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Abstract 
 
Gas hydrates are studied for a wide variety of industrial applications extending 

from exploitation of natural gas to gas storage, transportation and separation. A 
stronger understanding of the kinetics of various hydrate promoters is necessary to 
pursue the large-scale implementation of such technologies. This thesis investigates gas 
hydrate growth and dissolution of different combinations of known kinetic and 
thermodynamic promoters. A novel method of analyzing kinetics for carbon dioxide gas 
hydrates is developed due to the high variability in gas consumption rates. A first-order 
response between gas consumption and induction time is shown for carbon dioxide gas 
hydrates. This is attributed to the different quantities of dissolved gas at nucleation 
owing to the different induction times. This behaviour is not observed for methane 
hydrates due to longer average induction times and lower methane solubility in water 
than carbon dioxide. This new method is used to inspect the carbon dioxide hydrate 
kinetics of adding multi-walled carbon nanotubes (MWCNTs) to a tetrabutylammonium 
bromide (TBAB) solution. The addition of MWCNTs does not result in a change in the 
actual hydrate growth rate but only in the dissolution rate, hinting that hydrate growth 
is not limited by carbon dioxide transfer at the gas-liquid interface. In another study, the 
kinetic promoter, sodium dodecyl sulfate (SDS), is added to the thermodynamic 
promoter TBAB in a methane hydrate system over a range of different concentrations of 
both promoters. The growth rates of pure TBAB systems decrease monotonically with 
increasing TBAB concentration. The addition of SDS to a dilute TBAB solution initially 
inhibits hydrate growth rate until a threshold SDS concentration is reached at which the 
system enters a promotion regime. This effect is also observed at high TBAB 
concentrations whereby the thermodynamic equilibrium is changed. This study 
highlights the importance of considering the effect of mixtures of hydrate additives on 
the process of hydrate nucleation and growth. 
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Résumé 
 
Les hydrates de gaz sont étudiés pour une grande variété d'applications 

industrielles notamment l’exploitation du gaz naturel, le stockage, le transport et la 
séparation des gaz. Une meilleure compréhension de la cinétique de divers promoteurs 
d'hydrates est nécessaire pour poursuivre le développement de ces technologies. Cette 
thèse étudie la croissance et la dissolution des hydrates de gaz sous différentes 
combinaisons de promoteurs cinétiques et thermodynamiques connus. Une nouvelle 
méthode d'analyse de la cinétique des hydrates de dioxyde de carbone est développée dû 
à une grande variabilité des vitesses de consommation de gaz. Une fonction du premier 
ordre entre la consommation de gaz et le temps d'induction est démontrée pour les 
hydrates de dioxyde de carbone et est attribuée à la différente quantité de gaz dissous à 
la nucléation à différents temps d'induction. Ce comportement n'est pas observé pour 
les hydrates de méthane en raison de temps d'induction plus élevés et d'une solubilité 
plus faible que celle du dioxyde de carbone. Ce nouveau procédé est utilisé pour 
inspecter la cinétique de l'hydrate de dioxyde de carbone en ajoutant des nanotubes de 
carbone multi-parois (MWCNTs) à une solution de tetrabutylammonium bromide 
(TBAB). L'addition de MWCNTs n'entraîne pas de changement de la vitesse de 
croissance de l'hydrate mais seulement de la vitesse de dissolution, ce qui suggère que la 
croissance de l'hydrate n'est pas limitée par le transfert de dioxyde de carbone à 
l'interface gaz-liquide. Ensuite, le promoteur cinétique du sodium dodecyl sulfate (SDS) 
est ajouté au promoteur thermodynamique TBAB dans un système d'hydrate de 
méthane à une gamme de concentrations différentes. Les systèmes TBAB purs ont une 
vitesse de croissance monotone décroissante avec une augmentation de la concentration 
de TBAB. L'addition de SDS à une solution de TBAB à faible concentration inhibe 
initialement la vitesse de croissance d'hydrates jusqu'à ce qu'une concentration seuil de 
SDS soit atteinte pour obtenir un régime de promotion. Cet effet est également observé à 
une concentration de TBAB plus élevée où l'équilibre thermodynamique est modifié. 
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Cette étude souligne l'importance de considérer les divers effets des mélanges d'additifs 
hydrates sur le processus de nucléation et de croissance. 
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Chapter 1 
 

1 Introduction 
 
Gas hydrates are solid inclusion compounds formed from the combination of 

water and gas molecules at high pressures and low temperatures. The solid phase 
consists of a host lattice of hydrogen-bonded water molecules that encage guest gas 
molecules such as methane and carbon dioxide. Naturally occurring methane hydrates 
in ocean beds and permafrost regions are thought to contain the majority of all 
recoverable carbon on earth. Recognizing this immense energy resource, the Methane 
Hydrate Research and Development Act was enacted by the United States Congress, an 
initiative which was followed by other countries such as Japan, India and China 
(Tabuchi, 2013; Letcher, 2014; Yamamoto et al., 2014; Collett et al., 2015). 

Furthermore, commercial development of technologies using gas hydrates has 
recently gained interest. These applications include the storage and transportation of 
natural gas and hydrogen in hydrate form. With global warming and climate change 
becoming an issue of worldwide concern, the proposed use of clathrate hydrates to 
capture and store carbon dioxide is becoming conceivable. Lastly, gas hydrate 
technologies could provide a means to purify water, addressing the lack of access to 
clean water and basic sanitation due to human population growth. At the present time, 
the relatively severe conditions required for formation, the slow hydrate growth kinetics 
and the lack of scalability studies stand as the most significant barriers to the large-scale 
development of the described technologies. The focus of this work is to provide a further 
understanding on gas hydrate kinetics and to investigate the effect of combining 
different known promoters on the formation process to ultimately facilitate the 
development of different applications. 

The present thesis begins with a literature background in Chapter 2 to provide 
the reader with a perspective on the field of hydrate research as well as previous 
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research in hydrate kinetics. Chapter 3 investigates the kinetic behaviour of pure carbon 
dioxide and methane gas hydrates with respect to different induction times.  Chapter 4 
expands on this first study by applying this knowledge to the carbon dioxide hydrate 
system of tetrabutylammonium bromide (TBAB) with and without the addition of multi-
walled carbon nanotubes (MWCNTs). Chapter 5 builds on Chapter 4 by considering the 
addition of Al2O3 nanoparticles to a methane-sodium dodecyl sulfate (SDS)-water 
hydrate system. Chapter 6 focuses on methane hydrate growth with the combination of 
two well-known hydrate promoters, TBAB and SDS. The final study found in Chapter 7 
consists of an analysis of the combination of TBAB and SDS with a carbon dioxide 
hydrate system. Chapter 8 offers a comprehensive conclusion to the thesis and 
recommends potential future work.  

 



 

 3

 
 
 

Chapter 2 
 

2 Background 
  

2.1 Historical Perspective and Applications 
 
A clathrate consists of the inclusion of a guest molecule within the cavities of the 

crystal lattice of another host molecule. In a subgroup of clathrates known as hydrates, 
the host molecule consists of hydrogen-bonded water molecules as the crystal lattice. 
Gas hydrates are nonstoichiometric crystalline compounds that arise when a gas or 
volatile liquid is encapsulated within the cavities of water molecules. Without the 
presence of this gas or volatile liquid, the water molecules would not be 
thermodynamically stable in the solid hydrate phase. The size of the guest molecules 
must be of a specific size to fit inside and stabilize the crystal lattice via weak Van der 
Waals forces with the host water molecules (Sloan et al., 2008). Pure gas hydrates 
generally form at moderate temperatures (0-10 °C) and high pressures (above 1 MPa). 
There are over 180 different molecules that form gas hydrates, notably methane and 
carbon dioxide, which are of particular interest for research and industrial applications 
(Englezos, 1993). 

Gas hydrates were first documented in 1810 by Sir Humphrey Davy with the 
discovery that chlorine gas dissolved in water would freeze at temperatures of up to 9.0 
°C (Sloan et al., 2008). Until the 1930s, the clathrate research consisted mainly of 
identifying the different compounds that produced hydrates and the ratio of gas to water 
of each type. In 1934, Hammerschmidt showed that gas hydrates were causing 
blockages in natural gas transmission lines (Hammerschmidt, 1934). This discovery lead 
to a growing interest in gas hydrate prevention, also called flow assurance, for the 
petroleum industry. Academic interest in the field increased significantly and focused 
primarily on predicting and inhibiting hydrate formation. Recently, complications with 
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the BP oil spills in the Gulf of Mexico were due to a large volume of hydrates that formed 
inside a pipe the containment dome (CBCNews, 2010). Increasing the temperature and 
adding inhibitors are the current methods of preventing gas hydrate formation in 
pipelines. Researchers in industry and academia are constantly working on finding ideal 
additives to prevent hydrate formation.  

The next turning point in hydrate research was the discovery of in situ natural 
gas hydrates in Siberian permafrost during the 1960s by Makogon (Makogon, 1965). 
Furthermore, it was determined that gas hydrates occurred very frequently in the earth’s 
crust (Englezos, 1993). Following this discovery, gas hydrates also became relevant as a 
potential energy resource. Geophysical properties and gas recovery became new 
additions to the field of study (Dallimore et al., 1998; Sloan et al., 2008). Of particular 
interest are methane hydrates that occur in both permafrost areas and marine 
sediments where equilibrium conditions are found (Pellenbarg et al., 2000). Current 
conservative estimates suggest that the amount of energy stored in natural gas hydrate 
deposits, which predominantly consist of methane gas, is double the amount of all the 
other fossil fuels combined (Sloan et al., 2008). Recognizing this immense energy 
resource potential, the Methane Hydrate Research and Development Act was enacted by 
the United States Congress in 2000 to evaluate the feasibility of their extraction and use 
(Collett et al., 2015). On-shore hydrate deposits have already been successfully extracted 
and Japan has recently started testing deep sea reserves (Tabuchi, 2013; Yamamoto et 
al., 2014). India and China have also invested in methane hydrate research and 
development programs for the possible recovery of natural deposits (Letcher, 2014; 
CNN, 2017). The enormous quantities of methane stored as metastable hydrates also 
pose an environmental issue as methane is a strong greenhouse gas (Suess et al., 1999). 

A few other prospective gas hydrate applications are a main part of present-day 
hydrate research. The use of gas hydrate pellets could be used for natural gas and 
hydrogen storage and transportation (Gudmundsson et al., 1995; Sugahara et al., 2009). 
Remote natural gas recovery projects, where production is too expensive for a pipeline 
or liquefied natural gas plant, would be a case where hydrates could be more 
economically viable (Gudmundsson et al., 2000). Gas hydrate pellet technology is near 
commercialization in Japan with current reports now focusing on the optimization of 
production efficiency at the pilot-plant scale (Watanabe et al., 2008).  The main 



CHAPTER 2: BACKGROUND 
 

 5 

advantage lies in the fact that hydrates can be stored at moderate temperatures and 
pressures that are safer and less costly compared to liquefied natural gas (-162 °C) and 
compressed gas (200 atm) (Thomas, 2003). Another exciting novel application is the 
use of gas hydrates in separation processes, such as flue gases, where carbon dioxide can 
be preferentially captured while excluding nitrogen and other benign molecules (Kang et 
al., 2000b; Chatti et al., 2005; Eslamimanesh et al., 2012; Babu et al., 2013; Babu et al., 
2015; Ma et al., 2016). Carbon dioxide recovery and sequestration in the petroleum 
industry using gas hydrates could be an economic alternative to current processes that 
exhibit a high energy costs and require large quantities of chemicals (ZareNezhad et al., 
2016). Collectively, each of these applications is made possible by using the high storage 
capacity of gas hydrates in which one cubic meter of methane hydrate can release up to 
160 cubic meters of methane gas at standard conditions (Taylor et al., 2003).  

At the present time, the relatively severe conditions required for formation, the 
slow hydrate growth kinetics and the lack of scalability studies stand as the most 
significant barriers to the large-scale development of the described technologies (Yin et 
al., 2016). 
 

2.2 Clathrate Structure 
 
Gas hydrates consist of a host water molecule and a guest compound. The host 

molecule forms a crystal lattice that accommodates the guest molecule: a gas or volatile 
liquid. The crystal lattice is held together not only through hydrogen bonding between 
water molecules but also by the weak Van der Waals forces between guest molecules and 
water. In fact, the water structure is not thermodynamically stable and would collapse in 
the absence of the encapsulated molecule. The diameter of the guest molecule must be 
smaller than that of the cavity; furthermore, the guest molecule must not interfere with 
the hydrogen bonding in the crystal lattice.  

Hydrates form in different configurations based on the thermodynamic 
conditions and guest molecule sizes. The three most common pure hydrate structures 
are: structure I (sI), structure II (sII), and structure H (sH) (Sloan et al., 2008). 
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The various structures are made up of multiple polyhedron sub-cages. A cage 
common to all three structures is named the small cage. The naming convention that 
describes the cavities as a polyhedron was provided by Jeffrey as follows (Jeffrey, 1984): 

the number of edges ni with face type i and mi faces with ni edges is written as . For 

instance, the small cage found in all structures is denoted by a 512 polyhedron because it 
has 12 pentagonal faces. 

Structure I consists of a small and a large cavity. The small cage is a 512 
polyhedron with an average radius of 0.395 nm while the large cage is a 51262 
polyhedron with an average radius of 0.433 nm (Gabitto et al., 2010). The unit cell is 
body-centered cubic with 2 small and 6 large cavities, which amounts to 46 water 
molecules. Structure I usually accommodates molecules whose diameters are between 
0.41 nm and 0.58 nm, such as methane and carbon dioxide (Englezos, 1993). Structure I 
hydrates occur naturally because they form with naturally occurring gases such as 
methane, ethane and carbon dioxide.  

Structure II consists of the same small cage 512 and a large cage of 51264 (Mak et 
al., 1965).  The small cage and large cage have an average radius of 0.391 nm and 0.473 
nm, respectively (Gabitto et al., 2010). Notice that the radius of the small cage is smaller 
than that of a structure I hydrate even though their shapes are the same. The unit cell is 
a face-centered cubic with 16 small cavities and 8 large cavities. The unit cell contains 
136 water molecules. The guest molecules for Structure II typically have an average 
radius below 0.41 nm or above 0.55 nm and include molecules such as propane, 
tetrahydrofuran (THF), and nitrogen (Englezos, 1993). It is the structure commonly 
found in pipeline for natural gas hydrates. 

The last structure discovered by Ripmeester et al. (Ripmeester et al., 1987) is 
called structure H, and is characterized by the need for two distinct guest molecules to 
occupy its cages. Once again, the small cage 512 is found with an average radius of 0.391 
nm. Structure H has a medium 435663 cage of 0.406 nm radius and a large 51268 cage of 
0.571 nm radius (Gabitto et al., 2010). The unit cell is hexagonal and contains 34 water 
molecules. The large cavity is estimated to fit guests up to 0.9 nm in diameter. Structure 
H is found in nature as well as man-made environments (Sloan et al., 1998). Figure 2.1 
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displays the different unit cells with the associated cavity types for the three different 
structures. 

 
Figure 2.1: Structure I, II, and H unit cells and polyhedrons that form them. Adapted 

from (Koh et al., 2011). 

 
An important difference between structures is that structure H requires two 

molecules of different sizes to stabilize the crystal. Structure I and II, on the other hand, 
only need one component to occupy the cavities to make it thermodynamically stable. 
For example, methane gas hydrates form with one gas where methane can enter both 
the small and large cage to stabilize the structure I crystal lattice. It is also possible to 
only have one cavity filled and the other one empty to form the hydrate, as is the case 
with ethane and structure I (ethane is too large for the small cage).  Structure H is 
unique in that a large molecule is not enough to stabilize the lattice and requires a 
smaller molecule to fill the smaller cages. 
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Another important aspect of hydrate structure is cage occupancy. The cages are 
seldom 100 % occupied by guest molecules. Methane hydrates forming structure I are 
estimated to fill 50 % and 95 % of the small and large cages, respectively (Sloan et al., 
1998). This is the reason why clathrate hydrates are referred to as non-stoichiometric 
compounds. 
 

2.3 Phase Equilibria 
 
Phase equilibria of gas hydrates are one of the most significant research areas 

fuelling practical applications. It is crucial for the oil and gas sector to identify the 
pressure and temperature conditions at which the gas hydrates will form or dissociate. 
Additionally, it is useful to establish the conditions at which specific gas hydrate systems 
will form in the laboratory. Phase equilibrium provides information about the fractions 
of different components in each phase and the cage occupancy. Gas hydrate equilibrium 
depends on temperature, pressure, gas composition, and the composition of the 
condensed phase (including liquid hydrocarbon phase and chemical inhibitor 
concentration) (Koh et al., 2011). Vapour, liquid, and gas hydrate solid are usually the 
co-existing phases present, but other phases such as ice and liquefied hydrate former 
can also be present (Mullin, 2001). An example of a carbon dioxide gas hydrate 
equilibrium phase diagram can be seen in Figure 2.2. 
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Figure 2.2: Phase diagram for the carbon dioxide hydrate system. 

 
Since there is a very large number of hydrate-forming multi-component 

mixtures in industrial processes, it is uneconomical and impossible to obtain the 
equilibrium data for all these mixtures. A thermodynamic modeling approach to 
predicting hydrate properties has been developed and is widely used today to conduct 
these estimates. The vapour-liquid region is well characterized both experimentally and 
with models using equations of state such as the Peng-Robinson (Peng et al., 1976) and 
Trebble-Bishnoi (Trebble et al., 1987; 1988) to accurately describe the thermodynamic 
properties of these phases. Liquid models have also been developed to focus on the 
complexity of this phase, such as the non-random two liquid model (NRTL) (Renon et 
al., 1968) and the statistical associating fluid theory (SAFT) (Chapman et al., 1989), for 
example. The solid phase modeling of gas hydrates uses a successful application of 
statistical thermodynamics called the van der Waals and Platteeuw model (van der 
Waals et al., 1959). This model calculates the fugacity of water in the hydrate phase and 
makes it possible to solve for two-phase (hydrate-liquid or hydrate-vapour) or three-
phase (hydrate-vapour-liquid) equilibria. Due to the lengthy and complex experimental 
determination of liquid mole fractions, accurate prediction of these values are essential 
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to identify the thermodynamics of hydrate formation and kinetic models of different 
systems (Renault-Crispo et al., 2014). 

 

2.4 Kinetics 
 
To study hydrate kinetics, a vapour-liquid system must be placed in a hydrate-

liquid region subject to a pressure or temperature driving force as depicted in Figure 
2.2. Given the thermodynamically favourable conditions, hydrates will eventually 
nucleate and grow until the system reaches the three-phase equilibrium line or all the 
water has been consumed. Experimentally, the system must be kept at constant pressure 
and temperature throughout a kinetic run to ensure a constant driving force. Hydrate 
growth rates are typically studied in chilled high-pressure crystallizers that vary based 
on experimental needs. These can range from small to large reactors, stirred or 
quiescent systems, and can include a large variety of sensors for measuring parameters 
ranging from temperature to crystal size (Linga et al., 2017). In this work, a stirred semi-
batch crystallizer is used. The temperature is kept constant by submerging the reactor in 
a glycol bath, while the pressure is maintained using a control valve. The amount of gas 
supplied by this control valve is used to calculate the gas consumption over time.  

A typical gas consumption curve over time is shown in Figure 2.3. The hydrate 
formation curve can be separated into three distinctive stages: dissolution, induction, 
and growth. 
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Figure 2.3: Typical gas consumption curve measured during a hydrate formation 

experiment. 

 

2.4.1 Dissolution and Induction 
 
The dissolution or saturation phase is the period during which the guest 

molecules dissolve in the liquid water through the gas-liquid interface without the 
presence of a solid phase. At a given time the system will reach the point of saturation 
denoted as neq at time teq in Figure 2.3. This occurs when the liquid becomes fully 
saturated with the gas and the liquid mole fraction is at the hydrate-liquid equilibrium 
value. After the saturation point is reached, the gas will continue dissolving into the 
liquid due to the driving force, allowing for supersaturation in a stage called the 
induction phase, or nucleation phase.  

