021) using amino acids (L-valine, L-leucine, 

and L-methionine) as a co-promoter on the mixed methane-THF hydrate formation, 

the amino acids significantly increased the hydrate formation rate. It would be 

interesting to study in detail the macroscopic kinetics of pure methane hydrate 

formation in the presence of amino acids, including the morphology during the 

process, combined with the HCR approach for hydrate formation, has not been 

studied in depth. Therefore, the objective of this research was to investigate the role of 

amino acid as a kinetic promoter on the methane hydrate formation and dissociation 

in terms of kinetics and morphology. Three hydrophobic amino acids with different 

aliphatic side chains (L-valine, L-leucine, and L-methionine) were used in this study at 

various concentrations. The experiments were conducted at 8 MPa and 277.2 K, 

which is a condition with lower driving force than other previous studies (Liu et al., 

2015; Pandey et al., 2020b; Veluswamy et al., 2017a; Veluswamy et al., 2017b). The 

experiments were performed using the HCR approach. 
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CHAPTER 2  

THEORETICAL BACKGROUND AND LITERATURE REVIEW 

 

2.1 Natural Gas 

 

Natural gas, a type of fossil fuel, has been formed by the decomposition of 

organic matter accumulated over the past millions of years and is stored under 

pressure in rock reservoirs in the Earth’s crust. The principal component of natural 

gas is methane. Other components are paraffinic hydrocarbons such as ethane, 

propane, and butanes, as shown in Table 2.1. 

 

Table 2.1 Typical composition of natural gas (Mokhatab and Poe, 2012) 

Name Formula Volume (%) 

Methane CH4 > 85 

Ethane C2H6 3 - 8 

Propane C3H8 1 - 2 

Butane C4H10 < 1 

Pentane C5H12 < 1 

Carbon dioxide CO2 1 - 2 

Hydrogen sulfide H2S < 1 

Nitrogen N2 1 - 5 

Helium He < 0.5 

 

In the past, natural gas was often an unwelcome by-product, as it interfered 

with the drilling of crude oil. But after a shortage of crude oil in the 70s, natural gas 

has become the world's major energy source. It is used primarily as fuel and as a raw 

material in manufacturing. Natural gas is considered a clean fuel that is 

environmentally friendly when compared to other fossil fuels. The environmental 

qualities over coal or crude oil, meaning its sulfur dioxide emissions are negligible, or 

the levels of nitrous oxide and carbon dioxide emissions are lower. So, it can reduce 

problem of acid rain, ozone layer, or greenhouse gases (e.g., SO2, CO, CO2) 

(Mokhatab and Poe, 2012). According to international energy agency (IEA) data, 
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global natural gas consumption is still increasing. Although it dropped around 2% in 

2019-2021 due to the COVID-19 pandemic (EIA, 2021). 

 

2.2 Natural Gas Storage 

  

In the past several years, natural gas has been popular and attractive as a green 

alternative energy source. The rate of natural gas consumption will continuously grow 

until 2040. Natural gas is used in daily life for cooking, vehicles, and industrial 

processes. Therefore, natural gas storage technologies are continually evolving to be 

consistent with global energy demand (Veluswamy et al., 2018). 

  

2.2.1 Compress Natural Gas (CNG) 

CNG is a simple method to store natural gas by compressing it under 20-

25 MPa and 293.2 K. CNG can be used readily without any additional preparation 

steps. However, the major disadvantage is safety concern, as natural gas can be 

flammable and explosive. The storage tanks must be thick enough to withstand high 

pressure conditions and have safety valve systems installed, which are high cost. In 

addition, CNG has a relatively low volumetric storage capacity in comparison to other 

technologies. 

  

2.2.2 Liquefied Natural Gas (LNG) 

LNG is produced by cooling natural gas until it is converted to a liquid 

form. Due to its high volumetric storage capacity, LNG is suitable for use in large-

scale and long-distance transportation. However, it requires a lot of energy to 

maintain at a low temperature (113.2 K) to store in liquid form via a cooling system, 

as well as a high cost of storage equipment. 

 

2.2.3 Adsorbed Natural Gas (ANG) 

ANG is a possible method of storage and transportation by adsorbing 

natural gas on high porous materials such as activated carbon, graphene, metal 

organic frameworks (MOFs), etc. It requires low pressure storage (6.5 MPa, lower 

than in CNG). However, it cannot be used commercially because the price of the 
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adsorbent is expensive and adsorbent contamination is observed when using many 

cycles.  

 

To overcome these drawbacks, such as low volumetric storage capacity, high 

equipment cost, and flammability concerns, there is an interest in storing natural gas 

in the solid form as solidified natural gas (SNG) via clathrate hydrates (Thomas and 

Dawe, 2003; Veluswamy et al., 2018). 

 

2.3 Gas Hydrates 

  

Gas hydrates or clathrate hydrates are crystalline inclusion compounds of 

water (host) and gas molecules (guest) such as methane, ethane, or propane. They 

form spontaneously by a solid network of hydrogen-bonded water molecules at high 

pressure and low temperature. Guest gases are stored in cavities between their 

molecules (Costandy et al., 2015). In the past, the presence of water in natural gas 

was a serious industrial problem due to the formation of gas hydrates by water. These 

solids interfere with the piping system (Hammerschmidt, 1934). Since the discovery 

of methane hydrates in the deep sea, gas hydrates have been gaining attention as a gas 

storage technology. Gas hydrates will be an energy source with enormous potential 

and will be used in many applications such as natural gas storage and transportation, 

carbon dioxide capture, and desalination processes (Eslamimanesh et al., 2012; 

Sharma et al., 2019; Sun and Kang, 2016). 

 

 Figure 2.1 Burning of methane hydrate sample (Siažik et al., 2017). 

Figure 2.1 Burning of 

methane hydrate 

sample (Siažik et al., 

2017). 
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2.4 Gas Hydrate Structures  

  

Gas hydrates are not chemical compounds. They form spontaneously at high 

pressure and low temperature. Guest gases stay inside hydrogen-bonded water cages 

and interact with them by Van der Waals forces, which is physical bonding 

(Veluswamy et al., 2018). The structure is three-dimensional. Guest gases (e.g., 

hydrogen, methane, carbon dioxide) have different molecule sizes, resulting in 

structural differences. There are three main structures of gas hydrates: cubic structure 

I (sI), cubic structure II (sII), and the hexagonal structure (sH) (Sloan Jr and Koh, 

2007; Strobel et al., 2009). 

 

 

Figure 2.2 Common clathrate hydrate structures (Strobel et al., 2009). 

 

 

 

 

 

 

Figure 2.2 Common clathrate hydrate structures (Strobel et al., 2009). 
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Table 2.2 Lists the properties of the three common unit crystals (Sloan, 2003) 

Hydrate crystal 

structure 
sI sII sH 

Cavity Small Large Small Large Small Medium Large 

Description 512 51262 512 51264 512 435663 51268 

Number of cavities 

per unit cell 
2 6 16 8 3 2 1 

Average cavity 

radius (Å) 
3.95 4.33 3.91 4.73 3.91 4.06 5.71 

Coordination 

number 
20 24 20 28 20 20 36 

Number of water 

per unit cell 
46  136  34   

 

2.4.1 Structure I (sI) 

In sI, it is a cubic unit cell. There are 2 small pentagonal dodecahedron 

(512) combined with 6 large tetrakaidecahedrons (51262) cages. The sI hydrates can 

contain 8 guest gas molecules, which are usually small molecules such as methane, 

ethane, and carbon dioxide (Sloan, 2003).   

  

2.4.2 Structure II (sII) 

In the sII, it is a face-centered cubic unit cell. 136 water molecules form 

frameworks around 16 small pentagonal dodecahedron (512) and 8 large hexakai-

dodecahedron (51264) cages (Mao et al., 2002). 24 guest gas molecules such as 

propane and i-butane can be accommodated in these cages. 

 

2.4.3 Structure H (sH) 

In sH, it is formed by using 34 water molecules. There are 3 types of 

cages: 3 small pentagonal dodecahedron (512), 2 medium dodecahedrons (435663), and 

1 large icosahedron (51268) cages (Lederhos et al., 1992). These cages make sH 

hydrates store larger amounts of guest gas molecules than sI and sII hydrates. The gas 
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storage capacity of sH hydrates is approximately 25% greater than sII hydrates (Shin 

et al., 2011). The large guest gas molecule (e.g., cycloheptane) can be encapsulated in 

1 large cage (Sloan, 2003). 

