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Abstract

Morphology, film growth rate and growth mechanism of gas hydrates of methane, carbon dioxide and

two of their mixtures (CH4+CO2, 80:20 and 30:70 nominal concentration) were studied using the 3-in-1

technique. Hydrates of carbon dioxide, methane and the two mixtures presented euhedral, faceted crystal

habits at low driving forces. As growth rates increased, carbon dioxide and 30:70 formed different spherulitic

morphologies while methane and the 80:20 mixture exhibited granular and smooth spherulites. These results

solve previous apparent contradictions in literature about the morphology of hydrates of methane, carbon

dioxide and their mixtures. It was also shown that hydrate growth of methane, carbon dioxide and their

mixtures proceeds via partial dissociation of the growing crystal. The single-guest, mass-transfer model

proposed by Kishimoto & Ohmura (2012) was extended to binary guest systems. At low driving forces, our

extended model related morphology and growth rates with the mass-transfer driving force. Furthermore, it

was shown that the model could be correlated to an abrupt change in morphology common to all systems.

This change in morphology was explained by a shift in the crystal growth mechanism. At higher driving

forces, growth rates and morphologies were different for all systems.
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Résumé

La morphologie, la vitesse de croissance du film et le mécanisme de croissance des hydrates de gaz de

méthane, de dioxyde de carbone et de deux de leurs mélanges (CH4 + CO2, concentration nominale

80:20 et 30:70) ont été étudiés en utilisant la technique 3-en-1. Les hydrates de dioxyde de carbone, de

méthane et des deux mélanges ont présenté des habitudes cristallines à facettes euédriques à de faibles

forces d’entrainement. À mesure que les taux de croissance augmentaient, le dioxyde de carbone et le

mélange 30:70 formaient différentes morphologies sphérolitiques tandis que le méthane et le mélange 80:20

présentaient des sphérulites granulaires et lisses. Ces résultats résolvent des contradictions apparentes

antérieures dans la littérature sur la morphologie des hydrates de méthane, de dioxyde de carbone et de leurs

mélanges. Il a également été démontré que la croissance des hydrates de méthane, de dioxyde de carbone et

de leurs mélanges se fait par dissociation partielle du cristal en croissance. Le modèle de transfert de masse

à invité unique, proposé par Kishimoto & Ohmura (2012), a été étendu aux systèmes à invités binaires. À

faibles forces motrices, notre modèle étendu a associé la morphologie et les taux de croissance à la force

motrice de transfert de masse. De plus, il a été démontré que le modèle pouvait être corrélé à un changement

drastique de morphologie, commune à tous les systèmes. Ce changement de morphologie s’explique par

un changement dans le mécanisme de croissance cristalline. À des forces motrices plus élevées, les taux de

croissance et les morphologies se sont avérés différents pour tous les systèmes.
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Preface

Gas hydrates are crystalline, non-stoichiometric compounds that form when volatile guests come into contact

with water at the appropriate conditions (generally, above atmospheric pressure and temperatures under 8�

C) (Koh et al., 2011). Gas hydrates were first discovered in 1810 by Davy while experimenting with

chlorine gas (Davy, 1811). Hammerschmidt (1934) discovered the role of gas hydrates in plugging oil and

gas pipelines. Following this discovery, research into plug mitigation via additives was the center of hydrate

research (Perrin et al., 2013; Sum et al., 2012). Makogon published the discovery of in-situ gas hydrate in

1965 (Englezos, 1993b). The discovery of natural gas hydrate bearings opened the possibility of exploiting

natural gas from hydrates. It was projected that there is twice the energy available in hydrates bearings

than all other fossil fuels combined (Katz, 1971). Other applications of gas hydrate technologies include

natural gas and hydrogen storage, carbon dioxide sequestration, desalinization of water and management of

flue gases Koh et al. (2011); Kang & Lee (2000). Gas hydrates can store 164 times the volume of the guest

substance at standard pressure and temperature Koh et al. (2011).

Methane and carbon dioxide are essential for hydrate research for various reasons. These two gases

are the most common anthropogenic greenhouse gases emitted. Methane is the main component of natural

gas, with small fractions of carbon dioxide been found on natural gas exploited in different parts of the

world (Gong et al., 2014; Kidnay, 2020). Gas hydrates formed by methane are the most common in natural

sediments (Lu et al., 2007). Injection of carbon dioxide on natural hydrate sediments was proposed as a

method of exploiting natural gas (B. P. McGrail, 2007).