In the induction stage, small clusters of hydrate nuclei continuously form and 
dissociate as a result of local concentration gradients until a critical cluster radius is 
achieved, whereby the nucleus has reached energetic stability (Mullin, 2001; Sloan et al., 
2008).  The turbidity point is achieved when the first nucleus reaches the critical size, 
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triggering the onset of hydrate growth. The induction time, tind, is defined as the time 
taken for nucleation. Two types of nucleation are commonly found: homogeneous and 
heterogeneous (Mullin, 2001). Homogeneous nucleation occurs when the crystal 
clusters of the new hydrate phase are only in contact with the liquid phase and occurs in 
the bulk of this liquid phase (Kashchiev, 2000). Heterogeneous nucleation takes place 
when supersatured liquid phase is in contact with other phases or molecular species. 
Heterogeneous nucleation is almost exclusively found in gas hydrate systems because of 
the presence of foreign molecules, microscopic particles, bubbles, and the contact with 
other solid phases, such as the reactor wall. The heterogeneous contact reduces the 
energy barrier required for crystal formation by diminishing the surface area of the new 
interface (Callister et al., 2010). The induction time for nucleation is stochastic in nature 
but is influenced by different factors such as the driving force (Bishnoi et al., 1996), 
secondary nucleation sites (Natarajan et al., 1994), size of guest molecule (Sloan et al., 
2008), mixing (Englezos et al., 1987) and history of the water (Vysniauskas et al., 1983). 
A temperature spike characterizes this turbidity point, which is a result of the enthalpy 
of solidification. 

The gas dissolution section of the hydrate formation process can be modeled 
using a mass balance across the gas-liquid interface and a mass transfer coefficient. 
Assuming the system is well mixed, the system is described using the equation Eq. 2.1. 

 
 Eq. 2.1 

The number of moles dissolved is represented by n, t represents the time, A is the gas-
liquid interfacial area, k is the mass transfer coefficient, V is the volume, and ns is the 

hypothetical number of moles dissolved at time infinity. A time constant τ is defined as 

 and integrating Eq. 2.1 yields Eq. 2.2. 

 
 Eq. 2.2 

Thus, the dissolution and induction processes behave as a first order response according 

to this model. The time constant τ corresponds to the time required to dissolve 63.2 % of 

ns. Dissolution data of moles dissolved over time can be used to determine both τ and ns 

through regression, and these can be used to compare different systems.  
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It is important to distinguish two types of dissolution experiments based on the 
thermodynamic conditions. If the temperature and pressure conditions matches or is 
below the three-phase equilibrium line, mass transfer will terminate at ns. However, if 
the system is above this equilibrium line, providing a driving force for nucleation, it will 
enter the induction phase and hydrate can stochastically nucleate at any given time. In 
these experiments, only the gas dissolution before hydrate nucleation can be modeled 
according to Eq. 2.2. 
 

2.4.2 Growth 
 
Following hydrate nucleation, the consumption of hydrate former gas increases 

linearly until the limits of the system are approached (e.g. all water converts to hydrate 
phase) (Mullin, 2001). This linear consumption of gas is referred to as the hydrate 
growth rate. The growth period is an exothermic process where the supersaturated gas 
and water form a solid hydrate phase. Numerous studies have attempted to analyze and 
ultimately predict a model for this growth rate. The pioneering model was proposed by 
Glew and Hagget and was based on the temperature difference between the reactor and 
cooling bath (Glew et al., 1968a; 1968b). More recently, an assortment of kinetic models 
has been developed where the main difference is the driving force employed. Different 
driving forces include temperature (Vysniauskas et al., 1983; 1985), pressure, chemical 
potential, fugacity (Englezos et al., 1987) and concentration (Skovborg et al., 1994). To 
address the difficulty in characterizing mass transfer across the vapour-liquid interface 
in these models, Bergeron and Servio measured the bulk liquid mole fraction of the 
hydrate former and developed a model using this as the driving force represented in Eq. 
2.3 (Bergeron et al., 2008a; 2008b). 

 
 Eq. 2.3 

The model relates the gas consumption ( ) to a driving force determined by the 

difference between the hydrate former bulk liquid mole fraction ( ) and the hydrate 

former solubility under hydrate-liquid equilibrium at experimental temperature and 

pressure ( ). This driving force eliminates the need to calculate the mass transfer 
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effects at the vapour-liquid interface. The equation includes terms for the liquid volume 
(VL), mass density of water ( ) and molecule weight of water (MWw). The second 

moment of particle size distribution ( ) is a representation of the hydrate crystal size. 

The last variable is the intrinsic reaction rate constant (kr). The rate constant is fit to 
experimental data to be used to later predict the kinetics of the system. This model has 
been successfully applied to pure gas hydrate systems of CO2 (Bergeron et al., 2008a) 
and CH4 (Bergeron et al., 2010). 
 

2.5 Hydrate Additives 
 
Many different compounds can be added to water in order to promote or inhibit 

hydrate formation and growth. This work focuses primarily on improving the slow 
growth kinetics of gas hydrate growth by the addition of various promoters. The use of 
chemical promoters to increase the rate of hydrate formation has been investigated 
extensively and is still the topic of many publications in the field. Promoters can be 
separated into two broad categories: kinetic promoters and thermodynamic promoters. 

 

2.5.1 Kinetic Promoters 
 
Kinetic promoters refer to substances that have been shown to significantly 

increase hydrate formation rates without affecting the thermodynamic conditions of the 
system. In other words, the hydrates will form at the same temperature and pressure 
but exhibit enhanced growth rates compared to a system without the promoting 
compound. They are normally used at very low concentrations, thus not affecting the 
thermodynamic equilibrium (Sloan et al., 2008).  

 

2.5.1.1 Surfactants 
 
An example of these kinetic promoters is surfactant molecules, the most notable 

of which is sodium dodecyl sulphate (SDS) (Zhong et al., 2000; Ricaurte et al., 2012; 
Verrett et al., 2012b; Verrett et al., 2012a; Kumar et al., 2013). The use of 242 ppmw 
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SDS increased hydrate growth rates up to 700 times compared to pure water in a 
quiescent system (Zhong et al., 2000). SDS and other surfactants also increased gas 
storage capacity by converting more of the available water into solid hydrate (Sun et al., 
2003). In stirred systems, SDS increased the growth rate by a factor of nearly 5 
compared to a pure water system (Verrett et al., 2012a). A sigmoidal trend is observed 
between SDS concentration and growth rate, with a maximum plateau reached around 
575 ppmw SDS (Verrett et al., 2012a). In a review on the use of surfactants for gas 
hydrate promotion, Kumar et al. reported that systems with added surfactants show 
reduced induction times, increased hydrate growth rates, and increased conversion of 
water to hydrate (Kumar et al., 2015).  

It was initially thought that the surfactants molecules were grouping together as 
micelles at gas hydrate-forming conditions (Zhong et al., 2000). Micelles are spherical 
aggregates on the order of 100 molecules that consist of a hydrophobic hydrocarbon 
chain at one end (pointing inwards) and a hydrophilic anionic head group (pointing 
outwards) to provide dissolution in water (Young et al., 2011). It was thought that theses 
micelles would contain hydrate guest gas molecules, further increasing solubility and 
ultimately providing a gas-rich nucleation and growth site for hydrates (Zhong et al., 
2000). Micelles form only above a certain concentration of surfactant called the critical 
micelle concentration (CMC) and above a critical temperature called Krafft temperature 
(Atkins et al., 2009). Their formation is usually attributed to a positive change in 
entropy in order for the Gibbs energy of the formation process to be negative and 
thermodynamically favour the formation. This positive change in entropy is counter-
intuitive because of the ordering of the surfactant particles but it is attributed to the 
solvent molecules no longer solvating as many surfactants molecules and hence 
becoming less ordered (Atkins et al., 2009). Higher temperatures should display a lower 
CMC as can be deduced from the Gibbs free energy equation, where entropy is 
multiplied by temperature (Smith et al., 2005). In recent years, it has been suggested 
that the promotion mechanism is not directly linked to micelle formation, as the 
concentrations used are usually significantly below the critical micelle concentration of 
2278 ppmw measured at 25 ˚C (Mata et al., 2004; Di Profio et al., 2005). Rather, it is 
believed that the presence of surfactants reduces the vapour-liquid surface tension 
which ultimately enhances the mass transfer across the vapour-liquid interface. A 
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second reason that is given is a change in hydrate morphology, facilitating the transfer 
of gas to the hydrate phase (Kumar et al., 2015). 

 

2.5.1.2 Nanoparticles 
 
More recently, dissolved nanomaterials have been used in hydrate systems to 

study their effect, which revealed their kinetic promoting capabilities (Li et al., 2006a; 
Yulong et al., 2008; Park et al., 2010; Pasieka et al., 2013a; 2014; Pasieka et al., 2015). 
These so-called nanofluids have been studied for the potential to increase heat and mass 
transfer during hydrate growth as well as secondary nucleation sites for hydrate 
formation. Oxygen-functionalized multi-walled carbon nanotubes (MWCNT)-hydrate 
experiments were first reported in 2010 by Park et al. (Park et al., 2010). They used 40 
ppmw MWCNT in water and observed an increase in methane consumption and hydrate 
growth rate (Park et al., 2010; Park et al., 2012). Pasieka et al. reported a slight 
enhancement in hydrate growth and increased dissolution rates using 1 to 10 ppmw 
MWCNT (Pasieka et al., 2013a; 2014). Additionally, many groups reported a significant 
decrease in induction time with the presence of nanoparticles (Arjang et al., 2013; Zhou 
et al., 2014; Nesterov et al., 2015). 
 

2.5.2 Thermodynamic Promoters 
 
Thermodynamic promotion involves the addition of a molecule that renders 

hydrate formation more energetically favourable. These compounds are used in much 
larger concentrations than kinetic promoters, sometimes at or above of 50 wt %. This 
means that the equilibrium condition shifts to either lower the pressure or 
correspondingly increase the temperature at which hydrates will form. Commonly 
studied thermodynamic promoters include tetrahydrofuran (THF) and cyclopentane, 
which generally integrate into larger cages of the hydrate structure and thus facilitate 
the storage of smaller gas molecules into the empty small cages (Torré et al., 2012; Lirio 
et al., 2013; Zhong et al., 2013). 
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2.5.2.1 Semi-Clathrate Salts 
 
Semi-clathrates are a special type of thermodynamic promoters where the 

compound partly integrates into the crystal structure, thereby stabilizing the lattice and 
allowing hydrate formation at more moderate conditions (Arjmandi et al., 2007). 
Studies have focused on using a variety of halide salts as semi-clathrates, the most 
notable being tetra-n-butyl ammonium bromide (TBAB) (Mayoufi et al., 2010; Sun et 
al., 2010). The cation part of TBAB (TBA+) acts as a guest in the large cage while its 
anion (Br-) is integrated into the crystal lattice as shown in Figure 2.4 (Arjmandi et al., 
2007; Sun et al., 2010). TBAB owes its popularity to its commercial availability and to 
the fact that it can form semi-clathrates at temperatures of up to 12.4 °C at atmospheric 
pressure (Aladko et al., 2002; Shimada et al., 2005). Research in the field of semi-
clathrates has generally focused on the thermodynamics of TBAB hydrates, specifically 
the equilibrium temperatures, pressures, and TBAB liquid concentrations with single 
and multiple guest gases (Arjmandi et al., 2007; Sun et al., 2010; Bouchemoua et al., 
2011; Verrett et al., 2015). Li et al. investigated the use of gas hydrates for separation of 
carbon dioxide from flue gases using TBAB hydrates (Li et al., 2010). They 
demonstrated the capability of separating out CO2, and that TBAB accelerated gas 
hydrate growth rates. Another study showed that a 40 wt % TBAB solution may be a 
promising cold storage material for air conditioning systems due to its high phase 
change temperature and its improved overall conversion of liquid to gas hydrate 
(Mahmoudi et al., 2016). 
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Figure 2.4: Semi-clathrate structure with TBAB. Adapted from (Shimada et al., 2005). 

 

2.5.3 Combination of Promoters 
 
The idea of combining thermodynamic and kinetic additives has sparked 

renewed interest for gas hydrate promotion in hopes of vastly improving induction 
times and growth rates. Ganji et al. added xanthan to a SDS solution and observed a 
lower hydrate dissociation rate, which is valuable for storage and transportation 
applications (Ganji et al., 2007). Another report from Kakati et al. described that 
combining a thermodynamic promoter, THF, with a kinetic promoter, SDS, results in a 
gas consumption rate increase with increasing SDS concentration (Kakati et al., 2016a). 
The growth kinetics of methane hydrate systems containing either THF or TBAB along 
with SDS was investigated (Mech et al., 2016a). The THF-SDS system showed a drastic 
increase in methane consumption rate compared to the TBAB-SDS system. They also 
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observed a behaviour where gas consumption decreased over time after the initial 
hydrate formation (Mech et al., 2016a). This was attributed to the possible absorption of 
SDS micelles around the TBAB molecules.  

Nanoparticles combined with other additives were also studied to enhance 
hydrate promotion. It is important to note that in some cases the additives were used to 
stabilize the nanoparticles in solution. Li et al. were the first to report nanoparticles and 
surfactants experiments in 2006 (Li et al., 2006a). They noticed a decreased hydrate 
formation time in HCFC141b hydrates with the addition of copper nanoparticles and 
surfactant SDBS. The group followed up with a study on HFC134a hydrates with copper 
nanoparticles and LAS surfactant that showed a decrease in hydrate formation time due 
to an increase in heat and mass transfer rates (Li et al., 2006b). It was shown that a 
mixture of water, copper oxide nanoparticles, and SDS increased the methane solubility 
at hydrate formation conditions (Moraveji et al., 2013). THF hydrates were shown to 
form at lower sub-cooling and reject more heat in the presence of MWCNTs (Pasieka et 
al., 2013b). In 2013, Mohammadi et al. demonstrated that MWCNTs and SDS mixtures 
can significantly increase methane solubility at relevant temperatures and pressures 
(Mohammadi et al., 2013a). They also concluded that the addition of cyclodextrin to the 
previous mixture further increased methane solubility (Mohammadi et al., 2013b). The 
same group measured an increase in carbon dioxide gas consumption in hydrates with 
silver nanoparticles and SDS (Mohammadi et al., 2014). Another study used MWCNTs 
and THF to study methane hydrate formation (Lim et al., 2014). They observed an 
augmentation in hydrate growth rate when both additives were combined compared to 
when they are used individually. They saw an increase in methane consumption with 
increasing MWCNTs up to 0.0003 wt %, after which the consumption started 
decreasing (Lim et al., 2014). Choi et al. found an optimum ratio of Al2O3, SDS, and THF 
that increased the growth rate of CO2 hydrates (Choi et al., 2014). Natural gas hydrates 
exhibited enhanced gas consumption rates and total gas consumed by adding Al2O3 or 
ZnO to a SDS solution (Kakati et al., 2016b).  Another group conducted experiments 
with nano-graphene particles dispersed using SDS on natural gas hydrates (Hosseini et 
al., 2015). They concluded that the nano-graphene particles increased the total gas 
consumption and decreased the induction time. Furthermore, experiments were 
completed that observed increased methane hydrate growth rate with CuO and SDS 
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(Najibi et al., 2015). A CuO and SDS mixture was also shown to decrease induction time 
by 92.7 % and increase storage capacity of gas hydrates by 34 % compared to pure water 
hydrates (Aliabadi et al., 2015). 
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Chapter 3 
 
 

3 Role of Induction Time on Carbon Dioxide 
and Methane Gas Hydrate Kinetics1 
  

3.1 Preface 
 
As discussed in Chapter 2, the understanding of formation kinetics is essential 

to the development of hydrate-based applications. Properly comparing different gas 
hydrate systems using a standard method is necessary. This study was instigated from 
the variability in the results for hydrate growth rate discovered for carbon dioxide gas 
hydrates during experiments. The objective of this study was to assess the effect of 
induction time on gas hydrate kinetics. Carbon dioxide and methane hydrate were used 
as the model system. The effect of induction time was studied at different driving forces 
and mixing rates. An analysis of liquid mole fraction before nucleation is also performed 
to better understand the kinetic behaviour of these systems. 
 
 
 
 
 
 
 

 
1 Reproduced with permission from “Renault-Crispo, J.-S. and Servio, P. Role of 
induction time on carbon dioxide and methane gas hydrate kinetics." Journal of 
Natural Gas Science and Engineering 43: 81-89. 2017.”  
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3.2 Abstract 
 
This study showed a significant variability in gas consumption rate values 

during gas hydrate growth at a same experimental condition for a specific experimental 
setup. This is important since many studies report a singular gas consumption rate or no 
associated statistics. Carbon dioxide hydrate gas consumption rates had of coefficient of 
variation of 2.7% for 204 kPa, 9.7% for 317 kPa and 9.6% for 435 kPa driving forces. The 
gas consumption rates decreased with increasing induction time following a first-order 
response. A high induction time resulted in a higher bulk liquid temperature increase 
meaning a greater amount of initial carbon dioxide hydrates formed. Methane hydrates 
did not exhibit the same behaviour of gas consumption rate with induction time. 
Variations in methane gas consumption rates were 4.8% for 698 kPa and 2.4% for 1564 
kPa driving forces. A regression of metastable dissolution during these kinetic 
experiments demonstrated that the liquid mole fraction limit increased with increasing 
driving force. The dissolution time constant decreased with increasing mixing rate. 
Finally, the maximum experimental liquid mole fraction supersaturation achieved 
during all experiments was 75 times smaller than the thermodynamically predicted 
spinodal limit. 

 

3.3 Introduction 
 
Gas hydrates are non-stoichiometric crystalline compounds that form when a 

gas molecule is encapsulated by water molecules at relatively low temperatures and high 
pressures. Suitable guest molecules are mostly determined by size and stabilize the 
crystal lattice of hydrogen-bonded water molecules through weak van der Waals forces 
(Sloan et al., 2008). There are over 180 different molecules that form hydrates, with the 
most notable being methane and carbon dioxide (Englezos, 1993). Until the 1930’s, 
hydrates remained mainly of academic interest until industrial research was spurred by 
the discovery of hydrates blocking natural gas transmission lines (Hammerschmidt, 
1934). To this day, this problem of blockages remains quite significant and costly, as can 
be seen in the complications with the BP oil spills in the Gulf of Mexico that were due to 
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a large volume of hydrates formed (CBCNews, 2010). Another turning point in the field 
was the discovery of in situ natural gas hydrates in the Siberian permafrost (Makogon, 
1965). Recently, various applications using hydrates have been proposed such as gas 
transportation, storage and separation (Thomas, 2003; Eslamimanesh et al., 2012; Xia 
et al., 2016). Carbon dioxide sequestration in hydrate form has been studied as a mean 
to mitigate global warming (Chatti et al., 2005; Duc et al., 2007). Dashti et al. provided a 
comprehensive study on the recent advances in gas hydrate-based CO2 capture (Dashti 
et al., 2015). Slow and unpredictable formation kinetics and the lack of scalability 
studies have prevented larger scale development of these proposed technologies 
(Eslamimanesh et al., 2012; Ma et al., 2016). 

Numerous studies have been performed to investigate the kinetics of gas 
hydrate formation in stirred tank crystallizers. These studies make use of the gas 
consumption rate to model the system and calculate the reaction rate constant. The 
pioneering publication by Vysniauskas and Bishnoi (Vysniauskas et al., 1983; 1985) 
discussed the kinetics of methane and ethane hydrate formation. They assumed an 
Arrhenius-type function of temperature for the reaction rate kinetics. More recently, 
Bergeron and Servio (Bergeron et al., 2008a; 2008b; Bergeron et al., 2009; Bergeron et 
al., 2010) developed a model, shown in Eq. 3.1, for hydrate growth in stirred tank 
reactors that focuses on the liquid phase, eliminating the need to calculate the mass 
transfer at the gas-liquid interface. 