 

Each sI and sII have two cavity sizes (small and large). Although sI hydrates 

can contain more guest gas, for natural gas storage (or methane storage), sI is 

preferred due to more stability (Buffett, 2000). 

 

2.5 Hydrate Formation 

  

Hydrate formation occurs at high pressure and low temperature. It is usually 

observed at 6-10 MPa and 273.5 K (Ohmura et al., 2005). While the formation of 

hydrate occurs, a decrease in pressure and an increase in temperature are observed as 

it is an exothermic process (Zhang et al., 2017). The process of hydrate formation can 

be divided into two steps: a nucleation phase and a growth phase, which is the same 

as the crystallization process. The hydrate formation process starts when the gas 

uptake increases, then it grows until the hydrate structure stabilizes (Khurana et al., 

2017). 

 

 

Figure 2.3 Overview of hydrate formation (Christuansen and Sloan, 1994). 
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2.5.1 Hydrate Nucleation 

Hydrate nucleation is a microscopic process. The hydrate formation 

starts at the gas-liquid interface to form small hydrate crystals, then reaches the 

growth phase (You et al., 2019). In the beginning, the growth of hydrates is relatively 

low due to meta-stability, or natural inhibition, which prevents the hydrate formation 

(Lederhos et al., 1996). Figure 2.4 shows the schematic of hydrate formation. The 

first step in nucleation, gas uptake increases without gas dissolved into water, call 

dissolution phase. After that, a supersaturated phase occurs when the pressure and 

temperature are in suitable conditions. And end with the critical nucleus phase. The 

time between super saturation and the critical nucleus phase is called the induction 

time (Khurana et al., 2017). 

 

 

Figure 2.4 Hydrate formation schematic (Khurana et al., 2017). 

 

2.5.2 Hydrate Growth 

After the hydrate nucleation step, the process of crystal growth occurs to 

form gas hydrates. Morlat et al. (1976) studied the kinetics of ethylene hydrate 

formation and proposed that there are two steps in hydrate growth. First, the larger 

hydrate cavities are formed, followed by smaller cavities. The guest gas is transported 

to the liquid phase and temporarily occupies the cavities. After that, the guest gas is 

filled permanently. Then, hydrate structures become stable. 

Figure 

2.4 

Hydrate 

formatio

n 

schemat

ic 

(Khuran

a et al., 

2017). 
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2.6 Hydrate Dissociation 

 

Hydrate dissociation is an endothermic process. Hydrates are stable when the 

pressure-temperature conditions are above the hydrate equilibrium curve. The 

conditions below the equilibrium curve cause hydrate dissociation. The guest gases in 

the hydrate structures are dispersed into gas and water phases (Yang et al., 2019). 

There are three independent approaches commonly used to dissociate gas hydrates: 

thermal stimulation, depressurization, and inhibitor injection (Kondori et al., 2017), as 

shown in Figure 2.5. 

 

 

Figure 2.5 Schematic diagram of methane hydrate phase equilibrium (Yang et al., 

2019). 

 

2.6.1 Thermal Stimulation 

The thermal stimulation method can dissociate hydrates by heating. In 

general, there are three steps in this method, as shown in Figure 2.6. This method is 

limited by heat transfer because the dissociated water forms a thin liquid film on the 

surface of the remaining hydrates, which blocks heat transfer. 

 

Figure 2.5 

Schematic 

diagram of 

methane 

hydrate phase 

equilibrium 

(Yang et al., 

2019). 
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Figure 2.6 Schematic diagram of hydrate dissociation process under thermal 

stimulation (Yang et al., 2019). 

 

2.6.2 Depressurization 

The pressure reduction method dissociates hydrates by reducing the 

pressure in the system. There are three steps in this method, shown in Figure 2.7. 

After reducing pressure, the temperature drops due to endothermic processes. 

Therefore, heat transfer and kinetic forces are the main factors in the dissociation 

hydrates in this method. 

 

 

Figure 2.7 Schematic diagram of the hydrate dissociation process under 

depressurization (Yang et al., 2019). 

Figure 2.6 

Schematic 

diagram of 

hydrate 

dissociation 

process under 

thermal 

stimulation 

(Yang et al., 

2019). 

 

Figure 2.7 

Schematic 

diagram of the 

hydrate 

dissociation 

process under 

depressurizati

on (Yang et 

al., 2019). 
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2.6.3 Chemical Injection 

Chemical injection dissociates hydrates by injecting the thermodynamic 

inhibitors with strong hydrogen bonding (e.g., ethylene glycol and methanol). They 

can interrupt the hydrate equilibrium (Kondori et al., 2017). 

 

2.7 Enhancing the Rate of Hydrate Formation 

 

Although clathrate hydrates as a natural gas storage technology have many 

advantages, they have some limitations, especially the low rate of hydrate formation. 

Therefore, there are challenges to overcome in order to propel the commercialization 

of clathrate hydrate technology for natural gas storage (Veluswamy et al., 2016b). 

Increasing mass transfer by changing reactor design is one method to improve the 

hydrate formation rate. Stirred tank reactors are known to provide high initial hydrate 

formation rates but low conversion of water to hydrates due to unintentional hydrate 

formation. This prevents the efficient mass transfer of the gas through the gas-water 

interface. On the other hand, the final gas uptake and final conversion were found to 

be significantly higher in the unstirred reactor (Linga et al., 2012; Zhong et al., 2015). 

Veluswamy et al. (2017a) found that the hybrid method, a simple combination of 

stirred and unstirred reactor configurations, effectively improved the kinetics of 

methane hydrate formation. It combines the advantages of both reactor configurations, 

as shown in Figure 2.8. The hybrid method involves stirring the reactor contents until 

hydrate nucleation occurs, then continuing the hydrate growth in an unstirred. 
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Figure 2.8 Detailed diagram of a hybrid combinatorial approach for hydrate 

formation (Veluswamy et al., 2017a). 

 

2.8 Hydrate Promoters 

 

Hydrate promoters are additives that are used to enhance the rate of hydrate 

formation without influencing the thermodynamics. They can improve the dispersion 

of gas into liquid solutions by reducing the tension at the interface. Examples of 

kinetic promoters are surfactants, amino acids, polymers, and starches. 

 

2.8.1 Surfactant 

Kalogerakis et al. (1993) studied the effect of surfactants on hydrate 

formation kinetics by using anionic and nonionic surfactants. Surfactants, with 

concentrations near CMC levels, can increase the rate of hydrate formation with no 

effect on the thermodynamics. In addition, the rate of hydrate formation in anionic 

Figure 2.8 Detailed diagram of a 

hybrid combinatorial approach for 

hydrate formation (Veluswamy et 

al., 2017a). 
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surfactants is higher than in nonionic surfactants. Sodium dodecyl sulfate (SDS), 

which is an anionic surfactant, is recognized as the best surfactant kinetic promoter.  

Zhang et al. (2007) studied the kinetics of methane hydrate formation 

from SDS solution. SDS dramatically reduced the induction time for methane 

hydrates. In addition, the rate of methane hydrate formation was analyzed. SDS 

solution transport to the porous hydrate layer on the reactor wall during the hydrate 

growth period caused the gas-liquid interfacial area to increase. Therefore, the rate of 

methane hydrate formation increased. 

Du et al. (2014) studied the effects of ionic surfactants such as sodium 

dodecyl sulfate (SDS), dodecylamine hydrochloride (DAH), dodecyltrimethylam-

monium chloride (DTAC) and N-dodecylpropane-1,3-diamine hydrochloride (DN2Cl) 

on methane hydrate formation kinetics in a static system. As shown in Figure 2.9, 

SDS gave higher hydrate growth rates than others and the final methane uptake 

increased with increasing SDS concentration. 

 

 

Figure 2.9 Cumulative methane uptake as a function of time in the presence of (a) 

SDS, (b) DTAC, (c) DAH, and (d) DN2Cl (Du et al., 2014). 

 

Figure 2.9 Cumulative methane uptake as a 

function of time in the presence of (a) SDS, 

(b) DTAC, (c) DAH, and (d) DN2Cl (Du et 

al., 2014). 
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In addition, Wang et al. (2015) studied the effects of different anionic 

surfactants on methane hydrate formation. Due to the lower surface tension and 

narrow contact angle, SDS had high performance to enhance hydration formation. 

However, the main drawback of SDS is the foam formation during the 

hydrate dissociation, which is undesirable to occur in the process (Veluswamy et al., 

2016a), shown in Figure 2.10. And surfactants are also toxic to the environment. 

Therefore, many researchers are interested in finding a way to reduce foam formation 

or use other substances instead. 