The morphology (i.e., how gas hydrates look) of methane and carbon dioxide hydrates have been widely

studied with apparent contradictions in their results. Servio & Englezos (2003) observed similar jagged

morphology for both gases. Several authors have published studies showing differences in the morphology

of methane and carbon dioxide (Ohmura et al., 2004, 2005; Beltran & Servio, 2010; Decarie & Beltran,
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2011; Uchida et al., 1999). Studies using mixtures of methane and carbon dioxide also presented apparent

discrepancies on the effect of composition on morphology. Daniel-David et al. (2015) stated that the

composition of the vapor phase does have an effect on the morphology of mixed hydrates while Ueno et al.

(2015) found that composition of the feed gas did not affect morphology.

Studies in the Beltran Hydrate Research Group aimed to further study the morphology of methane and

carbon dioxide. Decarie (2012) found significant differences in the morphology of carbon dioxide and

methane with and without previous formation history. Duquesnay et al. (2016) developed a 3-in-1 reactor

that allowed high-resolution imaging and tight temperature and pressure control. Sandoval (2015) used

this novel 3-in-1 and found differences in the morphology of carbon dioxide and methane at the different

experimental conditions used. Ortiz (2018) studied two mixtures of methane and carbon dioxide along

with the pure gases. An effect of the vapor composition on morphology was observed along with different

morphology for methane, carbon dioxide and the two mixtures studied. All these studies used a heat-transfer

limited driving force to study and classify morphology. There are some indications in the literature that

hydrate growth is a mass-transfer limited process Kishimoto & Ohmura (2012); Saito et al. (2010); Ohmura

et al. (2004).

This study aims to apply the 3-in-1 technique to study morphology, growth velocities and growth

mechanism of methane, carbon dioxide and two mixtures using a mass-transfer limited driving force.

Morphology and growth rate data from Sandoval (2015) and Ortiz (2018) were used in this study. This

document is divided in four sections: (1) Background, where basic knowledge of gas hydrates is presented

together with a survey of the literature and of relevant unpublished work in the Beltran lab; (2) Experimental,

where the apparatus unique techniques and a new model for driving force is described; (3) Results and

Discussion are presented in a combined format for ease of analysis; (4) Conclusions, which offer a general

summary and propose directions for future work.
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Chapter 1

Background

1.1 Gas Hydrates

Gas hydrates are inclusion compounds that form when a volatile guest molecule is in contact with water at

moderate pressures (𝑃 ¡ 2 MPa) and low temperatures (𝑇   8� C). Some of the most common hydrate

guests are light hydrocarbons (Methane, ethane, propane) and carbon dioxide. Other hydrates formers

include hydrogen sulfide, xenon and tetrahydrofuran (Sloan & Koh, 2008).

Hydrates are solids with approximately an 85% molar composition of water and thus some similarities

with ice are shared. Physical appearance, refractive index and density are some of the properties shared

between hydrates and ice. Other properties like heat capacity, thermal conductivity and mechanical strength

differ significantly between hydrates and ice (Sloan & Koh, 2008).

1.1.1 Crystalline Structure

Gas hydrates have three common crystalline structures, structure I (sI), structure II (sII) and structure H

(sH), as seen on Figure 1.1. The structure formed depends on the size of the guest molecule.(Koh et al.,

2011) For example, CH4 and CO2 are sI formers while C3H8 is a sII former. Pentagonal dodecahedral cages

(512 on Figure 1.1) are the basic building structure for all common cubic hydrate structures. Structure I also

includes tetrakaidecahedral cages (51262 on Figure 1.1). (Mak & McMullan, 1965) Structure II is formed

by 512 cages along with a larger 51264 cage. Structure H is formed in specific cases for mixtures with small

and big guest molecules, for example methane and neohexane.(Sloan & Koh, 2008) Structure H is stabilized
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by 3 types of cages: a small cage (512), medium cage (435663) and a large icosahedral cage (51268).

Figure 1.1: Common cubic crystalline structures of gas hydrates. Base number indicated vertices of a face, exponent
indicates number of faces i.e 51262 has 12 pentagonal faces and 2 hexagonal faces. Numbers above the lines indicate
the number of cages of each size in the structure (i.e structure I has 2 512 cages and 6 51262 cages). Reproduced from
Koh et al. (2011) (with permission).

1.2 Phase Equilibria

A non-reacting system at equilibrium is characterized by a set number of intensive variables. The number

of intensive variables is given by the Gibbs Phase Rule:

𝐹 � 2� 𝑁 � 𝜋 (1.1)

Where F is the degrees of freedom (intensive variables), N is the number of components in the system

and 𝜋 is the number of phases (Smith et al., 2001). Applied to hydrates, with a pure feed gas (N = 2, 𝜋 =

18



3) the degrees of freedom are equal to 1. To properly present the hydrate-liquid-vapor (HLV) equilibrium

for a single-guest system, one intensive variable must be controlled while reporting another one (F+1). An

example of this is in Figure 1.2, where pressure and temperature are shown for a methane-water system

(Beltran et al., 2012). Hydrate forming systems with binary mixtures have 2 degrees of freedom under HLV

(N = 3, 𝜋 = 3). Along with temperature and pressure, composition needs to be specified on an HLV graph

for these systems.