 
 Eq. 3.1 

where  is the amount of moles consumed over time after the onset of growth, also 

called the gas consumption rate, VL is the liquid volume in the reactor, ρw and MWw are 
respectively the mass density and molecular weight of the liquid water at reactor 
conditions. The driving force for growth is the difference between the mole fraction of 
the hydrate-forming gas in the bulk liquid (xL) and its solubility under hydrate-liquid 
equilibrium (xHL). The second moment, μ2, is a representation of the hydrate particle 
size. The last variable and what these models aim to predict is the intrinsic reaction rate 
constant kr. In literature, the intrinsic reaction rate predictions vary by a few orders of 
magnitude for similar systems (Lederhos et al., 1996; Bergeron et al., 2008a; Bergeron 
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et al., 2010). This discrepancy can be attributed to different reactor geometries, mixing 
rates, as well as error in measuring particle size, liquid mole fraction or gas 
consumption rates. Some reports used the initial gas consumption rate (e.g. first 15 
minutes of growth) (Bergeron et al., 2008a; 2008b; Bergeron et al., 2010) while others 
utilized the gas consumption rate after up to 10 hours of growth (Lederhos et al., 1996). 
Hence, the gas consumption rate can be significantly different for each experimental 
setup depending on the geometry of the reactor vessel, the speed of mixing, the amount 
of liquid present and the method of selecting the rate. 

A molar gas consumption curve of hydrate formation and growth for a stirred 
reactor is presented in Figure 3.1. The process can be divided into three steps. The first 
step involves the dissolution of the hydrate-forming gas into the liquid phase until the 
liquid mole fraction reaches the point of three-phase equilibrium at the experimental 
temperature. As seen Figure 3.1, this occurs at time teq where neq moles have been 
dissolved. The next step is the induction step, and is characterized by the liquid phase 
being supersaturated with the hydrate-forming gas. This occurs because the pressure is 
above the three-phase equilibrium pressure, enabling the formation of a new phase. Due 
to the stochastic nature of nucleation, gas hydrates can form at any time during this 
metastable induction period (Sloan et al., 2008). Small hydrate nuclei continuously 
form and dissociate until a critical radius size is reached where hydrate growth is 
energetically favourable (Sloan et al., 2008). This is denoted by the induction time tind 
and marks the start of the hydrate growth step (Söhnel et al., 1988). A bulk liquid 
temperature spike, ΔT, from exothermic solidification, and an increase in opacity of the 
liquid are two indicators of the nucleation of hydrates in the reactor. Hydrate former gas 
consumption generally increases linearly over time at the early stage of growth. 
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Figure 3.1: Simplified hydrate growth curve of gas consumption over time. 
 
The dissolution and induction phases can be modeled together by applying 

dissolution kinetics. A first-order kinetic rate model is usually used to fit the data (Zhu 
et al., 2008; Pasieka et al., 2014) and can be seen in Eq. 3.2. 

 
 Eq. 3.2

where nliq is the hypothetical maximum liquid moles dissolved if hydrates would not 
form and τ is the time constant used to designate the point in time where 63.2% of the 
nliq is reached. A reduction of τ would thus indicate an increase in rate of dissolution. 
With a metastable system, the dissolution can only be fitted up to the growth phase 
since the presence of hydrates changes the gas consumption dynamics completely. It 
follows that the mole fraction of the hydrate forming gas in the liquid phase can also 
contribute to the understanding of kinetics. Bergeron and Servio (Bergeron et al., 2009) 
demonstrated that the mole fraction of the gas hydrate former in the bulk liquid phase 
during growth remained greater than its two-phase hydrate-liquid equilibrium value. 
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Although many studies have considered modeling and quantifying gas hydrate 
growth kinetics, the effect of induction time on the gas consumption rates has not been 
reported or even mentioned to the knowledge of the authors. It is critical to accurately 
determine the gas consumption rate in order to properly compare kinetic performances 
of different additives, especially when these gas consumption rates are compared 
directly or used to calculate the intrinsic kinetic rate. This study could also contribute to 
various industrial applications where time is a factor; hence rapid dissolution and short 
induction time are essential to reducing cost and improving efficiency. The liquid mole 
fractions of the gas hydrate former during dissolution are also investigated to provided 
further insights on the complete kinetic process. 

 

3.4 Experiments 
 

3.4.1 Experimental Setup 
 
A detailed description of the experimental setup and procedure can be found in 

a previous report (Bruusgaard et al., 2010). A simplified diagram of the experimental 
setup is shown in Figure 3.2. It consists of a 600 mL reactor made of 316 stainless steel 
with a pressure rating of 20 MPa submerged in a temperature controlled 20% ethylene 
glycol-water bath. The reactor is equipped with a MM-D06 magnetic stirrer from 
Pressure Products Industries with a standard magnetic stir bar with spinning ring from 
Cole Parmer. The reactor is connected to a reservoir gas tank through a Baumann 51000 
control valve that keeps the pressure constant during kinetic experiments. For increase 
in accuracy, the control valve is regulated with the difference in pressure between the 
reactor bias gas tank and the reactor. The absolute pressures are monitored using 
Rosemount pressure transducers configured to a span of 0-14 MPa while the differential 
pressure transducers are configured to a span of 0-2 MPa, both with an accuracy of 
0.065% of the given span. The system temperatures are recorded with RTD probes from 
Omega with accuracy of 0.1 K. All pressure and temperature readings are sent to a 
computer through a National Instrument data acquisition system. Liquid samples are 
removed from the reactor through a sampling port. A digital gasometer from Chandler 
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Engineering is used to measure the amount of gas evolved from the liquid when the 
sample is left to equilibrate at room temperature and atmospheric pressure. All gases 
used were obtained from MEGS Inc., and included ultra-high purity methane gas 
(99.99%) and carbon dioxide gas (99.995%). The water was treated in-house by reverse-
osmosis with a 0.22 μm filter having a conductivity of 10 μS and total organic content < 
10 ppmw. 

 
Figure 3.2: Schematic of the experimental setup used in all experiments. 

 

3.4.2 Kinetic Experiments 
 
Initially, the reactor was rinsed three times with 360 mL of water. Then, it was 

loaded with 240 mL of RO water. All kinetic experiments were performed with the same 
240 mL of water to ensure the hydrodynamics were consistent across all experiments. 
The temperature of the bath was set to 2 °C for all experiments. The temperature was 
always kept at 2 °C and it was the pressure that was varied to provide the driving force 
for hydrate formation. Following water injection, the reactor gas was purged three times 
by pressurizing to 1100 kPa and then de-pressurizing to 110 kPa. Once thermal 
equilibrium was reached in the liquid, the reactor was pressurized to the desired 
pressure for the run based on the driving force. This driving force can be interpreted as 
either a temperature subcooling or a pressure driving force when compared to the three-
phase equilibrium line. The reservoir and reactor bias gas tanks were pressurized to 
1000 kPa above the reactor value to provide a differential pressure for gas transfer 
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during the run. When the temperature stabilizes, the data acquisition system and 
control valve were turned on, and the stirrer was started. Once nucleated, the hydrates 
were allowed to grow for at least 300 seconds before the data acquisition system and 
control valve were turned off. 300 seconds was chosen to calculate the gas consumption 
rate as it was considered sufficient time to fit a linear slope but not too long so that the 
hydrodynamics would be changed by the presence of solids in the reactor. The system 
was subsequently brought down to 110 kPa for the hydrates to dissociate. Once all 
hydrates were dissociated, the reactor pressure was set to the initial pressure and the 
experiment was repeated. The moles consumed were calculated from the temperature 
and pressure data of the reservoir using the Trebble-Bishnoi equation of state (Trebble 
et al., 1987; 1988). The gas consumption rate was calculated from the slope of moles 
consumed over time for the first 300 seconds of hydrate growth. The temperature spike 
ΔT was calculated from the difference between the highest temperature after nucleation 
and the average temperature before nucleation. The liquid mole fraction was calculated 
from the amount of moles consumed before hydrate formation accounting for the gas 
dissolved at the start of the run when reactor was at 110 kPa. The pressure slightly above 
atmospheric was to prevent gases from the atmosphere to enter the system. 

 

3.4.3 Mole Fraction Experiments 
 
An analytical flash technique, similar to the one used by Gaudette and Servio 

(Gaudette et al., 2007), was employed to calculate the mole fraction of methane in the 
bulk liquid during the dissolution and growth steps. The reactor was loaded with 360 
mL to allow for multiple removals of liquid samples. Three sample vessels were 
evacuated and cooled to the experimental temperature prior to sample extraction. They 
were also weighed before and after the sample was collected. Prior to the removal of a 
sample, the stirrer was turned off to avoid having hydrates or air bubbles enter the 
sample vessel. The liquid from the reactor was extracted into the three sample vessels. 
Through the use of a gasometer, the content of the sample vessel was brought to 
atmospheric pressure and room temperature. The mole fraction was determined from 
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the volume of gas released when exposed to atmospheric conditions, as shown in 
Bergeron et al. (Bergeron et al., 2010). 

 

3.5 Results and Discussion 
 

3.5.1 Carbon Dioxide Hydrate Kinetics 
 

3.5.1.1 Effect of Driving Force 
 
For the carbon dioxide-water gas hydrate system, experiments were completed 

at three different driving force presented in Table 3.1. Mixing speed and temperature in 
these experiments were kept constant at 560 rpm and 2 °C respectively. 
 
Table 3.1: Three different driving force conditions for CO2 hydrate kinetic experiments. 

Temperature 

(°C) 

Pressure 

(kPa) 

Temperature 

subcooling 

(°C) 

Pressure 

driving 

force (kPa) 

Mixer speed 

(rpm) 

2 1778 1 204 560 

2 1891 1.5 317 560 

2 2009 2 435 560 

 
The dependency of gas consumption rate on induction time can be observed in 

Figure 3.3. Average induction times are 1077 seconds for 435 kPa driving force, 1692 
seconds for 317 kPa driving force and 3635 seconds for 204 kPa driving force. As 
expected, average induction time decreases with increasing driving force (Natarajan et 
al., 1994). More significantly, shorter induction times relate to higher gas consumption 
rates at a given temperature. Looking at the 317 kPa driving force runs, as induction 
time increases, the gas consumption rate eventually decreases to what is expected to be 
a plateau. Unfortunately, since induction time is stochastic, not many experimental 
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points were collected in this plateau region of long induction times. At 204 kPa driving 
force, the coefficient of variance is 2.7% (average of 5.13E-5 mol/s with standard 
deviation of 1.4E-6 mol/s) compared to 9.7% (average of 6.28E-5 mol/s with standard 
deviation of 6.1E-6 mol/s) for 317 kPa driving force and 9.6% (5.13E-5 average of mol/s 
and standard deviation of 4.9E-6 mol/s) for 435 kPa driving force. For the two highest 
driving forces, there is a significant variation considering the experiments were 
conducted at the same conditions, namely 2 °C and 1891 kPa. According to Eq. 3.1 and 
assuming other parameters are constant, this means that the predicted intrinsic reaction 
rate constant would also vary by the same amount as the gas consumption rate, which 
leads to error in its calculation since the intrinsic reaction rate is only a function of 
temperature in the system investigated. This result highlights the issue of solely 
reporting the gas consumption rate or intrinsic kinetic rate for systems where this trend 
is present since there could be a large variability in the results. Hence, the need for 
replicates and adequate statistical analysis are extremely important when reporting 
hydrate kinetics. 

However, the gas consumption rate is not significantly affected by the induction 
time at the lowest driving force. This can be explained by the fact that it has longer 
periods for dissolution into the liquid and liquid mole fraction limit is lower due to the 
smaller pressure. At long induction times, the dissolution process is nearly completed 
and the liquid is close to its liquid mole fraction limit at a specific condition. In this case, 
it is possible to decouple the growth and dissolution phase and define our gas 
consumption rate as the actual hydrate growth rate, meaning that all the gas going into 
the liquid is for hydrate growth. At long induction times, the 317 and 435 kPa driving 
forces would probably also exhibit reproducible gas consumption rates. However, long 
induction times are difficult to achieve because of the elevated pressure conditions and 
overall driving forces for nucleation. This is a consistent statement with Herri et al. 
(Herri et al., 1999) who observed an inversely proportional trend between induction 
time and driving force. At short induction time, it was impossible to decouple 
dissolution kinetics and hydrate growth rates and this is the reason gas consumption 
rates are used throughout the paper. The presence of hydrates significantly affects the 
dissolution dynamics making it unreasonable to use the dissolution model from before 
hydrate formation to represent the dissolution during growth. 
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Figure 3.3: Gas consumption rate versus induction time for 3 different driving forces in 

a CO2-water gas hydrate system: ∗∗ 204 kPa,  317 kPa,  435 kPa. 

 
As shown by Figure 3.3, the precise moment in the induction phase when the 

gas hydrates nucleate can be very important for characterizing the ensuing gas 
consumption rate. Figure 3.4 shows the change in temperature of the bulk liquid at 
hydrate formation for different induction times. The dissolution phase of the hydrate 
formation process is extremely reproducible for a given driving force at a fixed 
temperature. The dissolution section of the curves only varies when the experimental 
conditions do.  In other words, the total amount of gas consumed at a specific induction 
time will always be the same before hydrate nucleation if the experimental conditions 
are consistent.  This total gas consumed is directly related to the initial amount of gas 
hydrates formed at the induction time. The initial amount of gas hydrates formed at 
nucleation can also be linked to a bulk temperature spike because this process is 
exothermic.  Hence, the more initial hydrates formed, the greater the temperature spike. 
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This explains the increasing trend with induction time that is evident in Figure 3.4. 
Furthermore, this trend is present as a first-order response as it seems to follow 
dissolution kinetics. Greater driving forces show higher temperature spikes because of 
the enhanced dissolution rates and greater levels of liquid mole fraction limit. 

 
Figure 3.4: Temperature spike versus induction time for 3 different driving forces in a 

CO2-water gas hydrate system: ∗∗ 204 kPa,  317 kPa,  435 kPa. 

 
This temperature spike dependency can help explain why gas consumption rates 

decreases with increasing induction times as observed in Figure 3.3. The presence of a 
greater initial amount of gas hydrates changes the hydrodynamics of the system. The 
mixing could be less efficient with the presence of more initial hydrates in the reactor 
and this also affects the gas-liquid mass transfer of the system. Additionally, having a 
greater temperature increase of the bulk liquid lowers the driving force for hydrate 
growth and slows down the kinetics. These two arguments are a suitable explanation to 
the reason why the gas consumption rate decreases with increasing induction time.  
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To further investigate this effect, one specific experiment was selected and the 
instantaneous gas consumption rates and bulk liquid temperature were compared over 
time during hydrate growth to see their relationship. The results can be observed in 
Figure 3.5. The instantaneous gas consumption rate is the slope of gas consumed over a 
duration of 10 seconds to eliminate the effect of noise in the growth rate calculation. The 
instantaneous gas consumption rate decreases slowly over time, following a similar 
decreasing trend than the bulk liquid temperature over time. This growth rate goes 
below the average gas consumption rate reported throughout this paper after 
approximately 600 seconds for this experimental run. The decrease can be mainly 
attributed to the bulk liquid temperature decrease but also to change in hydrodynamics 
(e.g. change in viscosity of the liquid). This is the reason why the initial growth rate of 
the first 300 seconds was selected in this report to decouple it from the other effects on 
the growth rate. It is important to keep in mind that the bulk liquid temperature is not 
simply a linear function of consumption rate as can be concluded from the higher 
temperature spikes of the 2 °C driving force compared to 1.5 °C but the lower gas 
consumption rates as seen in Figure 3.3 and Figure 3.4. 
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Figure 3.5: Instantaneous gas consumption rate (slope over a 10 second period) versus 
time after hydrate nucleation on the left y-axis. Dotted green line represents the 300 

second average gas consumption rate. The right y-axis represents the bulk liquid 
temperature over time during the hydrate growth. 

 

3.5.1.2 Effect of Mixing Rate 
 
For the carbon dioxide-water gas hydrate system, the second set of experiments 

was completed at three different mixing rates namely 525 rpm, 560 rpm and 595 rpm. 
The driving force in all experiments was kept constant at 317 kPa. This driving force was 
selected since it had a significant variability at a mixing rate of 560 rpm as seen in 
Figure 3.3. The maximum mixing rate was set at 595 rpm since mixing rates above this 
speed would create gas bubbles in the liquid that would drastically change the 
hydrodynamics of the system. When bubbles were present in the liquid, gas 
consumption rates were unreliable for the experimental setup used in this study. At 
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mixing rates lower than 525 rpm, the hydrates had very long induction times and would 
usually form a layer at the gas-liquid interface at nucleation as described in other 
reports (Taylor et al., 2007; Davies et al., 2010; Daniel-David et al., 2015). This layer 
significantly reduced the gas consumption rate since the gas needs to traverse a solid 
hydrate phase before accessing the water molecules beneath for further growth. 

Gas consumption rate increases with increasing mixing rate as shown in Figure 
3.6. Once again, the same trend where gas consumption rate decreases with increasing 
induction time is observed at all three mixing rates. The coefficients of variation are 
3.0% (average of 3.64E-5 mol/s and standard deviation of 1.1E-6 mol/s) for 525 rpm, 
9.7% (average of 6.28E-5 mol/s and standard deviation of 6.1E-6 mol/s) for 560 rpm, 
and 0.7% (average of 7.67E-5 mol/s and standard deviation of 5.4E-7 mol/s) for 595 
rpm. A higher mixing rate seems ideal for minimizing the variability in the calculated 
gas consumption rates since lower mixing rates have longer induction times and more 
frequent hydrate layer formation. As shown by these results, the mass transfer of the gas 
cannot be neglected at the two lowest mixing speed because of the different average 
consumption rates at the highest mixing speed. It was impossible to increase the stirrer 
speed even higher because of low quantity of liquid used and bubble formation therefore 
it cannot be shown that the mass transport limitations were completely eliminated at 
595 rpm. However, it is possible that the effect of induction time on gas consumption 
rate previously observed is not present when the mass transport limitations can be 
neglected. 
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Figure 3.6: Gas consumption rate versus induction time for 3 different mixing rates in a 

CO2-water gas hydrate system: ∗∗ 525 rpm,  560 rpm,  595 rpm. 

 
To explain the different variability in the gas consumption rates with different 

mixing rates, the temperature difference of the bulk liquid with induction time is 
analyzed. Figure 3.7 illustrates the dependence of the temperature spike on induction 
time at different mixing rates. A first-order response characterizes the relation between 
the variables, similarly to Figure 3.4. Once again, this is expected since it follows 
dissolution kinetics. The lowest mixing rate of 525 rpm has smaller temperature spikes 
than the two higher mixing rates at a similar induction time. At the lowest mixing rate, it 
takes longer for the same amount of gas to dissolve in the liquid than at a higher mixing 
rate. Mixing rates of 560 rpm and 595 rpm are not significantly different from each 
other with respect to their temperature spikes changes with induction time. This means 
that the initial amount of gas hydrates formed at nucleation for both cases are very 
similar. The lowest variability in gas consumption rate at 595 rpm compared to 560 rpm 
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can be explained by the more efficient mixing since in both cases, the same amount of 
hydrates is present at nucleation. Gas transfer to the liquid phase in the presence of 
solid particles is enhanced at the highest mixing rate. This could be due to the increasing 
heat transfer coefficient and contact area as described in Herri et al. (Herri et al., 1999). 

 
Figure 3.7: Temperature spike versus induction time for 3 different mixing rates in a 

CO2-water gas hydrate system: ∗∗ 525 rpm,  560 rpm,  595 rpm. 