 

 

Figure 2.10 Foam formation during the hydrate dissociation using SDS as a kinetic 

promoter (Pandey et al., 2018). 

 

2.8.2 Amino Acid 

Amino acids are organic compounds that consist of an amine (-NH2) and 

a carboxylic (-COOH) functional group along with a characteristic side chain. These 

various side chains give different properties of amino acids, which can be classified 

into polar (hydrophilic) and nonpolar (hydrophobic). The hydrophobic or hydrophilic 

properties of an amino acid side chain are ranked using a number called the 

hydropathy index. The high hydropathy index of amino acids represents more 

hydrophobicity (Bhattacharjee and Linga, 2021). In the past, amino acids were used 

Figure 2.10 Foam formation during the 

hydrate dissociation using SDS as a kinetic 

promoter (Pandey et al., 2018). 
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as hydrate inhibitors. The lower hydrophobicity amino acids give better inhibition 

performance. Although, they are not the best chemical inhibitors, they are 

environmentally friendly and biodegradable (Naeiji et al., 2014). 

 

Table 2.3 Hydropathy index of amino acids (Mitaku et al., 2002) 

Side chain Hydropathy index 

Isoleucine 4.5 

Valine 4.2 

Leucine 3.8 

Phenylalanine 2.8 

Cysteine/cystine 2.5 

Methionine 1.9 

Alanine 1.8 

Glycine -0.4 

Threonine -0.7 

Tryptophan -0.9 

Serine -0.8 

Tyrosine -1.3 

Proline -1.6 

Histidine -3.2 

Glutamic acid -3.5 

Gilutamine -3.5 

Aspartic acid -3.5 

Asparagine -3.5 

Lysine -3.9 

Arginine -4.5 

 

In the field of gas storage, amino acids are used as kinetic promoters to 

improve the rate of hydrate formation. Liu et al. (2015) studied the promotion effect 

of natural amino acids on the kinetics of methane hydrate formation. Figure 2.11 

shows different concentrations of L-leucine. 0.5 wt% L-leucine can promote methane 

(Mitaku et al., 

2002). 
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hydrate formation at a high rate, with a capacity of 143 mg/g at 9.5 MPa and 273 K. 

In addition, foam formation was not observed in the methane hydrate dissociation 

using L-leucine promoter, unlike using SDS surfactants.  

 

 

Figure 2.11 Methane uptake kinetics for bulk water and L-leucine aqueous solutions 

at 9.5 MPa and 273 K (Liu et al., 2015). 

 

Veluswamy et al. (2016a) studied the morphology of methane hydrate 

formation and dissociation in the presence of amino acid. During methane hydrate 

formation using L-leucine amino acid, they found an interesting characteristic called 

“methane bubble” in the bulk solution with the assistance of “breathing effect”, as 

shown in Figure 2.12. These phenomena are attributed to enhance methane hydrate 

formation kinetics. During methane hydrate dissociation, they observed no foam 

formation in L-leucine solution but observed it in SDS solution. 

 

Figure 

2.11 

Methane 

uptake 

kinetics for 

bulk water 

and L-

leucine 

aqueous 

solutions 

at 9.5 MPa 

and 273 K 

(Liu et al., 

2015). 
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Figure 2.12 Morphology of methane hydrate formation using 0.3 wt% L-leucine with 

observed methane bubble (Veluswamy et al., 2016a). 

 

Veluswamy et al. (2017b) studied the effect of biofriendly amino acids 

on the kinetics of methane hydrate formation using three different amino acids: 

tryptophan (nonpolar), histidine (polar), and arginine (polar). The induction time was 

low for all amino acids. But at the same concentration, nonpolar amino acids 

(tryptophan, leucine) significantly enhanced methane hydrate formation, as shown in 

Figure 2.13. 

 

 

Figure 2.13 Comparison of hydrate growth profiles for 0.3 wt% of different amino 

acids at 275.2 K and starting pressure of 10 MPa (Veluswamy et al., 2017b). 

Figure 2.12 Morphology 

of methane hydrate 

formation using 0.3 wt% 

L-leucine with observed 

methane bubble 

(Veluswamy et al., 

2016a). 
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Figure 2.14 presents the comparison of surfactant and amino acids as 

effective kinetic hydrate promoters. As mentioned about the foam formation problem, 

hydrophobic amino acids have similar chemical structure to surfactants, but there is 

no foam formation in the hydrate dissociation process. Moreover, amino acids are 

environmentally friendly and inexpensive to synthesize. Therefore, hydrophobic 

amino acids are the perfect substitute for surfactants as efficient kinetic hydrate 

promoters (Bhattacharjee and Linga, 2021). 

 

 

Figure 2.14 Comparison of surfactant and amino acids as effective kinetic hydrate 

promoters (a) general surfactant structure, (b) general hydrophobic amino acid 

structure, (c) foam formation on the hydrates dissociation in 0.3 wt% SDS solution (d) 

absence of any foam formation on the hydrate dissociation in 0.3 wt% leucine 

solution (Bhattacharjee and Linga, 2021). 

 

For further studies on various amino acids as kinetic promoters for 

methane hydrate formation, Pandey et al. (2020b) observed that hydrophobic amino 

acids: L-methionine and L-valine used at a concentration of 0.3 wt% showed higher 

gas uptakes and lower induction times compared to hydrophilic amino acids L-

histidine and L-arginine at the same concentration. An increase in the pressure led to a 

decrease in the induction time due to the increase in the driving force for all amino 

acids. All results are shown in Figures 2.15 and 2.16. However, the hydropathy index 
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of amino acids cannot be used to describe the tendency of the induction time because 

the induction time does not follow the hydrophobicity ranking. That is L-valine, which 

has a higher hydropathy index, has a higher induction time than L-methionine. 

Therefore, it is a matter that must be studied further.  

 

 

Figure 2.15 Normalized gas uptake calculation for amino acids at 7 and 10 MPa and 

1°C at 3000 ppm concentration (Pandey et al., 2020b). 

 

 

Figure 2.16 Induction time 𝑡0 of amino acid at the initial operating pressure of 7 and 

10 MPa, and isothermal temperature scheme (1°C) (Pandey et al., 2020b). 
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CHAPTER 3  

EXPERIMENTAL 

 

3.1 Materials and Equipment 

 

3.1.1 Chemicals 

1. Ultra-high purity methane gas (99.99% purity from Linde Public 

Company, Thailand) 

2. Three types of amino acid in the powder form including L-valine, L-

leucine, and L-methionine, 99 %, were purchased from Sigma-

Aldrich, Singapore.  

3. Deionized water 

 

3.1.2 Equipment 

1. Crystallizer (CR) 

2. Reservoir (R) 

3. Personal Computer (PC) 

4. Pressure transmitter (PT 

5. External Refrigerator (ER) 

6. Thermocouple (TC) 

7. Data logger (DL)  

8. Video camera (VC) 

 

3.2 Experimental Section 

 

3.2.1 Experimental Apparatus 

The schematic of gas hydrate experimental setup is shown in a, which 

was modified from previous works by our group. All kinetic experiments were carried 

out in a batch crystallizer (CR), b, made from 316 stainless steel with two sapphire 

viewing windows (front and back) to allow observation inside the reactor during the 

experiment. The crystallizer was designed to withstand up to 20 MPa and had an 

internal volume of 80 cm3. In addition, the 50 cm3 reservoir (R) was also connected to 
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both systems. Both crystallizer and reservoir were immersed in a cooling bath. An 

external refrigerator (ER) (Model RC-20, Labtech, India) circulating the water and 

glycol mixing in the ratio of 4:1 was used to maintain the temperature in the 

crystallizer. The pressure transmitter (PT .(Cole Pamer, Model 68,073, Singapore) 

was used to measure the pressure in the system with the range 0-21 MPa with the 

uncertainly of 0.13%. An analog pressure gauge (Swagelok, USA) was also used to 

monitor pressure in the system. The reactor temperature was measured by a K-type 

thermocouple (TC) (SL heater, Thailand) with a ±0.5 K accuracy. The pressure and 

temperature during the experiment were record by a data logger (DL) (AI210, Wisco 

Industrial Instruments, Thailand), which was connected to a personal computer (PC). 

The temperature and pressure data were recorded every 10 seconds using a software 

provided by Wisco Industrial Instruments, Thailand. For morphology observation, the 

images and videos during hydrate formation and dissociation were captured by a 

camera (VC) (Optika, Model C-HP, Italy) with the macro camera lens (VS 

Technology Corporation, Japan). For the hybrid method, a magnetic stirrer bar was 

placed inside the crystallizer and was controlled by a magnetic stirrer. 