1.2.1 Hydrate Forming Region

A partial phase diagram for a methane-water system can be seen on Figure 1.2. The blue line represents the

hydrate-liquid-vapor (HLV) equilibrium for methane hydrates. At higher pressures and lower temperatures

than this line, methane hydrates will form. At lower pressures and higher temperatures than the HLV line,

hydrates will dissociate.

Figure 1.2: Partial phase diagram for methane+water system. Blue line represent hydrate-liquid vapor equilibrium
conditions. HL, Hydrate-liquid region. HLV, hydrate-liquid-vapor equilibrium. LV, liquid-vapor

1.2.1.1 Hydrate-Liquid-Vapor Equilibrium

Gas hydrates formed by CO2, CH4 and their mixtures have different hydrate-liquid-vapor equilibrium

conditions. Carbon dioxide hydrates are stable at lower pressures and higher temperatures than CH4, as

seen on Figure 1.3. Hydrate-liquid-vapor equilibrium of CH4+CO2 mixtures will be found at conditions in

between the single guest hydrates. Figure 1.4 shows that as CO2 content increases at a constant temperature,

equilibrium pressure decreases.
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Figure 1.3: Pressure vs temperature diagram. Blue line corresponds to methane HLV equilibrium, orange to carbon
dioxide hydrate HLV equilibrium. HLV conditions calculated using Herriot Watt University’s HWPVT Software.

Figure 1.4: Hydrate-liquid-vapor equilibrium for the system methane+carbon dioxide+water. Each marker represents a
different study of CH4:CO2 mixture equilibrium. Dotted lines connect data from a single reference, but do not imply
modeling regression. (Herri et al., 2011; Belandria et al., 2011; Beltran & Servio, 2008)

1.3 Kinetics

Crystal growth can be divided in three phases according to Sunagawa (2005):
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• A driving forces is applied on the system. This could be through supersaturation, supercooling or

overpressure.

• A new phase composed of clusters, start forming. Some of these clusters form and dissociate, due to

their small size. A particle reaches the critical size and nucleation of the crystal occurs.

• Once the crystal nucleates, it grows larger. This is known as the growth stage.

Supersaturation is defined as the difference in concentration at the saturation (equilibrium) temperature

and concentration at the growth temperature (bulk) (Sunagawa, 2005). Supercooling (also known as

subcooling in hydrate studies) is defined as a difference between growth temperature and equilibrium

temperature (Sunagawa, 2005). Overpressure is the between the equilibrium vapor pressure and growth

pressure (Sunagawa, 2005).

As hydrates are crystalline structures, they undergo the same process when forming. Several factors

are known to affect hydrate nucleation and growth: subcooling, experimental conditions, composition and

memory effect (Englezos, 1993a).

Several studies haven shown that nucleation time for hydrates is shortened after cycles of formation

and dissociation. This creates "memory" in the water which allows for faster hydrate nucleation. Different

hypotheses have been proposed to explain the memory effect with no conclusive evidence. Some of these

include persistent crystallites or residual structures in water after dissociation (Sloan & Koh, 2008).

1.3.1 Nucleation

Figure 1.5 shows the mole consumption of a stirred-batch reactor kept at constant pressure and temperature

against time. Initially moles are consumed until the guest reaches its equilibrium composition (Figure

1.5a-b). Moles of the guest dissolve until reaching supersaturation of the solution (Figure 1.5b-c). Once

supersaturation is reached, mole consumption stops until nucleation occurs. The amount of time reported

from supersaturation until nucleations starts is called induction time (Figure 1.5c-d). Moles are consumed

and water becomes cloudy, indicating hydrate formation. This is when the growth phase starts, with constant

consumption of the guest until reaching mass-transfer limitations. (Figure 1.5e-f) This hydrate formation

resembles the general crystal growth process described on the previous section.
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Figure 1.5: Moles of guest consumed vs time in a continuously stirred tank reactor at constant pressure and temperature.
(a) Initial dissolution of the guest substance into the liquid phase. (b-c) Further guest dissolution achieves supersaturation.
(c-d) This is the induction time, from the moment the solution is supersaturated until nucleation starts. (e) Liquid phase
becomes opaque, the time from nucleation to turbidity is called turbidity time (𝑡turbidity). (e-f) Hydrate growth phase
starts until mass-transfer limitations are reached. Beltran (2021), personal communication.