 

3.5.1.3 Analysis of Liquid Mole Fraction Before Nucleation 
 

Focusing on the moles consumed before hydrate nucleation during a kinetic 
run, it is possible to extract information from the gas dissolution kinetics. The model 
presented in Eq. 3.2 is used to regress the hypothetical maximum amount of liquid 
moles dissolved nliq and the time constant τ, used to designate the point in time where 
63.2% of the nliq is reached. The data regressed was using the CO2 hydrate experimental 
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runs from the previous two sections. Only the gas consumption data before hydrate 
formation is used for the regression. This differs from traditional dissolution results that 
are taken at the three-phase equilibrium conditions because the moles consumed used 
in the regression are taken at hydrate-forming conditions where the system is 
metastable. Results are presented in Table 3.2 with the 95% confidence intervals on 
each parameter. The dissolution at the same mixing rate but different driving forces has 
the same time constant with 95% confidence. Therefore, there is no significant 
difference in the amount of time to dissolve nliq moles for different driving force. 
However, the liquid mole fraction limits are higher with greater driving force. This 
explains the faster nucleation and the presence of a greater initial amount of gas hydrate 
for the highest driving forces. Even though the time constant is the same, the mole 
fraction limit is greater for higher driving forces, resulting in more moles dissolved in 
the same amount of time. For different mixing rates, opposite trends are observed. With 
95% confidence, the time constant decreases with increasing mixing rate. On the other 
hand, the hypothetical liquid mole fraction is not affected by the mixing rate. This 
means that gas dissolves faster for a higher mixing rate at the same conditions and 
driving forces. The mole saturation values are directly related to the driving force and do 
not seem to be influenced by the mixing rate, at least for the range investigated in this 
work. These values were compared to the number of moles dissolved at nucleation for 
all the carbon dioxide experiments. With 95% confidence, the values of mole saturation 
and mole dissolved at nucleation were the same. This means that the excess gas in the 
liquid can be calculated by subtracting the amount of equilibrium three-phase moles in 
the experimental quantity of liquid (300 mL) to nliq. To use intensive properties, the 
mole fractions were used instead of quantity of moles for the supersaturation 
discussion. 
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Table 3.2: Metastable dissolution modeling parameters of all experimental conditions 
for CO2 hydrates. 

Pressure 

driving force 

(kPa) 

Mixing 

speed 

(rpm) 

τ (s) 
τ95%,lower 

(s) 

τ95%,upper 

(s) 
nliq (mol) 

nliq,95%,lower 

(mol) 

nliq,95%,upper 

(mol) 

204 560 326 314 338 0.237 0.233 0.242 

317 560 314 310 318 0.248 0.245 0.250 

435 560 304 299 310 0.256 0.252 0.260 

317 525 405 386 423 0.244 0.238 0.249 

317 595 278 272 284 0.248 0.243 0.252 

 
Figure 3.8 plots the liquid mole fraction supersaturation percent against the 

temperature difference in the bulk liquid for all the carbon dioxide experiments at all 
driving forces and mixing rates. Liquid mole fraction supersaturation is defined in Eq. 
3.3. 

 
 Eq. 3.3 

Where xL is the calculated liquid mole fraction just before nucleation and xHLV is the 
liquid mole fraction at three-phase equilibrium at the same temperature as the 
experimental condition. The baseline of 0% liquid mole fraction supersaturation 
corresponds to the mole fraction value from the three-phase equilibrium of carbon 
dioxide hydrates at 2 °C and 1574 kPa. At these conditions, the three-phase equilibrium 
liquid mole fraction of carbon dioxide was predicted to be 0.0161 using the model by 
Hashemi et al. (Hashemi et al., 2006) based on the thermodynamic equilibrium of gas 
hydrates (van der Waals et al., 1959; Parrish et al., 1972) and the Trebble-Bishnoi 
equation of state (Trebble et al., 1987; 1988). The linear fit and 95% confidence intervals 
show that the temperature spike increases linearly with liquid supersaturation 
independently of the driving force and mixing rate of the system. This validates the fact 
that the more the system is supersaturated, the greater initial formation of gas hydrates 
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at nucleation. Additionally, of the 46 carbon dioxide hydrate experiments, no system 
ever goes above 30% liquid mole fraction supersaturation. This could indicate that there 
is an actual experimental limit of liquid mole fraction before nucleation occurs. Contrary 
to spontaneous nucleation at the spinodal point (Englezos et al., 1988), this 
experimental limit is significantly lower. For example, the spinodal limit of methane 
hydrates at 0.85 °C and 3290 kPa is 3.266E-2 while the equilibrium point is 1.40E-3 
(Englezos et al., 1988). This results in a liquid mole fraction supersaturation that is at 
least 75 times greater than the thermodynamically prediction spinodal values seen in 
this study. Obviously, increasing the driving force will allow the potential 
supersaturation percent to go up, however, this would also decrease the induction time 
and the hydrates would form before the liquid mole fraction gets above this 
experimental limit. These results are characteristic of the hydrodynamics of the present 
experimental setup. However, it is believed that the same trend than in Figure 3.8 can 
be realized in any experimental setup.  Unstirred systems would be more suitable to 
achieve greater liquid mole fraction supersaturation values and study this experimental 
supersaturation limit. 
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Figure 3.8: Temperature spike versus liquid mole fraction supersaturation of CO2 

hydrates for all experimental conditions. Data was fit with a linear trend shown by the 
solid line and the 95% confidence intervals shown in dotted lines. 

 

3.5.2 Methane Hydrate Kinetics 
 

3.5.2.1 Effect of Driving Force 
 
The effect of induction time on methane gas hydrates is studied below. 

Experiments were conducted at two different driving forces, 698 kPa and 1564 kPa and 
the same mixing rate of 560 rpm. The conditions are displayed in Table 3.3. The 698 
kPa driving force was selected to compare with the same temperature driving force 
(subcooling) as the CO2 hydrate system while the 1564 kPa driving force was chosen 
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because it is the same as a driving force used in previous reports (Bergeron et al., 2010; 
Verrett et al., 2012a; Pasieka et al., 2013a). 

 
Table 3.3: Two different driving force conditions for CH4 hydrate kinetic experiments. 

Temperature 

(°C) 

Pressure 

(kPa) 

Temperature 

subcooling 

(°C) 

Pressure 

driving 

force (kPa) 

Mixer speed 

(rpm) 

2 3869 2 698 560 

2 4735 4 1564 560 

 
In Figure 3.9, the gas consumption rate is plotted against induction time. The 

decreasing trend that is evident with carbon dioxide hydrate growth is not present with 
methane hydrates. The coefficient of variation for 698 kPa driving force is 4.8% (average 
of 7.27E-6 mol/s and standard deviation of 3.5E-7 mol/s). For 1564 kPa driving force, 
the difference is 2.4% (average of 1.27E-5 mol/s and standard deviation of 3E-7 mol/s). 
Once again, it was observed that with higher driving forces came shorter induction 
times. This is even more apparent with methane hydrates because the induction times of 
different driving forces are further apart than the carbon dioxide experiments and they 
do not even overlap. 
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Figure 3.9: Gas consumption rate versus induction time for 2 different driving forces in 

a CH4-water gas hydrate system: ∗∗ 698 kPa,  1564 kPa. 

 
Figure 3.10 demonstrates the dissolution kinetics of the methane hydrate 

system by comparing the temperature difference in the bulk liquid change with 
induction time. In all experiments at the 298 kPa driving force, the liquid phase had 
enough time to reach near its complete supersaturation state. This can be 
comprehended from the temperature spike measurements that are very similar. For the 
1564 kPa driving force, the temperature spikes vary quite significantly but with no clear 
trend with the induction time. This indicates that, to the contrary of carbon dioxide gas 
hydrates, methane gas hydrates do not have a clear trend between the supersaturation 
liquid mole fraction and the temperature difference in the bulk liquid. One reason for 
this can be the limitation of the precision of the temperature probes being achieved. It 
can also be due to the fact that methane is about ten times less soluble in water than 
carbon dioxide. This can help explain why the supersaturation dissolution kinetics are 



CHAPTER 3: Role of Induction Time on Gas Hydrate Kinetics 
 

 44 

much less important in the case of methane hydrate formation. Incidentally, the 
temperature spike, or initial amount of hydrates formed at nucleation, is also about ten 
times smaller in methane than carbon dioxide when comparing both 698 kPa driving 
force experiments. In sum, at these experimental conditions, it is not as crucial to study 
the change of gas consumption rate with induction time in the case of methane hydrates 
as it is with carbon dioxide hydrates. However, the trend could become apparent if the 
driving force and mixing rate are different, so it should remain an important 
consideration. 

 
Figure 3.10: Temperature spike versus induction time for 2 different driving forces in 

CH4-water gas hydrate system: ∗∗ 698 kPa,  1564 kPa. 

 

3.5.2.2 Discussion on Mole Fraction 
 

The last part of this study investigates the liquid mole fraction during 
dissolution of a supersaturated methane gas hydrate system. Pure system mole fraction 
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has been studied at the three-phase equilibrium and during the hydrate growth phase 
(Servio et al., 2002; Bergeron et al., 2009) but not during the dissolution phase of a 
supersaturated system to the knowledge of the authors. An experimental run where the 
gas hydrate formation took a very long time was used. The mole fraction was measured 
when no more detectable amount of methane gas would dissolve into the liquid phase; 
hence it had reached complete supersaturation for the specific conditions and the gas 
consumption had reached a plateau. For these results, the dissolution mole fraction 
measurement was taken at 7450 seconds and the gas hydrates nucleated at 10 795 
seconds. Shortly after nucleation, the growth phase liquid mole fraction sample was 
collected for comparison. It is assumed that the thermodynamically dependent mole 
fraction measurements are not affected by the decrease in volume in the reactor. 
Pressure and temperature in the system were kept constant throughout the whole 
experiments, including during sample extraction. The results are shown in Table 3.4. 
The three-phase equilibrium value was predicted using the model by Hashemi et al. 
(Hashemi et al., 2006) based on the thermodynamic equilibrium of gas hydrates (van 
der Waals et al., 1959; Parrish et al., 1972) and the Trebble-Bishnoi equation of state 
(Trebble et al., 1987; 1988). The predicted three-phase equilibrium value is within the 
confidence interval of the hydrate growth liquid mole fraction measurement. As shown 
in Hashemi et al. (Hashemi et al., 2009), the liquid mole fraction at nucleation should 
be equal to its equilibrium value. They showed that the liquid mole fraction increases 
with time until eventually decreases towards its equilibrium with time. Verrett et al. 
(Verrett et al., 2012a) also observed the increasing trend of liquid mole fraction upon 
nucleation experimentally. The liquid mole fraction measurement during the dissolution 
phase is greater than the growth phase mole fraction with 95% confidence. Since the 
liquid mole fraction drops down to the three-phase equilibrium mole fraction upon 
hydrate nucleation, the system depends on the gas transfer to the liquid phase to start 
the hydrate growth. According to this explanation, for the system used in this study, the 
growth process would be mass-transfer limited at the gas-liquid at initial nucleation. 
This is a similar conclusion to the work by Skovborg et al. (Skovborg et al., 1994).  
Eventually, as the hydrates grow and the liquid mole fraction increases, growth becomes 
a reaction-limited system as shown by Bishnoi and coworkers (Vysniauskas et al., 1983; 
1985). These results provide additional insight on the work by Bergeron et al. (Bergeron 
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et al., 2009) and the behaviour of the liquid mole fraction before and after gas hydrate 
nucleation at supersaturated conditions for a stirred tank reactor. 

Table 3.4: Mole fraction of CH4 at 2 °C and three different conditions: three-phase 
equilibrium at 3160 kPa, full supersaturation before hydrate formation at 3780 kPa and 

during hydrate growth at 3780 kPa. 

  
Temperature 

(°C) 

Pressure 

(kPa) 
xCH4 xCH4,95%,lower xCH4,95%,upper 

3-phase 

equilibrium 
2 3160 1.15E-03 - - 

Full 

supersaturation 

before hydrates 

2 3780 1.25E-03 1.18E-03 1.31E-03 

During hydrate 

growth 
2 3780 1.12E-03 1.07E-03 1.16E-03 

 

3.6 Conclusion 
 
Kinetic experiments with carbon dioxide-water gas hydrates showed that the gas 

consumption rate decreases with increasing induction time. This is a significant finding 
for carbon dioxide gas hydrate studies that report a singular gas consumption rate or 
use this value to calculate the intrinsic kinetic rate. In all experiments, a higher driving 
force resulted in a shorter average induction time. The coefficients of variation on the 
carbon dioxide gas hydrate gas consumption rates were 2.7% for 204 kPa driving force, 
9.7% for 317 kPa driving force and 9.6% for 435 kPa driving force. A high mixing rate 
that does not cause gas bubble formation was optimum for a smaller deviation in gas 
consumption rate at the same experimental conditions. For carbon dioxide hydrates, a 
longer induction time for these hydrates also resulted in a higher bulk liquid 
temperature increase at hydrate nucleation meaning a greater amount of initial hydrates 
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formed. Methane hydrates did not exhibit the same behaviour of gas consumption rate 
with induction time that was observed with carbon dioxide hydrates. Coefficients of 
variation in gas consumption rates for methane hydrates were 4.8% for 698 kPa driving 
force and 2.4% for 1564 kPa driving force. Nevertheless, it was recommended to 
consider the trend of gas consumption rate with induction time regardless of the hydrate 
gas former, driving force and mixing rate.  A regression of metastable dissolution during 
these kinetic experiments showed that the dissolution time constant decreased with 
increasing mixing rate. An increased driving force resulted in a greater the liquid mole 
fraction limit. Lastly, the maximum experimental liquid mole fraction supersaturation 
seen in all experiments was still 75 times smaller than the thermodynamically predicted 
spinodal limit. 
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Chapter 4 
 
 

4 Kinetics of Carbon Dioxide Gas Hydrates with 
Tetrabutylammonium Bromide and 
Functionalized Multi-Walled Carbon 
Nanotubes1 
  

4.1 Preface 
 
Chapter 3 observed the effect of induction time on pure gas hydrate systems. In 

this chapter, the analysis method of using the relationship between induction time and 
gas consumption rate for carbon dioxide systems is used on a system that combines two 
hydrate promoters. The thermodynamic promoter tetrabutylammonium bromide, 
TBAB, and the kinetic promoter multi-walled carbon nanotubes, MWCNTs, are studied 
in a carbon dioxide semi-clathrate system. The new method developed in Chapter 3 will 
allow for the successful kinetic evaluation on the effect of adding MWCNTs to a TBAB-
carbon dioxide hydrate system. This system is relevant for potential industrial 
applications where higher temperatures can be used due to the presence of TBAB. 
 

 
 
 
 

 
1 Reproduced with permission from “Renault-Crispo, J.-S. and Servio, P. "Kinetics of 
Carbon Dioxide Gas Hydrates with Tetrabutylammonium Bromide and Functionalized 
Multi-Walled Carbon Nanotubes." Energy 128: 414-420. 2017.”  
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4.2 Abstract 
 
The effects of oxygen-functionalized multi-walled carbon nanotubes (MWCNTs) 

on tetrabutylammonium bromide (TBAB)-water-carbon dioxide semi-clathrate system 
was investigated. A system comprised of 9.5 ppmw MWCNTs and 40 wt % TBAB was 
chosen and the average gas consumption rate was calculated for different conditions. At 
14 °C, the average gas consumption rate during growth decreased to a plateau with 
increasing induction time at 3.0 °C subcooling for systems with and without MWCNTs. 
The addition of MWCNTs increased the gas consumption rate during growth for 
induction times less than one hour but did not affect it at longer induction times. The 
maximum gas consumption enhancement from the added MWCNTs was 15 %. 
Dissolution runs at equilibrium conditions indicated that the presence of MWCNTs 
improved the dissolution rate of carbon dioxide gas into the liquid by lowering the time 

constant τ by 5 %. This suggests that the gas-liquid interfacial resistance of carbon 

dioxide gas mass transfer is not the limiting factor for hydrate growth in this TBAB 
semi-clathrate system with and without nanoparticles. At a lower subcooling of 1.5 °C, 
there was no significant difference in the gas consumption rates with the addition of 
MWCNTs, due to prolonged induction times. 
 

4.3 Introduction 
 

Global warming and climate change have become major topics of worldwide 
concern. Due to its high stability and concentration in the atmosphere, carbon dioxide 
gas is the largest contributor to the greenhouse effect. Reducing carbon dioxide 
emissions is an international priority as nations strive to meet the increasingly stringent 
commitments made at forums such as the 2015 United Nations Climate Change 
Conference in Paris (2015). A multifaceted approach is needed to achieve this, and 
developing effective carbon dioxide removal methods is a viable solution. According to 
the U.S. Department of Energy, novel gas hydrate technologies are promising methods 
for capturing and storing carbon dioxide gas (Elwell et al., 2006). Carbon dioxide 
recovery from flue gas using gas hydrate technology has been shown to be 
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thermodynamically possible (Kang et al., 2000a; Linga et al., 2007; Babu et al., 2013; 
Zheng et al., 2016a). Gas hydrates are nonstoichiometric crystalline compounds that 
arise when a gas or volatile liquid is encapsulated inside cavities formed by water 
molecules. The guest molecule must be of correct size to fit inside and stabilize the 
crystal lattice via weak van der Waals forces with the host water molecules (Sloan et al., 
2008). There are over 180 different molecules that form gas hydrates; the most relevant 
for research and industrial applications being methane, ethane and carbon dioxide 
(Englezos, 1993). Transportation and storage of natural gas, methane or carbon dioxide 
have been discussed as feasible alternatives to current technologies because gas 
hydrates have high gas storage capacities. One single cubic meter of methane hydrate 
can release up to 160 cubic meters of methane gas (Taylor et al., 2003). In addition, 
separation of gases using gas hydrate technologies has been extensively discussed in 
literature and offers a promising opportunity for carbon dioxide capture (Chatti et al., 
2005; Eslamimanesh et al., 2012; Babu et al., 2015; Ma et al., 2016). The lack of 
scalability studies as well as slow and unpredictable hydrate formation kinetics have 
prevented large scale development of the proposed technologies (Yin et al., 2016).  

One limitation of a hydrate-based technology is the high pressure and low 
temperature conditions needed for hydrate formation. This can be addressed using 
thermodynamic promoters that shift the gas hydrate equilibrium to more energetically 
favourable conditions. One category of thermodynamic promoter chemicals is called 
semi-clathrates since the molecule incorporates itself inside the water lattice, 
consequently stabilizing the structure and significantly lowering the hydrate energetics. 
These semi-clathrate forming compounds are typically ionic molecules that have their 
cationic part occupying cages like guests and their anionic part involved in the cage 
formation alongside water. The tetrabutylammonium bromide (TBAB) salt is the most 
commonly used semi-clathrate forming promoter. At atmospheric pressure, TBAB 
hydrates can form at temperatures up to 12.4 °C (Aladko et al., 2002). Previous studies 
have generally focused on the thermodynamics of TBAB hydrates, namely the 
equilibrium temperature, pressure and TBAB liquid concentration with single and 
multiple guest gases (Arjmandi et al., 2007; Sun et al., 2010; Bouchemoua et al., 2011; 
Verrett et al., 2015). Multiple groups have demonstrated the possibility of separating 
carbon dioxide from flue gases using TBAB hydrates (Li et al., 2010; Babu et al., 2014b). 
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Li et al. showed that TBAB shortens induction time and accelerates hydrate kinetic 
formation rates (Li et al., 2010). In another report, it was shown that a 40-45 wt % 
TBAB solution may be a promising cold storage material for air conditioning systems 
due to its high phase change temperature and its improved hydrate conversion 
(Mahmoudi et al., 2016). Recently, the kinetic behaviour of TBAB and carbon dioxide 
gas hydrates was thoroughly investigated at temperatures ranging from 13.85 °C to 
15.85 °C (Verrett et al., 2016). Other semi-clathrate forming salts, such as 
tetrabutylammonium nitrate (TBANO3) and tetrabutylammonium fluoride (TBAF) have 
also been studied and proven feasible for use in hydrate based gas separation 
applications (Babu et al., 2014a; Babu et al., 2014c; Zheng et al., 2016b). 