 

Figure 3.1 Schematic of (a) experimental apparatus and (b) cross-section of window 

crystallizer (modified from Siangsai et al. (2015)). 

 Figure 3.1 Schematic of (a) 

experimental apparatus and (b) 

cross-section of window 

crystallizer (modified from 

Siangsai et al. (2015)). 
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3.2.2 Hydrate Formation Experiment 

All experiments were batch type for the observation of formation and 

dissociation of methane hydrates. 35 cm3, which was amino acid diluted with water, 

was placed into the window crystallizer. Then, the crystallizer was immersed in a 

cooling bath, and its temperature was controlled by using external refrigerator. The 

crystallizer was flushed three times with 0.5 MPa methane gas to remove air from the 

system. After the temperature inside the crystallizer reached the desired temperature 

(277.2 K), methane gas was introduced to the system at 8 MPa. 500 rpm stirring rate 

was started by the magnetic stirrer.  After the hydration nucleation was observed, the 

stirring was stopped. During the hydrate formation, pressure and temperature were 

recorded every 10 seconds, until there was no further pressure drop for at least 1 hour. 

For morphology study, the images were captured every 10 seconds. The calculation 

procedure in this study was similar to the previous study by our group, Inkong et al. 

(2019a) and Siangsai et al. (2015). The pressure and temperature data were used to 

calculate the moles of methane consumed and methane gas uptake by Equation (3.1) 

and Equation (3.2), respectively 

 

∆nH,↓ = nH,0-nH,t = (
PV

zRT
)

G,0
- (

PV

zRT
)

G,t
     (3.1) 

Methane gas uptake = 
(∆nH,↓)

t

nH2O
     (mole of CH4/mole H2O)   (3.2) 

 

where   ΔnH,↓ = moles of consumed gas for hydrate formation (mole), 

nH, t  = moles of methane gas at time t (mole), 

nH,0  = moles of methane gas at time 0 (mole), 

P  = pressure of the crystallizer (atm), 

T  = temperature of the crystallizer (K), 

V  = the volume of gas phase in the crystallizer (cm3), 

Z  = compressibility factor Pitzer’s correlation, and 

R  = the universal gas constant 82.06 cm3•atm/mol•K, 
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The water to hydrate conversion was calculated from Equation (3.3), as 

follows (Linga et al., 2010) 

 

Conversion (%)  = 
∆nH,↓× Hydration number

nH2O
 × 100                      (3.3) 

 

The hydration number is the number of water molecules required to form 

the hydrate structure per gas molecule. This number is determined to be 5.75 for the sI 

hydrate structure formed in our experiments (Inkong et al., 2019c). The hydrate 

formation rate was represented by the normalized initial hydrate formation rate for the 

first 30 minutes after hydrate nucleation (NR30) and was calculated by Equation (3.4). 

 

NR30 = 
R30

Vwater
              (3.4) 

 

where Vwater is the volume of water (m3) taken in the reactor, and R30 is the rate of 

hydrate growth (kmol/hr) calculated by fitting the gas uptake due to the hydrate 

growth at each experimental condition versus time for the first 30 minutes after the 

induction time. 

 

3.2.3 Hydrate Dissociation Experiment 

After the completion of methane hydrate formation, methane hydrates 

were dissociated through thermal stimulation by increasing the temperature to 298.2 

K. The start of the temperature rise is considered as time zero for the hydrate 

dissociation experiments. The gas released from the gas hydrates was measured by the 

pressure transducer. The experiment was stopped when the pressure in the reactor 

remained constant at the experimental temperature (298.2 K). The number of moles of 

methane gas released form the hydrates during the dissociation experiment at given 

any time (t) was calculated by Equation (3.5).  

 

∆nH,↑ =  nH,t  - nH,0 = (
PV

zRT
)

G,t
- (

PV

zRT
)

G,0
             (3.5) 
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This equation is the negative of Equation (3.1) detailed above, as it begins with fewer 

moles of gas and increases in the moles as the dissociation progresses. The methane 

recovery was calculated by Equation (3.6) (Babu et al., 2013; Linga et al., 2009). 

 

% Methane recovery = 
(∆𝑛𝐻,↑)

𝑡

(∆𝑛𝐻,↓)
𝑒𝑛𝑑

× 100   (3.6) 

 

where ΔnH,↑ is moles of released gas from hydrates during the hydrate 

dissociation at any given time. And (ΔnH,↓)End is moles of gas consumption for hydrate 

formation at the end of experiments. 
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CHAPTER 4  

RESULT AND DISCUSSION 

 

This work investigated the effects of different amino acids on methane hydrate 

formation and dissociation in terms of kinetics and morphology. Three amino acids, 

including L-valine, L-leucine, and L-methionine were investigated at the concentration 

of 0.25, 0.50, and 1.00 wt%, which is in the range used in the previous studies in our 

group (Inkong et al., 2022b; Jeenmuang et al., 2021). The chemical structures of 

investigated amino acids are presented in Figure 4.1.  

 

 

Figure 4.1 Structure of nonpolar amino acids (a) L-valine, (b) L-leucine, and (c) L-

methionine. 

 

The formation conditions were 8 MPa and 277.2 K, this condition is in the sI 

region of pure methane hydrate phase equilibrium (Sloan Jr and Koh, 2007). Firstly, 

methane hydrate formation using 1.00 wt% of each amino acid was performed in an 

unstirred reactor system. However, the methane hydrate formation cannot be 

observed, even though the experimental conditions performed at the high driving 

forces about 4.09 MPa pressure driving force and 6.96 K temperature driving force, 

which is sufficient for the formation (Nakamura et al., 2003) and the presence of the 

amino acids. Therefore, the experimental formation conditions and the hydrate 

promoter applied in this work are not the restraint to form the hydrate formation in 

this work. Another key point to promote the hydrate formation is the increase in the 

surface contact area by the reactor design. Firstly, this work is performed using the 

unstirred reactor, which has low surface contact area between the two phases. 

Therefore, the lower amount of methane gas molecules dissolve into the liquid phase, 
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which may not be enough for hydrate nucleation. To overcome the limitation of the 

reactor design, the HCR approach was applied in this work. The procedure of HCR 

approach is divided into two steps. The methane hydrate formation is first conducted 

in a stirred reactor to induce the hydrate nucleation. The stirring increases the surface 

contact area between the two phases to enhance the gas dissolution into the liquid 

phase. Then, the stirring is stopped, and the hydrate growth is allowed to continue in 

an unstirred reactor, taking an advantage of kinetic promoting activity of amino acids 

(Bhattacharjee and Linga, 2021; Veluswamy et al., 2017a). Three experiments at each 

amino acid concentration were conducted to ensure repeatability. From the 

experiments, it was found that using the HCR approach can induce methane hydrate 

formation at 8 MPa and 277.2 K, even in the system with low amino acid 

concentrations. 

 

4.1 Effect of L-valine on Methane Hydrate Formation 

  

First, the methane hydrate formation in the presence of L-valine was 

performed to study the effects of L-valine concentration on the kinetics of methane 

hydrate formation in the HCR approach. Table 4.1 presents the details on induction 

time, normalized rate of hydrate formation (NR30), time required to reach 90% of final 

methane uptake calculated from the nucleation (t90), methane uptake, water to hydrate 

conversion, and methane recovery in various concentrations of L-valine solution at 8 

MPa and 277.2 K. It can be observed from the table that L-valine can promote hydrate 

formation at all concentrations in the HCR approach. It can be confirmed that the 

HCR approach can enhance the increase in the surface contact area between the two 

phases, resulting in the increased mass transport of the gas molecules into the liquid 

phase. 
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Figure 4.2 Effects of L-valine concentrations on (a) induction time and NR30 and (b) 

methane uptake and water to hydrate conversion on methane hydrate formation at 8 

MPa and 277.2 K. 
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Figure 4.2a shows the induction time and the rate of hydrate formation in the 

presence of different L-valine concentrations, using the data in Table 4.1. The 

induction times are comparable at 0.25 and 0.50 wt% L-valine solutions, which lasted 

at least 50 minutes, but significantly decrease at 1.00 wt% L-valine solution. In 

addition, the rate of hydrate formation (NR30) increases as the L-valine concentration 

increases. This is because the presence of amino acids decreases the interfacial 

surface tension between the gas and liquid phases, promoting gas molecules to easily 

transport into the liquid phase for hydrates to nucleate (Raza et al., 2019). Moreover, 

the interfacial surface tension decreases along with the increase in the amino acid 

concentration (Belton and Twidle, 1940). However, the final methane uptake and the 

water to hydrate conversion are the same in all L-valine concentrations, as shown in 

Figure 4.2b. The results are consistent with the literature that an amino acid served 

only as a kinetic promoter for hydrate formation without changing the final gas uptake 

(Cai et al., 2017; Inkong et al., 2022b; Liu et al., 2015). 