Carbon nanotubes (CNTs) show great potential for a wide range of products and 
applications, including the use as kinetic promoters in the field of gas hydrates. CNTs 
are self-assembling rolled sheets of graphene that exhibit excellent mechanical strength 
in addition to high thermal and electrical conductivity (Hordy et al., 2013b). Many 
different synthesis strategies and applications exist to produce various types of carbon 
nanostructured materials (Reddy et al., 2008; Reddy et al., 2009; Reddy et al., 2010; 
Khan et al., 2016). Carbon nanotubes have a very high aspect ratio, which makes them 
attractive for use as a kinetic gas hydrate promoter (Dresselhaus et al., 2001). The 
nanotubes are dispersed in a base fluid to create a “nanofluid” that can be used as the 
hydrate-forming liquid phase (Choi et al., 1995). Oxygen-functionalized multi-walled 
carbon nanotubes (MWCNTs)-hydrate experiments were first reported in 2010 by Park 
et al. (Park et al., 2010). They used 40 ppmw MWCNT in water and observed an 
increase in methane consumption and hydrate growth rate (Park et al., 2010; Park et al., 
2012). Pasieka et al. reported a slight hydrate growth enhancement and increased 
dissolution rates using 1 to 10 ppmw MWCNT (Pasieka et al., 2013a; 2014). 
Additionally, many groups reported a significant decrease in induction time with the 
presence of nanoparticles (Arjang et al., 2013; Zhou et al., 2014; Nesterov et al., 2015). 
At this point, few publications have investigated the effect of combining a 
thermodynamic promoter such as TBAB with a kinetic promoter such as MWCNT.  The 
addition of 200 to 500 ppmw silver nanoparticles, 0.1 wt % SDS and 0.5 to 1.0 wt % 
cyclodextrin to a gas hydrate system resulted in an increase in carbon dioxide gas 
consumption and apparent kinetic growth rate constant (Mohammadi et al., 2014). 
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Furthermore, the combination of 10 to 60 ppmw MWCNTs with 19.1 wt % 
tetrahydrofuran also improved the kinetic growth rate (Lim et al., 2014). In a system 
with 20.3 wt % tetrahydrofuran (THF) at atmospheric conditions, it was shown that the 
addition of MWCNTs decreased the subcooling required for nucleation and enhanced 
the system’s ability to expel the heat of formation via an increase in effective thermal 
conductivity (Pasieka et al., 2013b).  

The goal of this paper is to observe the effect that the addition of MWCNTs has 
on the hydrate growth rate and dissolution rate (at three-phase equilibrium conditions) 
in a TBAB-water-carbon dioxide hydrate system. To the best knowledge of the authors, 
this is the first time that a report discusses the combination of TBAB and MWCNTs in 
any gas hydrate system. Semi-clathrate kinetic and dissolution analysis with the 
addition of nanoparticles is novel and provides crucial information for the possible 
hydrate based applications using these compounds. 
 

4.4 Materials and Methods 
 

4.4.1 Experimental Setup 
 

A simplified diagram of the experimental setup can be found in Figure 4.1. A 
detailed description of the experimental setup and procedure can be found in a previous 
report (Bruusgaard et al., 2010). A 612 mL stainless steel reactor is submerged in a 
temperature-controlled 20 % by volume ethylene glycol-water bath. The inner reactor 
has dimensions of 4.5 inches height and 3.25 inches diameter. The reactor and 
temperature-controlled bath are equipped with a MM-D06 magnetic stirrer from 
Pressure Product Industries with a standard magnetic stir bar with spinning ring from 
Cole Parmer. The stirrer speed was fixed at 560 rpm. A reservoir gas tank is employed to 
keep the reactor pressure constant during experiments with a Baumann 51000 control 
valve. The valve is controlled by the difference in pressure signals between the reactor 
bias gas tank and the reactor. Pressures are monitored using Rosemount pressure 
transducers configured to a span of 0-14,000 kPa for absolute pressure measurements 
and 0-2000 kPa for differential pressure measurements, with an accuracy of 0.065 % of 
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the given span. Resistance temperature detectors (RTD) probes from Omega record 
temperatures from the reactor liquid, reactor gas and reservoir tank. The reactor liquid 
RTD being located near the bottom of the reactor is always well below the liquid line, 
while the reactor gas RTD being located near the top of the reactor is always well above 
the liquid level line. Carbon dioxide gas with a purity of 99.995 % was obtained in 
Canada from MEGS Inc. The water was treated in-house by reverse-osmosis with a 0.22 
μm filter and it has a conductivity of 10 μS and total organic content less than 10 ppmw. 
50 wt % TBAB in liquid water was obtained from Sigma Aldrich United States and used 
to prepare the 40 wt % TBAB mixture used in this study. The solution of 40 wt % TBAB 
was selected because this value is near the stoichiometric amount of TBAB required to 
form hydrates and the thermodynamic equilibrium data was available at this 
concentration making it possible to fix the driving force (Verrett et al., 2015). 

 
Figure 4.1: Schematic of the experimental setup. 

 
Oxygen functionalized multi-walled carbon nanotubes were produced following 

the procedure developed by Hordy et al. (Hordy et al., 2013b). A 316 stainless steel mesh 
acts as a support material and catalyst for MWCNT growth. The stainless steel mesh was 
placed on a ceramic boat, itself inserted into a quartz tube furnace for MWCNT growth 
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by thermal chemical vapour deposition. The carbon source, acetylene, was flowed for 4 
minutes at a furnace temperature of 700 °C, conditions that led to the growth of a dense 
MWCNT forest on the mesh. The as-produced MWCNT-covered mesh was then exposed 
to a capacitively-coupled radio-frequency (13.56 MHz) glow discharge plasma in an 
Ar/O2/C2H6 gas mixture (250/5/1 sccm). Exposure to the plasma led to the addition of 
oxygen-containing functional groups onto the MWCNTs (CO, COOH, OH), thus 
rendering them superhydrophilic.  The MWCNT-covered mesh was then submerged in 
water and placed in an ultrasonic bath where intense agitation broke off the nanotubes 
from the mesh and dispersed them into the surrounding liquid. The suspended 
MWCNTs measure on average 3-5 μm in length and ~30 nm in diameter and are stable 
in water for extended periods of time (Hordy et al., 2013a). Fourier transform infrared 
spectroscopy (FTIR) spectroscopy of the produced nanoparticles can be found in the 
following reference (Vandsburger et al., 2009); however, it was found that X-ray 
photoelectron spectroscopy (XPS) was more useful in elemental analysis for these 
MWCNTs (Hordy et al., 2013b; Hordy et al., 2013a; Jorge et al., 2017). The 
functionalized MWNTs were shown to be superhydrophilic through contact angle 
measurement using a goniometer (Vandsburger et al., 2009). Images of the dispersion 
can be found in the following references (Vandsburger et al., 2009; Hordy et al., 2013b; 
Hordy et al., 2014). The MWCNTs were shown to be stable in different solutions (Hordy 
et al., 2014) and at pH ranging from 4 to 12 (Jorge et al., 2017). The reader is referred to 
Baddour et al. (Baddour et al., 2009), Vandsburger et al. (Vandsburger et al., 2009), 
Hordy et al. (Hordy et al., 2013b; Hordy et al., 2013a; Hordy et al., 2014) and Jorge et al. 
(Jorge et al., 2017) for more information regarding the production and characteristics of 
the MWCNTs. Nanofluid made up of 9.5 ppmw of MWCNTs were used in this work 
because it was the limitation of the production process and it was the highest 
concentration used in Pasieka et al. (Pasieka et al., 2013a; 2014; Pasieka et al., 2015). 
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4.4.2 Hydrate Growth Experiments 
 

Initially, the reactor was rinsed three times with 360 mL of water. The reactor 
was then loaded with 360 mL of the hydrate forming liquid. This liquid was either 40 wt 
% TBAB or 40 wt % TBAB with 9.5 ppmw MWCNTs. The system temperature was fixed 
at 14 °C for all experiments using the chiller to regulate the glycol bath. After the liquid 
sample was loaded, the reactor was purged with carbon dioxide gas three times by 
pressurizing to 1,100 kPa followed by de-pressurizing to 110 kPa. Once thermal 
equilibrium was reached, the system was pressurized to the experimental pressure 
based on the desired driving force. The driving force can be visualized as either a 
temperature subcooling or a pressure driving force when compared to the three-phase 
equilibrium line. TBAB equilibrium data for carbon dioxide can be found in the 
following references (Arjmandi et al., 2007; Deschamps et al., 2009; Verrett et al., 
2015). The reservoir and reactor bias gas tanks were pressurized to 1,000 kPa above the 
reactor value to provide a pressure differential for gas transfer during the kinetic run. 
When the reactor temperature and pressure stabilized, the data acquisition system and 
control valve were turned on, and the stirrer inside the reactor was started. Hydrate 
nucleation was detected by a temperature increase in the bulk liquid and confirmed by 
visual inspection through the polycarbonate window mounted on the reactor. The time 
lapse between when the stirrer was turned on and the onset of gas hydrate nucleation 
was taken as the induction time. Once the hydrates nucleated, they were allowed to grow 
for at least 600 seconds. After the experiment, the data acquisition system and control 
valve were turned off and the reactor pressure was subsequently brought down to 110 
kPa for the hydrates to dissociate. A pressure slightly above atmospheric was used to 
prevent entry of atmospheric gases into the reactor. At this point, the experiment could 
have been repeated at any selected driving force or the reactor liquid could have been 
changed for subsequent experiments.  

Molar gas consumption rates, also referred to as hydrate growth rates, were 
calculated from the reservoir’s pressure and temperature data over time using the 
Trebble-Bishnoi equation of state (Trebble et al., 1987; 1988). In these experiments, the 
gas consumption profile did not change for the first 120 seconds after nucleation. This 
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trend is consistent with results reported by Verrett et al. (Verrett et al., 2016). Therefore, 
a linear regression was performed to fit a straight line after the initial 120 seconds of the 
growth phase. A fitting period of 300 seconds was selected to calculate gas consumption 
rates since the slope was constant over time at this point. Hydrate nucleation is 
indicated by a temperature spike ΔT that can be calculated from the difference between 
the highest temperature after nucleation and the temperature immediately before 
nucleation. A typical gas consumption versus time profile is shown in blue in Figure 4.2. 

 
Figure 4.2: Simplified hydrate gas consumption curve. Blue: hydrate growth; Red: 

dissolution. 

 

4.4.3 Dissolution Experiments 
 

The two-phase dissolution experiments were performed in a similar manner to 
the three-phase hydrate growth experiments. In these experiments, the experimental 
pressure was set to the three-phase equilibrium value of 14 °C and 972 kPa (Verrett et 
al., 2015). This prevented hydrate nucleation and allowed the liquid to reach carbon 
dioxide saturation. Since it was impossible to enter the induction phase, this process 
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terminated when the liquid phase became saturated at the saturated moles, denoted as 
nsat in Figure 4.2. This occurred within one hour of the beginning of the experiment 
from the point where mixing is started, similar to the experiments completed by Pasieka 
et al. (Pasieka et al., 2015). First-order dissolution kinetics were subsequently fitted to 
the experimental data to regress for the time constant τ and the moles saturated nsat. 
The time constant is used to designate the point in time when 63.2 % of the nsat is 
reached. In Figure 4.2, the red line displays the mole consumption over time of a typical 
dissolution experiment. 

 

4.5 Results and Discussion 
 

4.5.1 3.0 ˚C Subcooling 
 

The first set of experiments was conducted at 14 °C and 2678 kPa, 
corresponding to a subcooling of 3.0 °C. An example of kinetic run is shown in  Figure 
4.3. In this run, the gas hydrates nucleated at 3294 seconds, designated by the leftmost 
vertical green dotted line. As discussed in Verrett et al. (Verrett et al., 2016), there is a 
slight time delay at nucleation before gas starts being consumed again. This is because 
the oversaturated liquid has enough carbon dioxide dissolved to form and grow the 
hydrates for a short period of time without the need for more gas. This amount of time 
was estimated to be approximately 120 seconds. The gas consumption rate is obtained 
from a linear regression of 300 seconds after this time delay, as shown by the bounded 
green vertical dotted lines in Figure 4.3. Temperature spike or temperature difference 
from nucleation is calculated from the difference between the temperature immediately 
before nucleation and the maximum temperature after nucleation in the bulk liquid. 
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Figure 4.3: Example of a kinetic run during growth for TBAB-MWCNT-water-carbon 

dioxide gas hydrate system at 14 °C and 2678 kPa. Moles consumption data is shown in 
blue; reactor liquid temperature is shown in red. 

 
The liquid phase was composed of either 40 wt % TBAB or 40 wt % TBAB + 9.5 

ppmw MWCNTs. The average gas consumption rate for TBAB-water at this condition 
was 5.56E-5 mol/s with a 95% confidence interval (CI) of [4.51E-5, 6.60E-5] mol/s over 
9 replicates. The average rate for TBAB-MWCNT-water was 5.28E-5 mol/s with a 95% 
CI of [4.45E-5, 6.11E-5] mol/s over 13 replicates. Since the confidence intervals of both 
systems significantly overlap, it cannot be said that the gas consumption rate is 
statistically different. However, when the rates are plotted against induction time, 
additional information can be extracted. The trend between gas consumption rate and 
induction time displays a clear first-order response that can be seen in Figure 4.4. 
Renault-Crispo et al. recently presented a similar trend with pure water kinetic runs. 
They showed that the gas consumption rate decreased to what seems like a plateau with 
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increasing induction time, the same behaviour is observed with this semi-clathrate 
system, as shown in Figure 4.4 (Renault-Crispo et al., 2017). The gas consumption rates 
in both cases, TBAB and TBAB-MWCNT, decrease to a plateau when the induction time 
exceeds one hour (3600 seconds). The average induction time of both systems are not 
statistically different from each other. The 95 % confidence interval on the induction 
time for TBAB system is [1557, 6425] seconds while it is [1042, 4896] seconds for the 
TBAB-MWCNT system so it cannot be said that the addition of the nanotubes decreases 
induction time. 

 
Figure 4.4: Gas consumption rate plotted against induction time for CO2 hydrates at 14 
°C and 3.0 °C subcooling. TBAB results are shown in blue and TBAB + MWCNT results 

are shown in red. 

 
At shorter induction times, the gas consumption rate of TBAB-water hydrates is 

lower than the rate of TBAB-MWCNT-water hydrates. This is confirmed by regressing 
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the time constant of a first-order response to the data from  Figure 4.4. The 95 % 
confidence interval on the time constant for the TBAB system is from [533, 677] 
seconds, while the 95% confidence interval for the TBAB-MWCNT system is from [933, 
1098] seconds. The regression of the gas consumption rate plateau value is statistically 
the same for both systems, a conclusion also visibly noticeable in Figure 4.4. Therefore, 
the addition of MWCNTs changes the kinetics of the TBAB gas hydrate system at short 
induction times. The gas consumption rate enhancement is visible in Figure 4.5.  The 
enhancement percent compares gas consumption rates during growth of 40 wt % TBAB 
+ 9.5 ppmw MWCNT hydrates against 40 wt % TBAB hydrates. Initially, the percent 
enhancement increases up to a maximum of 15 % at an induction time of 1870 seconds, 
followed by a decrease to 0 % when approaching induction times of about 8000 
seconds. Hence, for this system and at these conditions, the maximum achievable gas 
consumption rate improvement with the addition of MWCNTs is 15 %. 
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Figure 4.5: Gas consumption rate enhancement during growth of the fit of TBAB + 

MWCNT data over the fit of TBAB data plotted against induction time for CO2 hydrates 
at 14 °C and 3.0 °C subcooling. 

 
To further investigate this behaviour, the liquid phase temperature spike from 

hydrate nucleation versus induction time is plotted in Figure 4.6. The temperature spike 
or temperature difference at nucleation is directly related to the initial amount of 
hydrates formed (Renault-Crispo et al., 2017). The addition of MWCNTs shifts the curve 
to lower temperature spikes. This can be attributed to two different causes. The first 
could be that the enhanced heat and mass transfer offered by a nanofluid helps dissipate 
the heat of hydrate formation more efficiently. The second could be that the addition of 
MWCNTs changes the dissolution kinetics in such a way that a different amount of gas 
is dissolved in the liquid in a given amount of time, resulting in a different temperature 
spike. The dissolution phase (induction phase) of the hydrate formation process is 
extremely reproducible and therefore the total gas consumed at a specific induction time 
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will always be the same before hydrate nucleation. A system with better dissolution 
kinetics will therefore have more total gas consumed after the same induction time. This 
total gas consumed is also directly related to the mole fraction in the liquid phase which 
in turn determines the initial amount of gas hydrates formed at nucleation. The initial 
amount of gas hydrates formed at nucleation being an exothermic process can also be 
linked to a bulk temperature spike; the more initial hydrates formed, the greater the 
temperature spike. Accordingly, the effect of MWCNTs on the carbon dioxide 
dissolution kinetics at equilibrium are investigated more thoroughly in the next section. 

 
Figure 4.6: Temperature spike plotted against induction time for CO2 hydrates at 14 °C 
and 3.0 °C subcooling. TBAB results shown in blue and TBAB + MWCNT results shown 

in red. 
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4.5.2 Dissolution Experiments 
 
Dissolution experiments for the carbon dioxide gas hydrate systems of TBAB or 

TBAB + MWCNT were performed at the same temperature as the kinetic experiments, 
(14 °C), but at the three-phase equilibrium pressure of 972 kPa. Due to the lack of 
driving force at this condition, hydrates cannot form and the system can be allowed to 
reach full saturation during the dissolution phase. All experiments were conducted for at 
least one hour since this was determined to be enough time to reach the mole saturation 
limit, when there was no more change in moles consumed. The moles consumed with 
time for each dissolution experiment were fitted to a first-order response (Zhu et al., 
2008; Pasieka et al., 2014), where a regression for the time constant and moles 
saturated was accomplished. The time constant is defined as the time required for the 
liquid to reach 63.2 % of the saturation value. The lower the value of the time constant, 
the faster the dissolution of the system. The results for the regression are shown in Table 
4.1 with the associated 95 % CIs. Five replicates for each system were completed. 

 
Table 4.1: Dissolution kinetic regression of time constant and moles saturated for TBAB 

and TBAB + MWCNT systems. 

System 
Time Constant (s) Moles Saturated (mol) 

Average Lower 
95 % CI 

Upper 
95 % CI Average Lower 

95 % CI 
Upper 

95 % CI 
TBAB 906 899 913 0.080 0.077 0.084 
TBAB + 
MWCNT 865 857 873 0.080 0.079 0.081 

 
The time constant is lower for the system with the added MWCNTs. This means 

that the dissolution is faster in the presence of nanotubes. This helps understand the 
results in Section 3.1, where the runs with a shorter induction time had enhanced gas 
consumption. At short induction times, the carbon dioxide is still dissolving into the 
liquid phase and will continue to do so until the liquid is fully saturated even if the 
hydrates nucleate beforehand. At longer induction times where the dissolution phase is 
approximately complete, the gas consumption rate can be equated to the hydrate growth 
rate and no gas consumption rate enhancement is observed with the addition of 
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MWCNTs. Hence, the added nanotubes help improve the dissolution rate and therefore 
gas consumption rate at low induction time but they do not affect the hydrate growth 
rate. This suggests that the hydrate growth for this semi-clathrate system is not limited 
by the dissolution of carbon dioxide at the gas-liquid interface but rather by the 
resistance at the liquid-hydrate interface. It is important to note that this conclusion is 
made from results in a two-phase system without hydrates and at a lower pressure and 
not for a three-phase system with hydrates. Furthermore, these very low concentrations 
of MWCNTs should have negligible impact on the thermodynamics of the system 
(Pasieka et al., 2015). Pasieka et al. (Pasieka et al., 2014) reported that in a methane-
water system, the addition of MWCNTs to water enhances the two-phase dissolution 
rate up to loadings of 5 ppmw, beyond which it comes back down to nominal values. It 
was also shown in a carbon dioxide gas hydrate system that the addition of amine-
functionalized MWCNTs do not enhance two-phase carbon dioxide dissolution (Pasieka 
et al., 2015). These gas hydrate systems are notably different from the ones used in this 
publication. Here, the temperature is roughly 12 °C higher, the pressure is lower and the 
presence of the salt TBAB affects the liquid dissolution in a different way than with pure 
water systems. Even though there is a statistical difference between the time constants, 
it is important to consider that it is only a 5 % improvement in dissolution rates. 
 