 

 

Figure 4.3 Average methane uptake profiles during methane hydrate formation using 

different concentrations of L-valine at 8 MPa and 277.2 K. 

 

Furthermore, the average methane uptake profiles during methane hydrate 

formation at three different L-valine concentrations are shown in Figure 4.3. With 
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0.25 wt% L-valine solution, a short deflection can be observed at the beginning of the 

hydrate formation around 0-30 minutes, resulting in the low hydrate formation rate. 

Interestingly, there is a change in the slope of the gas uptake between 160 and 180 

minutes. This can be explained by the immobile transitional states of water, which 

cause the gas uptake to always lag after the disappearance of liquid water and the 

formation of solid hydrates at the area of hydrate formation, as described in literature 

(Botimer et al., 2016; Veluswamy et al., 2016a). In addition, the hydrate formation 

takes about 203.89 (±3.90) minutes to complete 90% of the final methane uptake (t90), 

and the final methane uptake is low, Table 4.1. The increase in the L-valine 

concentration to 0.50 wt% results in significantly faster hydrate formation. Although 

the induction time is close to 0.25 wt% L-valine solution, the t90 value is significantly 

lower. Intriguingly, deflection points of multiple-stage methane hydrate formation are 

observed in both 0.25 and 0.50 wt% L-valine solutions. This characteristic has been 

demonstrated in many studies. The cause of the deflection point is that the hydrate 

formation gradually progresses with the use of low doses of L-valine (0.25 and 0.50 

wt%). The growth of hydrates blocks and reduces the surface contact area. Gas 

consumption is reduced, causing the deflection point. Later, the hydrates are cracked 

and the free gas is consumed for further formation, leading to multi-stage hydrate 

growth (Inkong et al., 2019b; Inkong et al., 2019c; Siangsai et al., 2018; Siangsai et 

al., 2015). The increase in the L-valine concentration to 1.00 wt% enhances the 

hydrate formation kinetics, whereby both induction time and t90 decrease. This is due 

to the decrease in the mass transfer resistance with the increase in the L-valine 

concentration (Ohmura et al., 2005). On the contrary, the hydrate growth occurs in a 

single stage in the 1.00 wt% L-valine solution, unlike the 0.25 and 0.50 wt% L-valine 

solutions. The methane hydrate kinetic promotion behavior of L-valine is similar to 

that of surfactants (Liu et al., 2015; Veluswamy et al., 2017b). The key role of L-

valine and surfactants is to decrease the interfacial surface tension between the gas 

and liquid phases. The surface tension values of amino acids are demonstrated in the 

literature (Gliński et al., 2000; Raza et al., 2019; Rodríguez and Romero, 2017). The 

decrease in the interface surface tension between the gas and liquid phases improves 

the mass transfer coefficient, resulting in gas molecules to easily diffuse into the 

liquid phase and aid in hydrate nucleation and hydrate growth (Kumar et al., 2015; 
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Raza et al., 2019; Rodríguez and Romero, 2017; Sun et al., 2018). Additionally, L-

valine may inhibit the aggregation of hydrates at the gas-liquid interface during the 

hydrate formation. This allows more methane to enter the liquid phase, hence 

increasing the amount of methane in the formation (Partoon et al., 2013). This 

mechanism is supported by the visual morphology observations during methane 

hydrate formation, which will be described next. However, the decrease in the surface 

tension of surfactant is better than that of amino acid; therefore, the presence of 

surfactant can promote methane hydrate formation even with low concentrations 

(Inkong et al., 2019c; Siangsai et al., 2018; Wang et al., 2015). 

In terms of morphology, images were taken every 10 seconds during the 

hydrate formation using a camera through a sapphire window. All experiments were 

conducted at the same condition of 8 MPa and 277.2 K. Figure 4.4 depicts visual 

observations of methane hydrate formation at various time intervals in the presence of 

L-valine concentrations. It can be seen that the hydrates first occur at the vortex 

interface. This area provides a large surface contact area between the gas and liquid 

phases, resulting in the hydrate nucleation at this area. Then, the methane hydrates 

simultaneously grow upward into the gas phase along the reactor wall. This is because 

the water molecules from the solution are transported upward into the gas phase via 

the capillary channel between hydrate crystals (Bhattacharjee et al., 2020; 

Bhattacharjee and Linga, 2021; Veluswamy et al., 2016a). Thus, the water molecules 

transported from the solution easily contact methane gas in the gas phase, resulting in 

the conversion to methane hydrates. Next, the methane hydrates grow downward into 

the bulk solution. With 0.25 wt% L-valine solution, the hydrate growth occurs 

gradually above the gas-liquid interface. This corresponds to the methane uptake 

profiles of 0.25 and 0.50 wt% L-valine systems, where deflections are observed 

between 160 and 180 minutes, Figure 4.3. Following this, the hydrates grow rapidly 

both above and below the gas-liquid interface. However, the hydrates cannot form to 

cover the entire window at the end of hydrate formation process, which may be the 

result of the immobile transitional states of water and an insufficient amount of L-

valine to promote the hydrate formation, as described earlier. With 0.50 wt% L-valine 

solution, the hydrates grow continuously in both directions and almost cover the 

entire window at the end of the process. In the case of 1.00 wt% L-valine, the rapid 
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growth of hydrates after hydrate nucleation in both directions is significantly faster 

than in the 0.25 and 0.50 wt% L-valine systems. Within 120 minutes, the hydrates 

completely cover the entire window. This corresponds to the methane uptake profiles 

in Figure 4.3. 

Interestingly, after the hydrate nucleation at the interface, the characteristics of 

the hydrate formation using L-valine at different concentrations are shown in Figure 

4.5. It shows the zoomed morphological observations of methane hydrate formation in 

the presence of L-valine after hydrate nucleation. It can be clearly observed that the 

hydrate crystals form and float in the bulk solution, Figures 4.5a and 4.5c. This is 

because of the inertia force of the solution, which results in the movement of the 

solution even after the stirring is stopped. Hydrate crystals are pulled down and 

dispersed in the bulk solution. Later, the hydrate crystals gradually float to the surface 

due to the buoyancy force. Furthermore, the capillary channels can be observed 

during the hydrate growth, Figures 4.5a and 4.5e. This is a characteristic of the porous 

hydrate structure. The bulk aqueous solution is carried through the porous hydrate 

structure via the capillary channels to the surface of the already formed hydrate layer 

and into contact with the existing methane gas, allowing further hydrate growth in the 

upward direction (Bhattacharjee and Linga, 2021). The characteristic of capillary 

channel was also reported by Veluswamy et al. (2016c), who investigated the mixed 

methane-THF hydrate formation using THF solution. Moreover, the characteristic 

methane bubble formation is observed in all L-valine experiments, Figures 4.5b, 4.5d, 

and 4.5f. The methane bubbles eventually expand in size and the hydrates become 

dense. This developing bubble hydrate layer links with the primary hydrate layer that 

allows gas molecules to interact with the bulk solution, resulting in more hydrate 

formation. This characteristic growth is consistent with an investigation of the 

morphology during methane hydrate formation and dissociation by Veluswamy et al. 

(2016a). Moreover, it can be seen that the L-valine concentrations have no effect on 

the pattern of methane hydrate formation. 
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4.2 Effect of L-leucine on Methane Hydrate Formation 

 

The next set of experiments investigate the effect of L-leucine at various 

concentrations (0.25, 0.50, and 1.00 wt%) was investigated. The methane hydrate 

formation in the presence of L-leucine was performed at 8 MPa and 277.2 K using the 

HCR approach. L-leucine has been widely reported to be an amino acid that 

significantly promotes the kinetics of methane hydrate formation (Liu et al., 2015; 

Veluswamy et al., 2016a; Veluswamy et al., 2017a). Table 4.2 presents induction 

time, rate of hydrate formation (NR30), time required to reach 90% of final methane 

uptake calculated from the nucleation (t90), methane uptake, water to hydrate 

conversion, and methane recovery for all experiments using various concentrations of 

L-leucine solution. Interestingly, it can be observed from Table 4.2 that L-leucine 

effectively promotes the methane hydrate formation at all concentrations using the 

HCR approach. 