4.5.3 1.5 ˚C Subcooling 
 

The final set of experiments was conducted at 14 °C and 1673 kPa corresponding 
to a subcooling of 1.5 °C.  The purpose was to observe the difference between the 
addition of MWCNTs at two different driving forces. Gas consumption rates with 
induction times are shown in Figure 4.7 for TBAB and TBAB + MWCNT systems. The 
same trend as the 3.0 °C subcooling is present where the gas consumption rates 
decrease to a plateau with increasing induction time. The average consumption rate for 
the TBAB system is 1.55E-5 mol/s with a 95% CI of [1.45E-5, 1.65E-5] mol/s with 6 
replicates. For the system of TBAB with MWCNTs, the average consumption rate is 
1.61E-5 mol/s with a 95% CI of [1.51E-5, 1.71E-5] mol/s with 6 replicates. The variation 
in the lower subcooling experimental data is significantly lower. Figure 4.7 shows the 
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gas consumption rates against induction time for both systems. There is no significant 
difference between the TBAB system and TBAB + MWCNT system at a driving force of 
1.5 °C, since the 95 % CIs overlap. At this lower subcooling, the enhanced dissolution 
from the addition of MWCNTs does not significantly affect the gas hydrate kinetics. On 
average, the induction times are longer with the lower driving force experiments, 
suggesting that the dissolution phase is always almost completed at hydrate formation 
for the lower subcooling. In summary, for a TBAB-water-carbon dioxide gas hydrate 
system, the addition of MWCNTs only influences the dissolution rates and does not 
modify the hydrate growth rate. This is different than what has been reported for pure 
water gas hydrate systems where the addition of MWCNTs has been shown to affect the 
growth rates (Pasieka et al., 2013a; Pasieka et al., 2015). The foremost differences 
between the systems are the presence of 40 wt % TBAB in the liquid phase and the 
considerably higher temperature to form the hydrates. 
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Figure 4.7: Gas consumption rate plotted against induction time for CO2 hydrates at 14 

°C and 1.5 °C subcooling. TBAB results shown in blue and TBAB + MWCNT results 
shown in red. 

 

4.6 Conclusion 
 

The effect on growth and dissolution kinetics with the addition of 9.5 ppmw 
plasma-oxygenated MWCNTs to a carbon dioxide + TBAB gas hydrate system was 
investigated. Experiments were performed at 14 °C and at subcooling of 1.5 and 3.0 °C.  
The gas consumption rate showed a decreasing first-order response with increasing 
induction time. Furthermore, a regression analysis demonstrated that the addition of 
MWCNTs increased the gas consumption rate only at induction times less than one hour 
and did not affect it at longer induction times. Consequently, dissolution kinetics at 
equilibrium and before hydrate nucleation were examined and it was confirmed that the 
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enhanced consumption rate was due to an improved dissolution caused by the addition 
of MWCNTs in solution since the dissolution time constants were statistically different. 
At a the lower subcooling of 1.5 °C, there was no significant difference in gas 
consumption rates for the systems with and without the MWCNTs. Therefore, as 
opposed to results on pure water gas hydrates, the addition of MWCNTs to a TBAB-
water-carbon dioxide gas hydrate system does not result in a change in the actual gas 
hydrate formation rate but only in the dissolution rate, hinting that the hydrate growth 
is not limited by the carbon dioxide transfer at the gas-liquid interface in this system. 
This study can contribute to the development of various applications that aim to 
promote the formation of carbon dioxide gas hydrates. Further studies using higher 
concentration of nanoparticles and different hydrate promoters would help provide a 
better understanding of the role of nanoparticles in hydrate systems. 
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Chapter 5 
 
 

5 Methane Kinetics with Sodium Dodecyl 
Sulfate and Aluminum Oxide Nanoparticles 
  

5.1 Preface 
 
This chapter provides a kinetic analysis on different mixtures of sodium dodecyl 

sulfate and aluminum oxide (Al2O3) nanoparticles to a methane hydrate system. Chapter 
4 mainly demonstrated that adding nanoparticles promotes the dissolution kinetics of 
the hydrate forming gas in a TBAB semi-clathrate system. Due to its approximately ten-
fold lower solubility in water, methane was found to be suitable for this subsequent 
analysis.  Methane gas hydrates were selected as SDS is known to inhibit carbon dioxide 
hydrates and would make that gas unsuitable for this kinetic promotion study. 
Aluminum oxide nanofluid was selected to investigate the effect of considerably greater 
concentration of nanoparticles than was achievable with MWCNTs produced in house.  
Experiments were performed for pure nanofluids (10 to 1000 ppmw Al2O3) and 
mixtures of 575 ppmw SDS with aluminum oxide nanoparticles (1o to 1000 ppmw). 
Methane hydrates did not exhibit any trend with induction time in this study, as was the 
case in Chapter 3. Hence, gas consumption rates could be compared directly without 
having to consider the effect of induction times. 
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5.2 Abstract 
 
Methane hydrate kinetic experiments were completed using different mixtures 

of aluminum oxide nanofluids with and without the presence of sodium dodecyl sulfate. 
Concentrations were varied from 10 to 1000 ppmw for Al2O3. SDS concentration was set 
at 575 ppmw. Results showed that the added nanoparticles do not statistically modify 
gas consumption rates at all concentrations with and without the presence of SDS. 
 

5.3 Introduction 
 
Gas hydrates are non-stoichiometric crystalline compounds that form when a 

gas molecule is encapsulated by water molecules at relatively low temperatures and high 
pressures. Suitable guest molecules are determined by size and stabilize the crystal 
lattice of hydrogen-bonded water molecules through weak van der Waals forces (Sloan 
et al., 2008). There are over 180 different molecules that form hydrates, with the most 
notable being methane and carbon dioxide (Englezos, 1993). Until the 1930’s, hydrates 
remained mainly of academic interest until industrial research was spurred by the 
discovery of hydrates blocking natural gas transmission lines (Hammerschmidt, 1934). 
To this day, this problem of blockages remains quite significant and costly, as can be 
seen in the complications with the BP oil spills in the Gulf of Mexico that were due to a 
large volume of hydrates formed (CBCNews, 2010). Another turning point in the field 
was the discovery of in situ natural gas hydrates in the Siberian permafrost (Makogon, 
1965). Recently, various applications using hydrates have been proposed such as gas 
transportation, storage and separation (Thomas, 2003; Eslamimanesh et al., 2012). 
Carbon dioxide sequestration in hydrate form has been studied as a means to mitigate 
global warming (Chatti et al., 2005). Slow and unpredictable formation kinetics and the 
lack of scalability studies have prevented larger scale development of these proposed 
technologies (Eslamimanesh et al., 2012; Ma et al., 2016). This study investigates the 
effect of adding aluminum oxide nanoparticles to a methane hydrate kinetics with and 
without the presence of sodium dodecyl sulfate. Sodium dodecyl sulfate being a very 
strong kinetic promoter produces a lot of heat from hydrate formation resulting in a 
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significant bulk temperature increase. The objective of these experiments was to analyze 
if the presence of nanoparticles could help dissipate this heat and ultimately increase 
the gas consumption rates. 

 

5.4 Materials and Methods 
 

5.4.1 Experimental Setup 
 
The experimental apparatus consists of a 600 mL stainless steel reactor that is 

submerged in a temperature-controlled 20 % by volume ethylene glycol-water bath, as 
displayed in Figure 5.1. Two MM-DO6 magnetic stirrers from Pressure Product 
Industries are used to evenly mix both the reactor and the temperature-controlled bath. 
The reservoir gas tank is used to keep the reactor pressure constant during experiments 
by feeding gas through a Baumann 51000 control valve. The valve receives a signal 
based on the difference in pressure between the reactor bias gas tank and the reactor. 
This signal increases when gas is consumed in the reactor and the control valve delivers 
gas to the reactor in response to this signal in order to maintain constant pressure. 
Pressures are monitored at three different locations using Rosemount pressure 
transducers configured to a span of 0 to 14 000 kPa for absolute pressure measurements 
and 0 to 2000 kPa for differential pressure measurements, with an accuracy of 0.065 % 
of the given span. Temperatures are recorded with RTD probes from Omega for the 
reactor liquid, reactor gas, and reservoir tank. Methane obtained from MEGS Inc. has a 
purity of 99.999 %. The water used is treated by a reverse-osmosis (RO) system with a 
0.22 μm filter and has a conductivity of 10 μS and total organic content less than 10 
ppmw. SDS is purchased from Fisher Scientific as a solid powder and added to the 
liquid in measured amounts to obtain 575 ppmw. Aluminum oxide nanoparticles were 
purchased from Sigma Aldrich as a liquid dispersion of 20 wt % in water. The average 
particle size was given as 30 to 60 nm. 
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Figure 5.1: Experimental setup. 

 

5.4.2 Experimental Procedure 
 
Before starting experiments, the reactor was rinsed three times with 420 mL of 

RO water. The reactor was subsequently filled with 360 mL of the hydrate-forming 
liquid, which varied by experiment. The system temperature was fixed at 2 °C using the 
chiller to regulate the glycol bath. Once the liquid sample was loaded, the reactor was 
purged with methane gas three times by pressurizing to 1100 kPa followed by de-
pressurizing to 110 kPa. The system was then pressurized to 4646 kPa based on the 
desired driving force of 1500 kPa. The reservoir and reactor bias gas tanks were filled 
with methane gas to a pressure 1000 kPa above the reactor value so as to provide a 
pressure differential for gas transfer during the kinetic runs. Once the reactor pressure 
and temperature stabilized, the data acquisition system and control valve were 
activated, and the magnetic stirrer inside the reactor was started. This begins the 
dissolution phase of a hydrate experiments that continues until the nucleation point, 
which is detected by a spike in bulk liquid temperature. Hydrate growth was recorded 
for at least 450 seconds beyond this point. After the run, the data acquisition system and 
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control valve were turned off and the reactor pressure was brought down to 110 kPa to 
allow the hydrates to dissociate. At this point, the experiment was either repeated to 
provide replicates or the reactor liquid was changed for experiments using a different 
mixture. Molar gas consumption rates, or hydrate growth rates, were calculated using 
the reservoir pressure and temperature data over the first 450 seconds of hydrate 
growth and converting this data to moles using the Trebble-Bishnoi equation of state 
(Trebble et al., 1987; 1988). 

 

5.5 Results and Discussion 
 

Experiments were completed at 2 °C and 4646 kPa which is equivalent to a 1500 
kPa driving force. The experiments of pure methane hydrate with no SDS at different 
Al2O3 concentrations were the first ones to be completed. The induction times were long 
compared to previous CO2 experiments and no trend between gas consumption rates 
and induction time was observed. This allowed us to decouple dissolution and hydrate 
growth in this case and look at gas consumption rates as hydrate growth rates. Figure 
5.2 shows the results of growth rates at the different Al2O3 concentrations with the 
corresponding 95 % confidence intervals. It is quite evident that the confidence intervals 
of all 5 Al2O3 concentrations overlap consequently the results are not statistically 
different from each other. This means that adding up to 1000 ppmw Al2O3 to a pure 
methane hydrate system does not enhance the hydrate growth rate.  
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Figure 5.2: Relative methane gas consumption rate compared to pure water as a 

function of Al2O3 concentration. Vertical error bars correspond to 95 % confidence 
intervals. 

 
The same aluminum oxide concentrations were also tested but with the 

presence of 575 ppmw of SDS for the methane hydrate. A heat dissipation effect was 
sought to decrease the bulk liquid temperature spike from hydrate nucleation and 
thereby increase the growth rate. SDS usually has a large temperature increase resulting 
from hydrate nucleation associated with its enhanced growth rate. The results can be 
seen in Figure 5.3 and are very similar to the ones without the presence of SDS. 
Although the averages are above the baseline for 10 to 1000 ppmw Al2O3, the gas 
consumption rates at all the Al2O3 concentrations are not statistically different from 
each other. 
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Figure 5.3: Relative methane gas consumption rate compared to 575 ppmw SDS system 
as a function of Al2O3 concentration. Vertical error bars correspond to 95 % confidence 

intervals. 

 

5.6 Conclusion 
 
The results shown in this chapter reveal that the addition of nanoparticles to a 

methane hydrate system with and without the presence of sodium dodecyl sulfate does 
not affect the gas consumption rates. Concentrations from 10 to 1000 ppmw Al2O3 were 
tested. Since this was a methane hydrate system, the induction times were long enough 
for dissolution to be near completion when hydrate nucleate, meaning that the effect of 
the nanoparticles was only observed for the hydrate growth. Statistically, no change was 
observed compared to pure water systems. This result agrees with the conclusion from 
Chapter 4 where it was shown that the addition of nanoparticles only enhanced the 
dissolution rates and not the growth rates, hence not affecting methane hydrate kinetics. 
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Chapter 6 
 
 

6 Methane Gas Hydrate Kinetics with Mixtures 
of Sodium Dodecyl Sulfate and 
Tetrabutylammonium Bromide1 
  

6.1 Preface 
 
Sodium dodecyl sulfate is a kinetic promoter that has been shown to increase 

growth rate significantly. In this study, an investigation using the combination of SDS 
and TBAB in a methane hydrate system is performed. A further understanding of how 
these two compounds interact with each other is of relevance to hydrate promotion 
applications. Methane hydrates did not exhibit any trend with induction time in this 
study, as was the case in Chapter 3 and Chapter 5. Hence, gas consumption rates could 
be compared directly without having to consider the induction times. Multiple loading 
concentrations were examined ranging for low concentration TBAB (200 ppmw) to high 
concentration TBAB (200,000 ppmw) for different SDS concentrations (100 to 1500 
ppmw). This allows for postulation on the mechanism of SDS-TBAB on the formed 
hydrates. 

 
 

 
 

 
1 Reproduced with permission from “Renault-Crispo, J.S., Servio, P. Methane Gas 
Hydrate Kinetics with Mixtures of Sodium Dodecyl Sulfate and Tetrabutylammonium 
Bromide. Fuel. Submitted 2017.”  
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6.2 Abstract 
 
The effect of combining a thermodynamic promoter, tetrabutylammonium 

bromide (TBAB) with a kinetic promoter, sodium dodecyl sulfate (SDS) to a methane 
clathrate system was investigated. Kinetic growth experiments were conducted in a 
semi-batch stirred tank crystallizer at driving forces of 1500 kPa using a range of 100 to 
1500 ppmw SDS and 200 to 200 000 ppmw TBAB. Solutions containing low 
concentrations of TBAB in water reduced methane hydrate growth rates up to 55 % for 
1250 ppmw TBAB compared to pure water. Solutions containing 900 ppmw SDS in 
water enhanced the growth rate by 880 % compared to pure water. Solutions were then 
tested combining both promoters. The gradual addition of SDS from concentrations 
between 100 to 1250 ppmw to low-concentration TBAB systems between 200 to 1250 
ppmw was initially found to reduce growth kinetics, but eventually increased the growth 
rates once a threshold SDS concentration was reached. In all cases, the promoting effect 
of SDS was more pronounced in the absence of the TBAB. The growth kinetics of 
systems containing 5 and 20 wt % TBAB also followed a similar inhibition-promotion 
trend with SDS concentration. An increase of 177 % in gas consumption rate was 
observed when 1500 ppmw SDS was added to the 20 wt % TBAB clathrate system.  This 
work demonstrates that SDS can be added to a TBAB-water-methane system to enhance 
gas consumption rates, but care must be taken to ensure that the concentration of the 
additives places the system in a promotion regime. 
 

6.3 Introduction 
 
Gas hydrates are solid inclusion compounds formed from the combination of 

water and gas molecules at high pressures and low temperatures. The solid phase 
consists of a host lattice of hydrogen-bonded water molecules that encage guest gas 
molecules, such as methane, carbon dioxide and propane (Sloan et al., 2008). Gas 
hydrate formation is problematic in oil and gas transmission lines during deep-water 
production and recovery (Koh et al., 2011). Prevention and mitigation is essential to 
ensuring a continuous and safe fluid flow within pipelines and facilities. On the other 
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hand, gas hydrates are considered a potential large-scale energy resource. They are 
found in enormous natural deposits in artic regions under the permafrost and in oceanic 
sediments along the continental margins (Collett et al., 2015). Recognizing the immense 
potential energy resource that natural methane hydrates offer, the Methane Hydrate 
Research and Development Act was enacted by the United States Congress in the year 
2000 to evaluate the feasibility of their extraction and use (National Research Council, 
2004). Correspondingly, Japan (Yamamoto et al., 2014) has recently launched a 
research program for a methane hydrate exploratory drilling project, and India and 
China have invested into methane hydrate research and development programs for the 
possible recovery of natural deposits (Letcher, 2014). 

More recently, gas hydrates have also been studied for other technological 
applications that include storage and transportation of natural gas and hydrogen 
(Gudmundsson et al., 1995; Sugahara et al., 2009). The use of gas hydrate pellets could 
be viable for remote natural gas recovery projects where production is too expensive for 
a pipeline and installing a liquefied natural gas plant is not economically viable 
(Gudmundsson et al., 2000). The gas hydrate pellet application is near 
commercialization, with current reports now focusing on optimization of production 
efficiency, as can be seen in the pilot-scale project in Japan (Watanabe et al., 2008). 
Another relevant application is the use of gas hydrates in separation processes such as 
flue gases, where carbon dioxide can be preferentially captured while excluding nitrogen 
and other benign molecules (Kang et al., 2000b; Chatti et al., 2005; Eslamimanesh et 
al., 2012; Babu et al., 2015; Ma et al., 2016). Collectively, each of these applications is 
made possible by the high storage capacity of gas hydrates. For instance, one cubic 
meter of methane hydrate can release up to 160 cubic meters of methane gas (at STP) 
(Taylor et al., 2003). At the present time, the relatively severe conditions required for 
formation, the slow hydrate growth kinetics and the lack of scalability studies stand as 
the most significant barriers to the large-scale development of the described 
technologies (Yin et al., 2016). 

One method to facilitate the formation conditions of gas hydrates involves the 
use of thermodynamic promoters. These additives shift the phase equilibrium to more 
energetically favourable conditions, such as lower pressures and higher temperatures. 
One class of molecules that are effective thermodynamic promoters are quaternary 
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ammonium salts. These molecules form a semi-clathrate structure with water by 
incorporating themselves into the water lattice, helping to stabilize the crystal structure 
and thereby significantly lowering the thermodynamic conditions required for 
formation. Quaternary ammonium salts usually have their cationic group occupying the 
interior of the cages as guest molecules, and their anionic group participating in the cage 
skeleton alongside water. The tetrabutylammonium bromide (TBAB) salt is the most 
common semi-clathrate-forming thermodynamic promoter, mainly due to its 
commercial availability and that it can form a hydrate phase at temperatures of up to 
12.4 °C and at atmospheric pressure (Aladko et al., 2002; Shimada et al., 2005). 
Research in the field of semi-clathrates has generally focused on the thermodynamics of 
TBAB hydrates, specifically the equilibrium temperatures, pressures and TBAB liquid 
concentrations with single and multiple guest gases (Arjmandi et al., 2007; Sun et al., 
2010; Bouchemoua et al., 2011; Verrett et al., 2015). Li et al. (Li et al., 2010) investigated 
the use of gas hydrates for separation of carbon dioxide from flue gases using TBAB 
hydrates. They demonstrated the capability of removing CO2, and that TBAB accelerated 
gas hydrate growth rates and diminished induction time. Another study showed that a 
40-45 wt % TBAB solution may be a promising cold storage material for air conditioning 
systems due to its high phase change temperature and its improved overall conversion 
of liquid to gas hydrate (Mahmoudi et al., 2016). A study that sparked interest for this 
report was completed by Nguyen et al. (Nguyen et al., 2016) where looked at the 
influence of a range of TBAB concentrations (0.025 to 3 wt %) on gas uptake during the 
formation of CO2 gas hydrates. They noticed that low concentrations of TBAB inhibited 
growth kinetics, where a minimum growth rate was observed at 0.125 wt % TBAB. 
Considering that TBAB is meant to facilitate gas hydrate formation, this peculiar result 
demonstrates that while gas hydrates may be easier to form in the presence of a 
thermodynamic promoter, the ensuing growth kinetics may be reduced. Using Sum 
Frequency Generated vibrational spectroscopy, Attenuated Total Reflectance Fourier 
Transform Infrared and molecular dynamic simulations, Nguyen et al. concluded that 
the surface adsorption of TBAB at the gas-water interface gave rise to the unexpected 
decrease in growth rates observed at dilute TBAB concentrations, making it more 
difficult for the gas to enter the liquid phase. 
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Slow hydrate growth kinetics can be overcome using kinetic promoter 
molecules. Surfactants were discovered to enhance hydrate growth in 1993 by 
Kalogerakis (Kalogerakis et al., 1993). It was shown that the use of 242 ppmw of the 
surfactant sodium dodecyl sulfate (SDS) increased hydrate growth rates up to 700 times 
compared to pure water in a quiescent system (Zhong et al., 2000). SDS and other types 
of surfactants also increased gas storage capacity by converting more of the available 
water into solid hydrate (Sun et al., 2003). In stirred systems, SDS promoted growth 
rate by a factor of nearly 5 compared to a pure water system (Verrett et al., 2012a). An 
increasing sigmoidal trend was observed between SDS concentration and growth rate, 
with a maximum plateau reached around 575 ppmw SDS.(Verrett et al., 2012a) In a 
review on the use of surfactants for gas hydrate promotion, Kumar et al. (Kumar et al., 
2015) reported that systems with added surfactants show reduced induction times, 
increased hydrate growth rates and increased conversion of water to hydrate (nearing 
unity). They noted that the promotion mechanism may not be directly linked to micelle 
formation, as the concentrations used are well below the critical micelle concentration 
(CMC) of 2278 ppmw (Mata et al., 2004; Di Profio et al., 2005). Rather, they offered 
that the presence of surfactants reduces the vapour-liquid surface tension. This 
enhances the mass transfer across the vapour-liquid interface and also changes hydrate 
morphology, both of which increases the surface area for gas-water interaction. 

Finally, the idea of combining thermodynamic and kinetic additives has sparked 
renewed interest for gas hydrate promotion (and inhibition) in hopes of improving 
efficiencies through synergistic effects. Kakati et al. (Kakati et al., 2016c) investigated 
the effect of adding L-tyrosine (a thermodynamic inhibitor) and NaCl (a thermodynamic 
inhibitor) to Polyvinylpryvolidone (PVP) (a kinetic inhibitor), and the resulting impact 
on natural gas hydrate formation. The combination of these three compounds, two 
thermodynamic inhibitors and one kinetic inhibitor, resulted in an enhanced inhibition 
strength where a decrease in gas consumption rate of up to 27 % was observed 
compared to a pure water system. A synergistic effect in decreasing crystal growth rate 
was also seen by combining three thermodynamic inhibitors (PEG, PAM, HEC) with a 
kinetic inhibitor (PVP)  (Jokandan et al., 2016). It was even suggested that a ternary 
solution was a better selection than a binary solution for inhibition purposes.  
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Mech et al. (Mech et al., 2016b) combined different thermodynamic promoters 
(THF and TBAB) with thermodynamic inhibitors (NaCl, methanol, ethylene glycol), and 
an unexpected promotion effect was observed. A ternary mixture of 0.5 wt % THF, 10 wt 
% TBAB, and 10 wt % ethylene glycol in water shifted the equilibrium line to the right 
(promotion) in a manner greater than a binary mixture of 0.5 wt % THF and 10 wt % 
TBAB in water. However, it is important to note that the difference in equilibrium 
temperature was only 0.19 K, which is a weak thermodynamic promoter effect.  

The combination of two kinetic promoters has also been studied in the past. 
Ganji et al. (Ganji et al., 2007) added 300 ppmw of xanthan to a 500 ppmw SDS 
solution and observed a lower hydrate dissociation rate, which can be advantageous for 
storage and transportation applications. Another study looked at the behaviour of SDS 
on two different hydrate systems: cyclopentane and TBAB (Lo et al., 2008). They 
concluded that the headgroup of SDS, DS-, adsorbs via hydrophobic forces to the 
surface of the hydrate. The presence of the Br- ion in the TBAB systems may compete 
with DS- for the adsorption on the hydrate surface, but DS- is reported to have a 
stronger affinity for the hydrate surface (Lo et al., 2008). Recently, Brown et al. (Brown 
et al., 2016) studied the effect of combining different chemicals on the cyclopentane 
hydrate. They suggested that a mixture of dispersant, dodecylbenzenesulfonic acid, and 
kinetic hydrate inhibitor, polyvinylcaprolactam (PVCap), would make the cohesion 
forces between hydrate particles higher than the individual chemicals. However, a 
mixture of PVCap and a quaternary ammonium salt, Arquad 2HT-75, would result in a 
cohesive-reducing effect between hydrate particles greater than either additive on their 
own. This is a strong example of how two different chemical combinations may work 
either antagonistically or synergistically on gas hydrate growth. Another report from 
Kakati et al. (Kakati et al., 2016a) described that combining a thermodynamic promoter, 
THF, with a kinetic promoter, SDS, results in a gas consumption rate increase with 
increasing SDS concentration. A more favourable equilibrium was achieved by 
combining TBAB with cyclopentane than either of these promoters alone (Tzirakis et al., 
2016). Lastly, the growth kinetics of methane hydrate systems containing either THF or 
TBAB along with SDS was investigated (Mech et al., 2016a). The experiments were 
conducted with mixtures of 5 to 10 wt % TBAB, 0.5 to 1 wt % THF, and 600 to 1000 
ppmw SDS. The THF-SDS system showed a drastic increase in methane consumption 
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rate compared to the TBAB-SDS system. Mech et al. (Mech et al., 2016a) also observed a 
behaviour where gas consumption decreases over time after the initial hydrate 
formation (2 hours). This was attributed to the possible absorption of SDS micelles 
around the TBAB molecules. The TBAB semi-clathrate system was optimal for 
promotion using 5 wt % TBAB + 600 ppmw SDS, promoting better than with more SDS 
(5 wt % TBAB + 1000 ppmw SDS) or with more TBAB (10 wt % TBAB + 600 ppmw 
SDS). 

The objective of this study is to examine the kinetic effect of combining a 
common thermodynamic promoter, TBAB, with a common kinetic promoter, SDS, in a 
methane gas hydrate system. The concentration of TBAB was varied from 200 to 200 
000 ppmw (0.02 to 20 wt %) while the range for SDS concentration was 100 to 1500 
ppmw (0.01 to 0.15 wt %). To the best knowledge of the authors, this is the first time 
that these combinations of concentrations are used to study initial growth rates of 
methane hydrates. This study can contribute to scalability studies for the development 
of different gas hydrate applications that aim to enhance gas hydrate formation and 
provide a better understanding of the mechanisms behind these two promoters. 
 

6.4 Materials and Methods 
 

6.4.1 Experimental Setup 
 
The experimental apparatus consists of a 600 mL stainless steel reactor that is 

submerged in a temperature-controlled 20 % by volume ethylene glycol-water bath, as 
displayed in Figure 6.1. Two MM-DO6 magnetic stirrers from Pressure Product 
Industries are used to evenly mix both the reactor and the temperature-controlled bath. 
The reservoir gas tank is used to keep the reactor pressure constant during experiments 
by feeding gas through a Baumann 51000 control valve. The valve receives a signal 
based on the difference in pressure between the reactor bias gas tank and the reactor. 
This signal increases when gas is consumed in the reactor and the control valve delivers 
gas to the reactor in response to this signal in order to maintain constant pressure. 
Pressures are monitored at three different locations using Rosemount pressure 
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transducers configured to a span of 0 to 14 000 kPa for absolute pressure measurements 
and 0 to 2000 kPa for differential pressure measurements, with an accuracy of 0.065 % 
of the given span. Temperatures are recorded with RTD probes from Omega for the 
reactor liquid, reactor gas, and reservoir tank. Methane obtained from MEGS Inc. has a 
purity of 99.999 %. The water used is treated by a reverse-osmosis (RO) system with a 
0.22 μm filter and has a conductivity of 10 μS and total organic content less than 10 
ppmw. The 50 wt % TBAB-water mixture is obtained from Sigma Aldrich and used to 
prepare the different TBAB mixtures used in this study. SDS is purchased from Fisher 
Scientific as a solid powder and added to the liquid in measured amounts to obtain the 
different concentrations.

 
Figure 6.1: Experimental setup. 

 

6.4.2 Experimental Procedure 
 
Before starting experiments, the reactor was rinsed three times with 420 mL of 

RO water. The reactor was subsequently filled with 360 mL of the hydrate-forming 
liquid, which varied by experiment. The system temperature was fixed at the 
experimental temperature using the chiller to regulate the glycol bath. Once the liquid 
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sample was loaded, the reactor was purged with methane gas three times by 
pressurizing to 1100 kPa followed by de-pressurizing to 110 kPa. The system was then 
pressurized to the experimental pressure based on the desired driving force. The 
reservoir and reactor bias gas tanks were filled with methane gas to a pressure 1000 kPa 
above the reactor value so as to provide a pressure differential for gas transfer during 
the kinetic runs. Once the reactor pressure and temperature stabilized, the data 
acquisition system and control valve were activated, and the magnetic stirrer inside the 
reactor was started. This begins the dissolution phase of a hydrate experiments that 
continues until the nucleation point, which is detected by a spike in bulk liquid 
temperature. Hydrate growth was recorded for at least 450 seconds beyond this point. 
After the run, the data acquisition system and control valve were turned off and the 
reactor pressure was brought down to 110 kPa to allow the hydrates to dissociate. At this 
point, the experiment was either repeated to provide replicates or the reactor liquid was 
changed for experiments using a different mixture. Molar gas consumption rates, or 
hydrate growth rates, were calculated using the reservoir pressure and temperature data 
over the first 450 seconds of hydrate growth and converting this data to moles using the 
Trebble-Bishnoi equation of state (Trebble et al., 1987; 1988). 
 

6.5 Results and Discussion 
 
The analysis compares gas consumption rates without taking into account the 

role that induction time may have on growth rate, as the results were shown not to be a 
function of induction time as anticipated for systems with methane gas as the hydrate 
former (Renault-Crispo et al., 2017). Hence the gas consumption rates of each liquid 
mixture can be correctly compared in the analysis. At least three runs were performed 
for each liquid mixture. The average value is shown in the figures with a 95 % 
confidence interval (based on a t-test). 

 

6.5.1 Pure SDS 
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Pure SDS runs were performed as a baseline to compare with literature values. 

Experiments were conducted at 2 °C and 4646 kPa, equivalent to a 1500 kPa driving 

force. Verrett et al. (Verrett et al., 2012a) demonstrated that the methane hydrate 
growth rate followed a sigmoidal trend with SDS concentration, where rates start to 
increase at SDS concentration of 150 ppmw and reach a maximum around 575 ppmw. 
The results from Figure 6.2 show the relative gas consumption rate change with SDS 
concentration for the current methane hydrate system compared to a pure methane-
water system. This data supports the literature that an increase in gas consumption rate 
occurs between 100 ppmw and 300 ppmw. Initially, SDS does not promote growth until 
a specific concentration is used (300 ppmw in this case). However, the value of gas 
consumption rate did not plateau as clearly as it did in the study by Verrett et al. 
(Verrett et al., 2012a), but seemed to continue increasing after the 575 ppmw mark. At 
900 ppmw, the growth rate enhancement was 880 % compared to pure water methane 
hydrates, while at 575 ppmw it was 593 %. The authors believe that this slight variation 
in results is an effect of a different experimental setup, experimental procedure, and 
mixing speed. Furthermore, the complexity of hydrate growth in the presence of SDS 
could also contribute to different hydrodynamics. With the added surfactant, the liquid 
is seen to foam significantly and initial hydrate growth typically occurs along the walls of 
the reactor. The use of a metal stirring shaft that traverses the gas-liquid interface in 
Verrett at al. may also provide an extra surface for hydrates to grow. In this study, a 
magnetic stir bar situated at the bottom of the liquid was used to mix the system, 
possibly allowing for greater promotion. All these effects make it difficult to compare 
results between two different experimental setups in absolute terms, however the 
relative results are quite consistent. 
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Figure 6.2: Relative methane gas consumption rate compared to pure water as a 

function of SDS concentration. Vertical error bars correspond to 95 % confidence 
intervals. 

 

6.5.2 Pure TBAB at Low Concentrations 
 
This section presents the results of low concentration TBAB (80 to 1250 ppmw) 

and to the best knowledge of the authors, it is the first time this has been reported for a 

methane gas hydrate system. Once again, experiments were conducted at 2 °C and 4646 

kPa, equivalent to a 1500 kPa driving force. Equilibrium condition measurements were 
performed at the 1250 ppmw TBAB concentration. It is important to note that the 
equilibrium pressure was found to be 77 kPa higher than pure water, corresponding to 
an unexpected small degree of thermodynamic inhibition. This means that the driving 
force for this concentration is approximately 5 % lower than the other concentrations 
(1423 kPa versus 1500 kPa). The equilibrium pressure for the other TBAB 
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concentrations (80 to 575 ppmw) were not found to be statistically different than pure 
water. Figure 6.3 displays the results for methane hydrate gas consumption rate with 
different concentrations of TBAB. It can be seen that gas consumption rates decrease 
with increasing TBAB concentrations. A 22 % decrease was observed for 575 ppmw 
TBAB, and a 55 % reduction was seen for 1250 ppmw TBAB. At 1250 ppmw, the 5 % 
decrease in driving force cannot completely account for the 55 % inhibition detected 
since the other concentrations also decrease gas consumption rate but with no 
noticeable equilibrium change. At these low TBAB concentrations, TBAB acts as a 
kinetic inhibitor, in that it reduces the observed growth rates. However, the literature 
suggests that the advantage of using TBAB lies in its ability to be a thermodynamic 
promoter, which is not yet noticeable at these low concentrations. Nguyen et al. (Nguyen 
et al., 2016) also reported a decreasing trend with increasing TBAB concentration, 
similar to the one presented here, but in carbon dioxide gas hydrate systems. They 
indicated that gas uptake is at a minimum at 1250 ppmw TBAB, and gas uptake will 
increase with either increasing or decreasing TBAB concentration from this point. It is 
important to note that they used the same pressure driving force for concentrations 
higher than 1250 ppmw.   At these levels of TBAB, the shift in equilibrium conditions 
becomes more significant, which makes it difficult to meaningfully compare growth rate 
results across TBAB concentrations. For instance, the equilibrium conditions at 5 wt % 
TBAB is significantly different than at 0.1250 wt % (1250 ppmw) (Verrett et al., 2015). It 
is for this reason that the results for higher concentrations of TBAB (> 1250 ppmw) are 
addressed in a separate section and are not compared to the low concentration results in 
this article. This interesting promotion-inhibition effect from a same compound has also 
been observed for a well-known kinetic inhibitor, PVP. Ke at al. (Ke et al., 2016) showed 
that PVP at 50 and 100 ppmw can have a promotive effect on nucleation rate at certain 
subcoolings, yet an inhibitory effect at other subcoolings. This illustrates the possibility 
of the opposing effects that a single additive may have on different aspects of a gas 
hydrate system. 
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Figure 6.3: Relative methane gas consumption rate compared to pure water as a 

function of TBAB concentration. Vertical error bars correspond to 95 % confidence 
intervals. 

 

6.5.3 Low Concentration TBAB with SDS 
 
After noticing the decreasing trend in hydrate growth rate with TBAB 

concentrations up to 1250 ppmw in the previous section, an investigation was conducted 
to examine whether the combination of the kinetic promoter SDS with the seemingly-
inhibiting TBAB could improve the hydrate growth rate. Figure 6.4 shows the relative 
gas consumption rates (compared to pure water) of systems containing increasing SDS 
concentrations (100 to 1250 ppmw) and three different concentrations of TBAB (200, 
500, and 1250 ppmw). Since the results are all normalized based on the pure water run, 
the different TBAB concentrations have a different growth rate at 0 ppmw SDS, 
corresponding to the results of Figure 6.3. The absolute values of gas consumption rate 
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are provided in Table 6.1. These experiments were also conducted at 2 °C and 4646 kPa, 

equivalent to a 1500 kPa driving force. At all TBAB concentrations (red, green and blue 
lines in Figure 6.4), a decrease in gas consumption rate compared to the baseline is 
observed at low SDS concentrations (lower than 400 ppmw SDS). This means that when 
SDS is added in a small amount to a low concentration TBAB solution, an inhibition 
effect greater than the low concentration TBAB solution itself is detected. At 200 ppmw 
TBAB, this inhibition occurs up to 200 ppmw SDS, while at 500 and 1250 ppmw TBAB, 
it is present up to 400 ppmw SDS. A 64 % inhibition compared to the 500 ppmw TBAB 
system (69 % inhibition compared to pure water) is observed when a solution of 500 
ppmw TBAB with 400 ppmw SDS is used. Similarly, at 1250 ppmw TBAB, a 43 % 
inhibition is seen when only 100 ppmw of SDS is added. After this initial inhibition, the 
continued addition of SDS will eventually promote the gas consumption rate above its 
baseline of 0 ppmw SDS. This transition happens earlier at lower TBAB concentrations, 
meaning that TBAB has an antagonistic effect on the promotion of SDS of methane 
hydrate growth. In the case where growth rate promotion is the main goal, the best 
solution would be one that does not contain TBAB as shown in Figure 6.4 where the 
black line (no TBAB) has the greatest values of gas consumption rate and does not 
change the thermodynamic equilibrium significantly. 
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Figure 6.4: Relative methane gas consumption rate compared to pure water as a 
function of SDS concentration and four TBAB concentrations. Vertical error bars 

correspond to 95 % confidence intervals. 
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Table 6.1: Absolute methane gas consumption rate values for all mixtures of low 
concentration TBAB and SDS. Confidence intervals are omitted for clarity but can be 

found in Figure 6.4. 