Figure 4.6a presents the induction time and the rate of hydrate formation in the 

presence of L-leucine concentrations. It can be seen that the induction time of the 

presence of 0.25 and 0.50 wt% L-leucine solution gives very similar results, which are 

23.02 (±1.01) and 23.42 (±0.69) minutes, respectively. With the increase in the L-

leucine concentration to 1.00 wt%, the induction time decreases to 18.51 (±1.33) 

minutes. However, it is possible that the 0.50 wt% L-leucine system takes a longer 

time than the 0.25 wt% L-leucine system because of the stochastic nature of hydrate 

formation. In terms of hydrate formation rate (NR30), the results are similar at 0.25 

and 0.50 wt% L-leucine solutions, but significantly increase with the increase in the L-

leucine concentration to 1.00 wt%. In the same way as L-valine, L-leucine can 

promote methane hydrate formation by decreasing the gas-liquid interfacial tension, 

which allows gas molecules to easily enter the liquid phase and convert to hydrates. 

Also, the interfacial surface tension decreases as the L-leucine concentration 

increases. However, the final methane uptake and the water to hydrate conversion are 

the same in all L-leucine concentrations, as shown in Figure 4.6b. Moreover, they are 

also similar to those of L-valine systems, as mentioned earlier.    

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3
9
 

 

T
a
b

le
 4

.2
 E

x
p
er

im
en

ta
l 

re
su

lt
s 

fo
r 

m
et

h
an

e 
h
y
d
ra

te
 f

o
rm

at
io

n
 u

si
n
g
 d

if
fe

re
n
t 

L
-l

eu
ci

n
e 

co
n
ce

n
tr

at
io

n
s 

at
 8

 M
P

a 
an

d
 2

7
7
.2

 K
 

A
m

in
o
 a

ci
d
  

co
n
c.

 (
w

t%
)i

 

N
o
. 
 

E
x
p
. 

a 
In

d
u
ct

io
n
 t

im
e 

 

(m
in

) 

b
 N

R
3

0
 

(k
m

o
l 

o
f 

g
as

/ 

m
3
 o

f 
w

at
er

/h
r)

 
 

c 
t 9

0
  

(m
in

) 

M
et

h
an

e 
u
p
ta

k
e 

(m
m

o
l 

o
f 

g
as

/ 

m
o
l 

o
f 

w
at

er
) 

W
at

er
 t

o
 h

y
d
ra

te
  

co
n
v
er

si
o
n
 (

%
) 

%
 M

et
h
an

e 
 

re
co

v
er

y
 

0
.2

5
 

D
1
 

2
4
.1

7
 

3
.2

8
 

2
4
9
.3

3
 

1
3

2
.4

9
 

7
6
.1

8
 

9
7
.4

8
 

 
D

2
 

2
1
.7

0
 

3
.6

3
 

9
2
.6

7
 

1
3

2
.9

3
 

7
6
.4

3
 

9
7
.7

1
 

 
D

3
 

2
3
.2

0
 

3
.3

6
 

1
2
7
.1

7
 

1
3

2
.0

4
 

7
5
.9

2
 

9
8
.5

1
 

0
.5

0
 

E
1
 

2
2
.7

3
 

3
.7

6
 

6
7
.3

3
 

1
3

6
.2

9
 

7
8
.3

7
 

9
7
.8

4
 

 
E

2
 

2
3
.1

7
 

3
.9

7
 

8
1
.6

7
 

1
3

3
.7

7
 

7
6
.9

2
 

9
7
.3

0
 

 
E

3
 

2
4
.3

7
 

3
.5

0
 

9
4
.5

0
 

1
3

2
.7

5
 

7
6
.3

3
 

9
7
.3

8
 

1
.0

0
 

F
1

 
1
6
.6

3
 

5
.3

8
 

5
5
.8

3
 

1
3

1
.3

0
 

7
3
.1

4
 

9
5
.8

9
 

 
F

2
 

1
9
.5

3
 

5
.7

5
 

5
2
.6

7
 

1
3

0
.5

6
 

7
5
.0

7
 

9
5
.9

2
 

 
F

3
 

1
9
.3

7
 

5
.5

7
 

5
5
.5

0
 

1
3

0
.6

8
 

7
2
.7

9
 

9
7
.2

8
 

a 
In

d
u
ct

io
n
 t

im
e 

is
 t

h
e 

ti
m

e 
in

te
rv

al
 b

et
w

ee
n
 t

h
e 

st
ar

ti
n
g
 p

o
in

t 
o
f 

th
e 

ex
p
er

im
en

t 
(t

h
e 

st
ir

ri
n
g
 s

ta
rt

ed
) 

an
d
 t

h
e 

n
u
cl

ea
ti

o
n
 o

f 
th

e 
fi

rs
t 

h
y
d
ra

te
 c

ry
st

al
 (

th
e 

st
ir

ri
n
g
 s

to
p
p
ed

).
  

b
 N

R
3

0
 i

s 
th

e 
n
o
rm

al
iz

ed
 r

at
e 

o
f 

h
y
d
ra

te
 f

o
rm

at
io

n
 3

0
 m

in
 f

ro
m

 t
h
e 

in
d
u
ct

io
n

 t
im

e.
  

c 
t 9

0
 i

s 
th

e 
ti

m
e 

re
q
u
ir

ed
 t

o
 r

ea
ch

 9
0

%
 o

f 
th

e 
fi

n
al

 m
et

h
an

e 
u
p
ta

k
e 

ca
lc

u
la

te
d

 f
ro

m
 t

h
e 

n
u
cl

ea
ti

o
n
. 

39 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

40 

 

 

Figure 4.6 Effects of L-leucine concentrations on (a) induction time and NR30 and (b) 

methane uptake and water to hydrate conversion on methane hydrate formation at 8 

MPa and 277.2 K. 
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Figure 4.7 Average methane uptake profiles during methane hydrate formation using 

different L-leucine concentration at 8 MPa and 277.2 K. 

 

Figure 4.7 presents the average methane uptake profiles during methane 

hydrate formation at three different L-leucine concentrations. With 0.25 and 0.50 wt% 

L-leucine solutions, the hydrates grow at the same rate (0-30 minutes after 

nucleation). The hydrate formation takes about 160 minutes to complete 90% of the 

final methane uptake (t90) using a 0.25 wt% L-leucine solution. Upon increasing the L-

leucine concentration to 0.50 wt%, it results in much faster hydrate formation. In 

addition, the multiple growth stages are also observed in both 0.25 and 0.50 wt% L-

leucine solutions. This can be explained by the immobile transitional states of water at 

the low L-leucine concentrations, as discussed earlier. Interestingly, at the 1.00 wt% L-

leucine solution, the methane hydrate growth occurs in a single stage with a high rate 

of hydrate formation, and the time taken for 90% completion of hydrate formation 

(t90) is also reduced to 54.67 (±1.42) minutes. The final methane uptakes are not 

significantly different at each L-leucine concentration. Additionally, methane uptake 

profiles are identical to those discussed in the L-valine system and also consistent with 

literatures (Veluswamy et al., 2016a; Veluswamy et al., 2017a). 

The visual morphology observations of methane hydrate formation at different 

time intervals with various L-leucine concentrations are presented in Figure 4.8. At the 
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hydrate nucleation (t = 0 min), it can be observed that the solutions are turbid due to 

the hydrate nucleation occurring as the hydrate crystals along the gas-liquid interface, 

where the surface area is increased by stirring. These hydrate crystals are dispersed in 

the bulk solution by the solution movement after the stirring stops, resulting in 

turbidity of solution. Then, there is a rapid growth of hydrates in the downward 

direction into the bulk solution, which results in a cloudier solution as well as a slight 

growth of hydrates in the upward direction along the reactor wall. Following this, 

progressive hydrate formation takes place above the gas-liquid interface. Additionally, 

Figure 8 shows the zoomed morphological observations of methane hydrate formation 

in the presence of L-leucine. Figures 8a and 8d show the hydrate crystals dispersed in 

the bulk solution forming spontaneously porous hydrates. Similar to the discussion on 

the presence of L-valine, the capillary channels, which are the characteristic of a 

porous hydrate structure, can be clearly observed during the hydrate growth, Figure 

8b. However, it can be noted that the distinct capillary channel of the hydrate 

development is present in a short time (Veluswamy et al., 2016c). Therefore, it is 

unable to see the capillary channels at all concentrations. The hydrate crystals above 

the interface continue to grow up along the reactor wall until the hydrates form to 

cover the entire windows even at the low L-leucine concentrations (0.25 wt%), but it 

is observed that the hydrate structures grow loosely in the 0.25 wt% L-leucine system. 