SDS 
Concentration 

(ppmw) 

TBAB 
concentration 

(ppmw) 

Average gas 
consumption 

rate * 1e6 
(mol/s) 

Relative to 
pure water 

0 0 15.0 1 
0 200 12.9 0.86 

200 200 13.8 0.92 
360 200 75.8 5.06 

0 500 12.6 0.84 
100 500 5.5 0.36 
200 500 4.7 0.31 
300 500 6.3 0.42 
400 500 4.6 0.30 
500 500 33.9 2.26 
900 500 79.1 5.28 

0 1250 6.7 0.45 
100 1250 3.8 0.26 
300 1250 3.9 0.26 
500 1250 8.9 0.60 
900 1250 11.8 0.79 
1250 1250 22.2 1.48 

 
Different hypotheses can be made with regards to why TBAB is inhibiting the 

effect of SDS on gas hydrate growth promotion. The presence of TBAB alter the critical 
micelle concentration (CMC) of SDS (2278 ppmw) (Mata et al., 2004), possibly causing 
a change in the mechanism of hydrate growth promotion. It was shown by Mata et al. 
(Mata et al., 2004) that SDS exhibited a decrease in CMC with the addition of TBAB at 

25 °C. About a tenfold decrease of CMC from 2278 ppmw SDS at 0 ppmw TBAB to 270 

ppmw SDS at 322 ppmw TBAB was observed. Micelles may prevent SDS from 
kinetically promoting hydrate formation and thus the need for more SDS to do the same 
promotion effect. Additionally, other than the change in CMC, they report that the 
mixture of these compounds showed enhanced solubilisation properties and a 
remarkable decrease in surface tension due to the increased interaction forces and thus 



CHAPTER 6: Methane Gas Hydrate Kinetics with SDS and TBAB 
 

 91 

binding ability of bulky tetrabutylammonium ion on NaDS. These concentration values 
are within the range at which the values of gas consumption rate start increasing in 
Figure 6.4, hinting that micelle formation could be essential to understanding how these 
two additives change the growth process. It is important to note that the reported CMC 

values were at 25 °C and that CMC is usually a complex function of temperature for 

surfactants. Mohajeri et al. have shown that below 40 °C, another surfactant, 

polysorbate, had its CMC increase with decreasing temperature, a trend that was 

inversed at temperatures above 40 °C (Mohajeri et al., 2012). Morphology studies and 

CMC determination at hydrate conditions would bring valuable information on the 
effect of TBAB and SDS on the hydrate growth mechanism.  

While lower concentration TBAB solution are less likely to be used because of 
the adverse effects shown, higher concentration TBAB solutions are still viable additives 
for their thermodynamic promotion ability, and promotion effects with the kinetic 
promoter SDS are still viable. 

 

6.5.4 High Concentration TBAB with SDS 
 
Kinetic results for 5 and 20 wt % TBAB with different SDS concentration can be 

found in Figure 6.5. Actual values for gas consumption rates can be found in Table 6.2. 
The gas consumption rates have been normalized to the 0 ppmw SDS run in both the 5 

and 20 wt % TBAB cases. Experiments for 5 wt % were completed at 10.2 °C and 3917 

kPa, and 14.1 °C and 2935 kPa for the 20 wt %, both corresponding to a 1500 kPa 

driving force (Verrett et al., 2015). Both concentrations exhibit a decline in methane gas 
consumption rate at small concentrations of SDS (100 to 500 ppmw). At concentrations 
above 500 ppmw SDS, the systems start benefitting from the presence of higher 
concentration SDS and ultimately promote gas consumption rates relative to the 0 
ppmw SDS baseline. An increase of 177 % was observed for 1500 ppmw SDS in a 20 wt 
% TBAB semi-clathrate system compared to 20 wt % TBAB alone. The transition of 
inhibition to promotion is found at a higher SDS concentration when 5 and 20 wt % 
TBAB is used compared to the lower TBAB concentrations in the previous section. The 
threshold concentration where the system transitions from inhibiting to promoting 
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increases with increasing TBAB concentration in all cases. From Figure 6.4, 200 ppmw 
TBAB only needed 360 ppmw SDS to promote the methane gas consumption rate to 405 
% while at 5 wt % TBAB and 500 ppmw SDS, an inhibition of 34 % is still detected. The 
collective results at low and high concentrations of TBAB, with and without SDS, show 
that opposite effects can be observed with respect to hydrate growth rates, depending on 
the combination and concentration of the additives used. In the design of industrial 
applications where the TBAB-SDS semi-clathrate hydrate system is being considered, it 
is vital to be aware of the existence of this dual inhibition-promotion effect so that the 
desired effect is achieved. 

 
Figure 6.5: Relative methane gas consumption rate compared to 0 ppmw SDS (pure 

TBAB) as a function of SDS concentration. Vertical error bars correspond to 95 % 
confidence intervals. 
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Table 6.2: Absolute methane gas consumption rate values for all mixtures of high 
concentration TBAB and SDS. Confidence intervals are omitted for clarity but can be 

found in Figure 6.5. 

SDS 
Concentration 

(ppmw) 

TBAB 
concentration 

(wt %) 

Average gas 
consumption 

rate * 1e6 
(mol/s) 

Relative to 0 
ppmw SDS 

0 5 5.6 1.00 
100 5 2.8 0.51 
300 5 3.7 0.67 
500 5 3.7 0.66 
900 5 7.9 1.41 
1250 5 6.2 1.11 

0 20 4.8 1.00 
100 20 2.9 0.60 
500 20 3.9 0.80 

1000 20 9.5 1.97 
1500 20 13.4 2.76 

 

6.6 Conclusion 
 
An investigation into the addition of the kinetic promoter SDS to a TBAB-

methane semi-clathrate system was undertaken over a range of 100 to 1500 ppmw SDS 
and 200 to 200 000 ppmw TBAB (0.02 to 20 wt %). The growth rates of methane 
hydrate systems containing only SDS were found to begin to increase at similar 
threshold values as reported in literature, but surpassed reported plateau values without 
tailing off. A growth rate enhancement of 880 % compared to pure water was observed 
at the highest concentration of SDS used (900 ppmw). In methane hydrate systems 
containing low concentrations of the thermodynamic promoter TBAB (200 to 1250 
ppmw), hydrate growth was found to decrease monotonically as a function of TBAB 
concentration, reaching 55 % inhibition at 1250 ppmw TBAB. The addition of 100 to 
1250 ppmw SDS to these 200 to 1250 ppmw TBAB systems initially slowed hydrate 
growth to an even larger extent than just TBAB, but eventually promoted the growth 
rates once a threshold SDS concentration was reached. However, the promotion effect 
was more pronounced without the presence of TBAB. The formation kinetics of 5 and 20 
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wt % TBAB systems also followed a similar inhibition-promotion trend with increasing 
SDS concentration. An increase of 177 % in the gas consumption rate was recorded when 
1500 ppmw SDS was added to the 20 wt % TBAB clathrate system.  In sum, SDS can be 
added to a TBAB-water-methane system to enhance gas consumption rates, but care 
must be taking to be above the threshold concentration of the inhibition-promotion 
effect. 
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Chapter 7 
 
 

7 Growth Kinetics of Carbon Dioxide Gas 
Hydrates with Tetrabutylammonium 
Bromide and Sodium Dodecyl Sulfate 
  

7.1 Preface 
 
This final study builds on results from Chapter 6 by investigating the effect of 

mixtures of TBAB and SDS on carbon dioxide hydrate systems. SDS is already known to 
inhibit CO2 gas hydrate growth rates and an investigation on its effect when TBAB is 
present was performed here. The experiments were conducted with 40 wt % TBAB in 
this case since this is the stoichiometric hydrate concentration and equilibrium values 
were available at this concentration for carbon dioxide. SDS concentration was varied 
from 100 to 3000 ppmw.  
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7.2 Abstract 
 
Carbon dioxide kinetic experiments were undertaken using different 

concentrations of sodium dodecyl sulfate in a 40 wt % TBAB system. SDS 
concentrations were varied from 100 to 3000 ppmw. Results showed that the gas 
consumption rates were inhibited at some SDS concentrations (100, 300 and 900 
ppmw) and unchanged at other SDS concentrations (500, 1500, 3000 ppmw). To 
strengthen this conclusion, the gas consumption rates were also plotted with induction 
time of hydrate formation and the results showed a linear trend that made rates from 
different concentrations impossible to differentiate from a 40 wt % TBAB system.  

 

7.3 Introduction 
 
Gas hydrates, or clathrate hydrates, are non-stoichiometric crystalline 

compounds that arise when a gas or volatile liquid is encapsulated by water molecules. 
Suitable guest molecules are mostly determined by size and stabilize the crystal lattice of 
hydrogen-bonded water molecules via weak van der Waals forces (Sloan et al., 2008). 
Gas hydrates usually form at moderate temperatures and high pressures. There are over 
180 different molecules that form hydrates, with the most notable being methane, 
ethane  and carbon dioxide (Englezos, 1993). Clathrates hydrates were first document in 
1810 by Sir Humphrey Davy and remained mainly of academic interest until industrial 
research was spurred by the discovery of hydrates blocking natural gas transmission 
lines in the 1930s (Hammerschmidt, 1934). The next turning point in the hydrate field 
was the discovery of in situ natural gas hydrates in the Siberian permafrost (Makogon, 
1965). Current conservative estimates propose that the amount of energy stored in 
natural gas hydrate deposits is double the amount of all other fossil fuels combined 
(Max, 2000). Recently, various applications using hydrates have been proposed such as 
gas transportation, storage and separation (Thomas, 2003; Eslamimanesh et al., 2012). 
Carbon dioxide sequestration in hydrate form has been studied as a means to mitigate 
global warming (Chatti et al., 2005). Slow and unpredictable formation kinetics and the 
lack of scalability studies have prevented larger scale development of these proposed 
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technologies (Eslamimanesh et al., 2012; Ma et al., 2016). This study examines the 
kinetic behaviour of carbon dioxide gas with a 40 wt % TBAB system and different 
concentrations of SDS. 
 

7.4 Materials and Methods 
 

7.4.1 Experimental Setup 
 
The experimental apparatus consists of a 600 mL stainless steel reactor that is 

submerged in a temperature-controlled 20 % by volume ethylene glycol-water bath, as 
displayed in Figure 6.1. Two MM-DO6 magnetic stirrers from Pressure Product 
Industries are used to evenly mix both the reactor and the temperature-controlled bath. 
The reservoir gas tank is used to keep the reactor pressure constant during experiments 
by feeding gas through a Baumann 51000 control valve. The valve receives a signal 
based on the difference in pressure between the reactor bias gas tank and the reactor. 
This signal increases when gas is consumed in the reactor and the control valve delivers 
gas to the reactor in response to this signal in order to maintain constant pressure. 
Pressures are monitored at three different locations using Rosemount pressure 
transducers configured to a span of 0 to 14 000 kPa for absolute pressure measurements 
and 0 to 2000 kPa for differential pressure measurements, with an accuracy of 0.065 % 
of the given span. Temperatures are recorded with RTD probes from Omega for the 
reactor liquid, reactor gas, and reservoir tank. Carbon dioxide obtained from MEGS Inc. 
has a purity of 99.995 %. The water used is treated by a reverse-osmosis (RO) system 
with a 0.22 μm filter and has a conductivity of 10 μS and total organic content less than 
10 ppmw. The 50 wt % TBAB-water mixture is obtained from Sigma Aldrich and used to 
prepare the 40 wt % TBAB mixtures used in this study. SDS is purchased from Fisher 
Scientific as a solid powder and added to the solution in measured amounts to obtain 
different concentrations. 
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Figure 7.1: Experimental setup. 

 

7.4.2 Experimental Procedure 
 
Before starting experiments, the reactor was rinsed three times with 420 mL of 

RO water. The reactor was subsequently filled with 360 mL of the hydrate-forming 
solution. The system temperature was fixed at 14 °C using the chiller to regulate the 
glycol bath. Once the liquid sample was loaded, the reactor was purged with carbon 
dioxide gas three times by pressurizing to 1100 kPa followed by de-pressurizing to 110 
kPa. The system was then pressurized to 2521 kPa based on the desired driving force of 
1500 kPa. The reservoir and reactor bias gas tanks were filled with carbon dioxide gas to 
a pressure 1000 kPa above the reactor value so as to provide a pressure differential for 
gas transfer during the kinetic runs. Once the reactor pressure and temperature 
stabilized, the data acquisition system and control valve were activated, and the 
magnetic stirrer inside the reactor was started. This begins the dissolution phase of a 
hydrate experiments that continues until the nucleation point, which is detected by a 
spike in bulk liquid temperature. Hydrate growth was recorded for at least 450 seconds 
beyond this point. After the run, the data acquisition system and control valve were 
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turned off and the reactor pressure was brought down to 110 kPa to allow the hydrates 
to dissociate. At this point, the experiment was either repeated to provide replicates or 
the reactor liquid was changed for experiments using a different mixture. Molar gas 
consumption rates were calculated using the reservoir pressure and temperature data 
over the first 450 seconds of hydrate growth and converting this data to moles using the 
Trebble-Bishnoi equation of state (Trebble et al., 1987; 1988). 

 

7.5 Results and Discussion 
 

Experiments were conducted at 14 °C and 2521 kPa based on a 1500 kPa driving 
force from the equilibrium value (Verrett et al., 2015). Carbon dioxide gas consumption 
rate results are shown in Figure 7.2 at SDS concentrations varying from 100 to 3000 
ppmw. An inhibition is present at most of the SDS concentrations (100, 300 and 900 
ppmw). All concentrations have their average consumption rates lower than the pure 
systems, however, the SDS concentrations of 500, 1500 and 3000 ppmw are not 
statistically different in term of growth rate from the baseline 40 wt % TBAB. This result 
shows that the presence of TBAB does not prevent SDS from inhibiting or at the very 
least nullifying carbon dioxide gas hydrate formation rates. 
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Figure 7.2: Relative carbon dioxide gas consumption rate compared to 40 wt % TBAB as 

a function of SDS concentration. Vertical error bars correspond to 95 % confidence 
intervals. 

 
Another approach to observing these results comes from Chapter 3 and 4. It was 

shown that carbon dioxide systems can be studied by looking at the trend between 
induction time and gas consumption rate. This was plotted for all experiments of the 
present system in Figure 7.3. All experiments, regardless of SDS concentration, follow 
the same linear decreasing line between gas consumption rate and induction time. This 
also achieves the same conclusion that the added SDS does not statistically change the 
growth rate in a carbon dioxide system. 



CHAPTER 7: Kinetics of CO2 hydrates with TBAB and SDS 
 

 101 

 
Figure 7.3: Carbon dioxide gas consumption rate against induction time for all SDS 

concentration in a 40 wt % TBAB system. 

 

7.6 Conclusion 
 

The results shown in this chapter indicate that adding sodium dodecyl sulfate to 
a 40 wt % TBAB carbon dioxide system does not help promote the growth kinetics. This 
is very different than with a methane system as reported in Chapter 6. However, it is on 
par with results that show that SDS slightly inhibits carbon dioxide hydrate systems. 
Since we are dealing with a carbon dioxide hydrate system, it was important to look at 
the effect of induction time on the gas consumption rates. The different concentrations 
of SDS in the 40 wt% TBAB system did not show statistically different results for the gas 
consumption rates with induction time. It was even observed that SDS concentrations 
between 100 and 3000 ppmw averaged a lower growth rate than a pure TBAB system. 
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Chapter 8 
 
 

8 Conclusion and Future Recommendations 
  

8.1 Comprehensive Conclusion 
 

The current work investigated the kinetics of gas hydrate growth with different 
combination of known promoters. Chapter 3 presented a novel method to analyze gas 
hydrate kinetics at all induction times. A high variability in gas consumption rate was 
discovered at a same experimental condition for pure carbon dioxide gas hydrates. It 
was concluded that carbon dioxide gas consumption rate decreased with increasing 
induction time following a first-order response. An increasing monotonic relationship 
was also found in between induction time and bulk liquid temperature increase at 
hydrate nucleation. Methane hydrates did not exhibit the same behaviour as carbon 
dioxide with respect to gas consumption rate variability and the trends with induction 
time. Values for methane gas consumption rates were reproducible at the conditions 
tested and hence, these could be used directly to compare kinetics. Chapter 4 used the 
analysis tool established in Chapter 3 to analyze the formation kinetics of a carbon 
dioxide semi-clathrate hydrate system composed of 40 wt % TBAB and 9.5 ppmw 
MWCNTs. The addition of the kinetic promoter MWCNT to the thermodynamic 
promoter TBAB increased gas consumption rates during growth for induction times less 
than one hour but did not affect it at longer induction times. The maximum gas 
consumption enhancement from the added MWCNTs was 15 %. Dissolution runs were 
also completed and indicated that the presence of MWCNTs improved the dissolution 
rate by lowering the time constant by 5 %. In Chapter 5, a system composing of two 
hydrate kinetic promoters, SDS and Al2O3 nanoparticles, was studied for its effect on 
methane hydrate growth. Concentrations of aluminum oxide nanoparticles were varied 
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from 10 to 1000 ppmw in a 575 ppmw SDS solution. It was shown that the added 
nanoparticles did not modify gas consumption rates with and without the presence of 
SDS. Chapter 6 followed with a study on the effect of combining the common 
thermodynamic promoter, TBAB, with the powerful kinetic promoter, SDS, to a 
methane hydrate system. Solutions containing low concentrations of TBAB in water 
reduced hydrate growth rates up to 55 % at 1250 ppmw TBAB compared to pure water. 
The addition of 100 to 1250 ppmw SDS to system with 200 to 1250 ppmw TBAB initially 
slowed hydrate growth to a larger extent than solely TBAB, but eventually promoted the 
growth rates when a threshold SDS concentration was reached. A similar trend with 
SDS concentration was also observed in 5 and 20 wt % TBAB systems. The last study 
was a continuation of the results from Chapter 6 by observing a carbon dioxide hydrate 
system with the same combination of chemicals. It was shown that SDS did not promote 
gas consumption rates at all SDS concentrations in a 40 wt % TBAB system as expected 
since SDS was known to inhibit pure carbon dioxide-water hydrates. 
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8.2 Recommendations for Future Works 
 
The following opportunities could be pursued to provide a deeper 

understanding into the formation kinetics of semi-clathrate promoters and also the 
underlying mechanism of different combinations of hydrate promoters: 

 

− Investigating why CO2 hydrates are inhibited by SDS using mole fraction 
measurements. 
 

− Investigating tetrabutylammonium chloride (TBAC) kinetics and 
comparing them to TBAB kinetics. 

 

− Further establishing a method to systematically compare the growth 
kinetics of systems with different hydrate thermodynamic equilibrium. 

 

− Determining the critical micelle concentration of different mixtures of 
SDS-TBAB at hydrate growth conditions. 

 

− Performing morphology studies on the SDS-TBAB semi-clathrate system 
to better understand the mechanism behind the promoting-inhibiting 
effect. 

 

− Analyzing stability and characteristics of MWCNTs at all moments of a 
hydrate kinetic run. 
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8.3 Other Significant Contributions 
 

In addition to the work presented in this thesis, the author has also contributed 
to the following peer-reviewed publications: 

 

− Renault-Crispo, J.-S., Lang, F. and Servio, P. "The importance of liquid 
phase compositions in gas hydrate modeling: Carbon dioxide–methane–
water case study." The Journal of Chemical Thermodynamics 68(0): 
153-160. 2014. 

 

− Verrett, J., Renault-Crispo, J.-S. and Servio, P. "Phase equilibria, 
solubility and modeling study of CO2/CH4 + tetra-n-butylammonium 
bromide aqueous semi-clathrate systems." Fluid Phase Equilibria 
388(0): 160-168. 2015. 

 

− Ivall, J., Renault-Crispo, J.-S., Coulombe, S. and Servio, P. "Ice-
dependent liquid-phase convective cells during the melting of frozen 
sessile droplets containing water and multiwall carbon nanotubes." 
International Journal of Heat and Mass Transfer 101: 27-37. 2016.  

 

− Ling, E. J. Y., Uong, V., Renault-Crispo, J.-S., Kietzig, A.-M. and Servio, 
P. "Reducing Ice Adhesion on Nonsmooth Metallic Surfaces: Wettability 
and Topography Effects." ACS Applied Materials & Interfaces. 2016.
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9 Notation 
 

 
A = interfacial surface area, m2 
k = mass transfer coefficient, m/s 

= intrinsic reaction rate constant, m/s 

 = molecular weight, g/mol 
n = moles, mol 
ns = nliq = moles at saturation, mol 
P = pressure, MPa 

 = density of water, g/m3 

t = time, s 
T = temperature, K 

τ = time constant, s 

= second moment of particle size distribution, m2 

V = volume, m3 

VL = liquid volume, m3 

 = xL = liquid mole fraction 

 = hydrate-liquid equilibrium liquid mole fraction 

xHLV = hydrate-vapour-liquid equilibrium liquid mole fraction
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