With further increase in the L-leucine concentration, the hydrates grow faster and 

densely cover the entire window. The morphology during the methane hydrate 

formation in the presence of L-leucine in this work is consistent with the morphology 

study of methane hydrate formation in the presence of amino acid by Veluswamy et 

al. (2016a). 
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4.3 Effect of L-methionine on Methane Hydrate Formation 

 

The formation of methane hydrates in the presence of L-methionine was 

carried out at 8 MPa and 277.2 K using the HCR approach. Table 4.3 summarizes the 

methane hydrate formation kinetic parameters; the induction time, the rate of hydrate 

formation (NR30), the time required to reach 90% of final methane uptake calculated 

from the nucleation (t90), the methane uptake, the water to hydrate conversion, and the 

methane recovery for all experiments using various L-methionine concentrations of 

0.25, 0.50, and 1.00 wt%.  
The induction time and the rate of hydrate formation in the presence of L-

valine concentrations are depicted in Figure 4.10a. The induction time is identical to 

that of the L-leucine system, as discussed in the previous section. The L-methionine 

induction time seems to be higher with 0.50 wt% L-methionine than 0.25 wt% L-

methionine. Although this may seem to go against the expected trend, the stochastic 

nature of hydrate induction time measurement is a reasonable explanation (Inkong et 

al., 2022a). Additionally, the NR30 significantly increases as the L-methionine 

concentration increases. An interesting observation is that when the L-methionine 

concentration is increased to 1.00 wt%, it can promote methane hydrate formation 

with the highest rate of 12.28 (±0.22) kmol of gas/hr/m3 of water. L-methionine also 

exhibits an effect on methane hydrate formation kinetics similar to L-valine and L-

leucine by reducing the gas-liquid interfacial tension. Moreover, L-methionine may 

act as a dispersant to prevent the agglomeration of hydrate particles and the formation 

of a hydrate film at the gas-liquid interface, which would inhibit further hydrate 

formation (Cai et al., 2017; Uchida et al., 1999). Figure 4.10b shows the final 

methane uptake and the water to hydrate conversion using different L-methionine 

concentrations. Similarly, there is no effect of L-methionine concentration on the final 

methane uptake and the water to hydrate conversion as demonstrated in all 

experiments. 
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Figure 4.10 Effects of L-methionine concentrations on (a) induction time and NR30 

and (b) methane uptake and water to hydrate conversion on methane hydrate 

formation at 8 MPa and 277.2 K. 
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Figure 4.11 Average methane uptake profiles during methane hydrate formation 

using different L-methionine concentration at 8 MPa and 277.2 K.   

 

Figure 4.11 presents the average methane uptake profiles during methane 

hydrate formation with three different L-methionine concentrations. At 0-30 minutes 

after nucleation, the hydrates grow at a faster rate than that with L-valine or L-leucine. 

Also, it can be clearly observed that there are multiple growth stages in the 0.25 wt% 

L-methionine solution. However, the length of each growth stage is so short that it 

could almost be considered as a single stage. With 0.50 wt% L-methionine solution, 

the hydrates grow almost in a single stage. Moreover, the rate of hydrate formation 

significantly increases as the L-methionine concentration increases. Surprisingly, at 

1.00 wt% L-methionine solution, the methane hydrate growth occurs in a single stage 

with the highest rate of hydrate formation, and the time taken for 90% completion of 

hydrate formation (t90) similarly decreases to 34.78 (±3.35) minutes. The results are 

consistent with by Cai et al. (2017), who reported that the t90 was decreased as the L-

methionine concentration increased in the CO2 hydrate formation. As a result, it can 

be implied that L-methionine effectively promotes methane hydrate formation. 

Moreover, the morphology observations during methane hydrate formation 

using different L-methionine concentrations at 8 MPa and 277.2 K are presented in 

Figure 4.12. It can be clearly seen that the morphology during the formation in all L-
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methionine concentrations shows a similar growth pattern. The hydrates first occur at 

the vortex interface and concurrently grow upward into the gas phase and downward 

into the bulk solution, similar to the case of the L-valine system. With 0.25 wt% L-

methionine during the hydrate growth, it can also be clearly observed that the hydrates 

grow downward into the bulk solution with ‘bubble-like’ formation. As the L-

methionine concentration increases, the hydrates grow faster until they completely fill 

the window within approximately 30 minutes with no further significant 

morphological changes. Moreover, the characteristics during methane hydrate 

formation can be clearly seen in Figure 4.13. It can be seen that hydrates grow upward 

along the reactor wall with the capillary channel effect and downward into the bulk 

solution with methane bubble. However, these characteristics are not clearly observed 

at all L-methionine concentrations, due to the solution is evidently moving rapidly 

along the reactor walls, partly due to the reduction in surface tension caused by L-

methionine. 
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4.4 Comparative Effect of Amino Acids on Methane Hydrate Formation 

 

 

 

Figure 4.14 Average methane uptake profiles during methane hydrate formation 

using (a) 0.25 wt%, (b) 0.50 wt%, and (c) 1.00 wt% of different amino acids at 8 MPa 

and 277.2 K.   

(a) 

(b) 

(c) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 53 

Figure 4.14 shows the comparison of the methane uptake profiles during 

methane hydrate formation with L-valine, L-leucine, and L-methionine. The results 

show that the amino acids can induce the methane hydrate formation rate and 

demonstrate a similar final methane uptake. The presence of 1.00 wt% L-methionine 

promotes methane hydrate formation at the highest rate. Moreover, the induction time 

with 1.00 wt% L-methionine is the shortest among the amino acids. One interesting 

aspect of this work is that the final methane uptakes of hydrate formation with L-

valine, L-leucine, and L-methionine are nearly comparable to the SDS system under 

the same conditions (8 MPa and 277.2 K), according to Siangsai et al. (2018), they 

reported that the methane consumed was about 152 mmol of gas/mol of water using 8 

mM of SDS. As mentioned earlier, these three amino acids have different aliphatic 

side chains, which indicates that they have different hydrophobicity. For this reason, it 

is possible that the hydrophobic property of amino acids affects the methane hydrate 

formation kinetics. The hydropathy index is a number that can describe whether an 

amino acid side chain is hydrophobic or hydrophilic. Generally, the greater the 

number, the more hydrophobic the amino acid (L-valine has a hydropathy index of 

4.2, which is highly hydrophobic, L-leucine has a hydropathy index of 3.8, and L-

methionine has a low hydropathy index of 1.9) (Kyte and Doolittle, 1982; Mitaku et 

al., 2002). The hydrophobic amino acids are exceptionally attractive as kinetic 

promoters for methane hydrate formation because they are structurally similar to 

surfactants, which have been widely reported as highly effective kinetic promoters 

(Bavoh et al., 2019). However, the excessive hydrophobicity of amino acids affects 

the inhibition of methane hydrate formation. The charge on amino acids enables them 

to interact strongly with water molecules, disrupting the network of hydrogen bond 

between water molecules (Sa et al., 2013). L-methionine has the lowest hydropathy 

index of all investigated amino acids, but it is still classified as a hydrophobic amino 

acid. It can effectively promote the methane hydrate formation with the highest rate of 

hydrate formation by acting as a surfactant that reduces the interfacial surface tension 

between the gas and liquid phases, allowing gas molecules to permeate easily into the 

liquid phase and convert to hydrates (Raza et al., 2019; Rodríguez and Romero, 

2017). Therefore, L-methionine can be accepted to be an effective kinetic promoter 

for methane hydrate formation. Moreover, L-methionine effectively enhances hydrate 
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formation in pure CO2 and CH4-CO2 gas mixture systems (Cai et al., 2017; Prasad 

and Sai Kiran, 2018; Prasad and Kiran, 2020; Sa et al., 2013). In contrast, highly 

hydrophobic amino acids (L-leucine and L-valine) have been reported to significantly 

promote methane hydrate formation (Bavoh et al., 2018; Liu et al., 2015), but exhibit 

weak or no kinetic promotion in the case of pure CO2 hydrate formation (Prasad and 

Sai Kiran, 2018; Prasad and Kiran, 2018; Sa et al., 2013). In addition, the final 

methane uptake and water to hydrate conversion (shown in Tables 4.1-4.3) present 

similar results. It can be implied that the presence of amino acids and their 

concentration only effects on methane hydrate formation kinetics without influencing 

the thermodynamics. The results of this work are also consistent with the reports by 

Jeenmuang et al. (2021) and Inkong et al. (2022b). 

Although it is obvious that hydrophobic amino acids significantly enhance 

methane hydrate formation, the mechanism of hydrate formation in the presence of 

amino acids is not clearly understood. According to a concept proposed by Frank and 

Evans (1945) and supported by many studies (Bhattacharjee and Linga, 2021; 

Chandler, 2005; Grdadolnik et al., 2017; Nguyen and Nguyen, 2017), when an amino 

acid is mixed with water, it forms spontaneously hydrophobic pockets or zones inside 

the solution. To avoid the hydrophobic amino acid, water molecules strongly 

aggregate and are generated in the form of a clathrate-like empty cage, known as the 

hydrophobic hydration shell. In addition, the nonpolar gas molecules (methane) are 

induced by hydrophobic interactions to assemble around the hydrophobic hydration 

shells, resulting in an enriched gas density in these zones. The enhanced gas density 

and the existing hydrophobic hydration shells make the hydrate nucleation occur 

faster. Therefore, this concept could be used to explain how hydrophobic amino acids 

promote the methane hydrate formation in this work.  

 

4.5 Hydrate Dissociation 

 

As described in the experimental procedure, the hydrate dissociation 

experiments were performed using the thermal stimulation method to investigate the 

decomposition behavior and hydrate stability after completion of methane hydrate 

formation. The temperature was increased from 277.2 to 298.2 K. The heating rate for 
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all the conducted experiments was the same. The final methane recovery of all 

experiments is presented in Tables 4.1-4.3. The final methane recovery in the 

presence of amino acids at different concentrations is in the range of 95-100%. 

According to the results, it can be concluded that the presence of amino acids has no 

effect on the final methane recovery. 

 

 

Figure 4.15 Average normalized methane recovery profiles during methane hydrate 

dissociation in the presence of (a) different amino acid concentration and (b) different 

amino acids. 
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To further investigate the effects of amino acids on the hydrate dissociation 

kinetics, the average normalized methane recovery profiles are presented in Figure 

4.15. The effect of different amino acid concentrations on the hydrate dissociation 

kinetics is represented by the dissociation of hydrates formed with L-methionine at 

different concentrations, Figure 4.15a. As seen in the figure, the gas released at the 

beginning of the process (about 0-8 minutes) is not observed because the hydrate 

dissociation process is an endothermic process that requires heat to dissociate the 

hydrogen bonds of the formed hydrate cages. It can be observed that the rate of 

hydrate dissociation increases as the L-methionine concentration increases. This result 

corresponds with the reports by Ganji et al. (2007) and Lin et al. (2004) for the 

dissociation of methane hydrates. The presence of amino acids decreases the formed 

hydrate particle size, resulting in a vastly larger surface area (Ganji et al., 2007). Heat 

transfer is faster due to the larger surface area. Therefore, the amino acid 

concentration results in an increase in the hydrate dissociation rate. Another point is 

that the effect of different amino acids on the hydrate dissociation kinetics is 

represented by the dissociation of hydrates formed with different amino acids at 1.00 

wt% concentration, Figure 4.15b. Obviously, it can be seen that the time required to 

decompose the methane hydrates formed with L-methionine and L-valine is shorter 

than that with L-leucine. As a result, the hydrate formed with L-methionine and L-

valine systems need less heat to start the dissociation process. Furthermore, the 

hydrates formed with L-methionine, L-leucine, and L-valine completely dissociate 

within 55, 58, and 70 minutes in, respectively.  

Additionally, Figure 4.16 presents the morphology observations during the 

hydrate dissociation in the presence of amino acids. It can be observed that the hydrate 

dissociation patterns are similar in all systems. However, differences in time between 

each phase of dissociation can be observed. After about 40 minutes from the 

beginning of hydrate dissociation, it can be seen that the traces of hydrates start to 

decompose along the sapphire window. Since the reactor is surrounded by heated 

water, the heat is transferred directly to the reactor wall. As seen in the sapphire 

window around 5-10 minutes later, the progressive decomposition of the hydrate layer 

occurs along the window. Following that, the hydrate clusters decompose constantly, 

revealing the regenerated solution at the bottom of the reactor (about 50-60 minutes 
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after the start of hydrate dissociation). Within 70 minutes following the initiation of 

hydrate dissociation, the hydrate clusters are completely decomposed, as only the 

solution is present in the reactor. However, the decomposition of hydrates formed 

using 0.25 wt% L-methionine is quite slower than that using 1.00 wt% L-methionine, 

as shown in Figures 4.16a and 4.16b. When comparing each amino acid at the same 

concentration (1.00 wt%), the L-valine and L-methionine systems decompose faster 

than the L-leucine system, as can be clearly seen in Figures 4.16b-4.16d. These 

morphological observations are consistent with the normalized methane recovery 

profiles shown in Figure 4.15. One interesting observation in the presence of amino 

acids is that no foam is generated upon the dissociation of hydrates. Due to the 

absence of foam formation, amino acids are attractive candidates for deployment in 

hydrate-based gas storage applications (Liu et al., 2020; Veluswamy et al., 2016a). 

Moreover, all the results in the presence of amino acids correspond with previous 

studies in our group (Inkong et al., 2022b; Jeenmuang et al., 2021). 
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Subsequently, the effects of memory solution on the methane hydrate 

formation at 8 MPa and 277.2 K were investigated by repeating the experiments with 

the reused solution. After completion of hydrate dissociation, the used methane gas is 

gradually released from the reactor. Then, the system is reset with the original 

experiment conditions. All kinetic results in both fresh and reused solutions are 

summarized in Table 4.4. As can be observed, the induction time is reduced in the 

memory experiments. This is because some amount of methane gas remains dissolved 

in the solution due to incomplete methane recovery. When the stirring is started, the 

existence of dissolved methane in the reused solution could induce the hydrate 

nucleation to occur faster than in the fresh solution (Makogon, 1997; Wu and Zhang, 

2010). However, it can be observed that there is no significant difference in the NR30 

and the t90 between fresh and reused solution systems. Furthermore, the final methane 

uptakes achieved from the fresh and reused solutions of amino acids are presented in 

Figure 4.17. There is no significant difference in the final methane uptake between 

fresh and reused solution systems. It can be implied that the methane hydrate 

formation in the presence of amino acids can occur again with similar efficiency. 

Therefore, it can be confirmed that amino acids are the effective kinetic promoters in 

methane hydrate formation for SNG technology and gas storage applications. 

 

Figure 4.17 Final methane uptakes achieved from the fresh and reused solutions of 

1.00 wt% L-valine, L-leucine, and L-methionine at 8 Mpa and 277.2 K. 
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CHAPTER 5  

CONCLUSION AND RECOMMENDATIONS 

 

5.1 Conclusion 

 

In this work, the methane hydrate formation using three different amino acids 

was investigated at 8 MPa and 277.2 K using the HCR approach. By increasing the 

surface contact area, the HCR approach effectively overcomes the limitation of gas 

transfer into the liquid phase, thus improving hydrate nucleation and reducing the 

induction time. Three amino acids significantly enhance the hydrate formation rate 

and decrease the induction time, especially in L-methionine. With low amino acid 

concentrations, the deflection points are observed during the methane hydrate 

formation due to the lower amount of amino acid, resulting in ineffectively promoting 

the methane hydrate formation. Moreover, these effects become more apparent as the 

amino acid concentration increases. However, these three amino acids show similar 

results with no effect on the final methane uptake and the water to hydrate conversion. 

The morphology observation during the hydrate formation in the presence of each 

amino acid shows that the hydrate nucleation occurs at the gas-liquid interface. Then, 

hydrates grow upward along the reactor wall and downward into the bulk solution. 

Finally, the hydrates grow densely until they cover the entire window. Methane 

recovery is greater than 95%, and there is no foam formation during the dissociation 

process in all experiments. Moreover, three amino acids in the reused solutions can 

promote the second formation with the same results as the first formation. 

 

5.2 Recommendations 
 

To obtain more understanding of the effect of amino acids on methane hydrate 

formation, studies using other amino acids should be performed. In addition, an in-

depth study of the memory effect should also be carried out, including an analysis of 

the amino acid content remaining after each hydrate formation. For the variety of gas 

hydrate applications, this investigated system should be applied to study the CO2 

hydrate and mixed gas hydrate formation.  
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APPENDIX 

GRAPHICAL ABSTRACT 

 

Appendix A Graphical Abstract 
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