1.3.2 Crystal Growth

Crystal growth or dissolution only occurs at the interface between the crystal and the bulk (Sunagawa,

2005). Two types of atomic interfaces exist: smooth and rough. Smooth atomic surfaces are flat while

rough surfaces are comprised of kinks. Kinks are defined as a site where a step is bent Sunagawa (2005).

Different growth mechanisms are observed for the smooth and rough atomic interfaces (Figure 1.6). The

three growth mechanisms separated by Δ𝜇{𝑘𝑇� and Δ𝜇{𝑘𝑇��. Driving force can be expressed as Δ𝜇{𝑘𝑇�

where k is the Boltzmann constant, Δ𝜇 is the difference in chemical potential between two phases and

T is temperature. At low driving forces (< Δ𝜇{𝑘𝑇�), the atomic interface is smooth and a spiral growth

mechanism controls crystallization. Between Δ𝜇{𝑘𝑇� and Δ𝜇{𝑘𝑇�� the atomic surface is still smooth but

a two-dimensional growth mechanism is observed. Once the driving force exceeds Δ𝜇{𝑘𝑇��, the atomic

surface becomes rough and an adhesive growth mechanism is expected (Sunagawa, 2005).

The location of the change in atomic interphase changes depending on the phase in which crystallization

occurs (Sunagawa, 2005). Figure 1.7 shows the location of Δ𝜇{𝑘𝑇� and Δ𝜇{𝑘𝑇�� for vapor phase (Figure

1.7a), solution phase (Figure 1.7b) and melt phase (Figure 1.7c) Sunagawa (2005). Hydrate formation

occurs from a solution phase thus, changes in growth mechanism are expected to occur at relatively low
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Figure 1.6: Driving forces where smooth or rough atomic interfaces are expected. Δ𝜇{𝑘𝑇� and Δ𝜇{𝑘𝑇�� mark the
change in growth mechanism. Curve A show a spiral growth mechanism. Curve B shows two dimensional growth.
Curve C shows an adhesive type mechanism. Reproduced from Sunagawa (2005) (with permission).
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Figure 1.7: Position of Δ𝜇{𝑘𝑇� and Δ𝜇{𝑘𝑇�� for different ambient phases. (a) Vapor phase. (b) Solution phase. (c)
Melt phase. Reproduced from Sunagawa (2005) (with permission).

driving forces and in quick succession.

1.3.2.1 Gas Hydrate Growth

Pressure vessels used to study hydrate growth are usually equipped with windows, this allows for growth

kinetics to be recorded in real time for quiescent systems.(Duquesnay et al., 2016; Beltran & Servio, 2010;

Peng et al., 2007; Freer et al., 2001) Generally, growth rates are calculated as the difference in size of the

hydrate front after a set interval of time:

𝑣ℎ �
Δ𝑟

Δ𝑡
�

𝑟1 � 𝑟0

𝑡1 � 𝑡0
(1.2)

Where vℎ is growth rate of the hydrate, 𝑟1 and 𝑟0 represent the position of the hydrate film interphase at

times 𝑡1 and 𝑡0. An schematic of hydrate growth rate is seen on Figure 1.8. Images are acquired at 𝑡0 and 𝑡1

and difference in crystal size is recorded.

Hydrate growth rates have been studied using this time-dependent growth. Generally, subcooling has

been used as an indicator of driving force for hydrate film growth, but overpressure can also been used

(Beltran & Servio, 2010; Servio & Englezos, 2003). Daniel-David et al. (2015) studied the growth rates

of CH4, CO2 and three CH4+CO2 mixtures. Generally, CO2 was reported to have higher growth rates

than CH4 (Daniel-David et al., 2015). Likewise, mixtures with higher content of CO2 also reported higher

growth rates than hydrates formed from a methane-rich feed (Figure 1.9).
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Figure 1.8: Schematic of growing hydrate film. Gray hydrate film is measured at t0. In the time interval from t0 to t1,
hydrate grows. The distance the hydrate grew in this interval is found by the difference between r1 - r0.

1.3.2.2 Analytical Techniques

Gas hydrates have been studied using different analytical techniques. Ripmeester et al. (1987) discovered

structure H (Figure 1.1) using nuclear magnetic resonance (NMR) and X-ray powder diffraction. Gas

chromatography is used to measure vapor-phase compositions during hydrate formation Sloan & Koh

(2008); Uchida et al. (2005); Horvat et al. (2012). Raman spectroscopy was used to study the occupancy of

cages within the crystalline hydrate structure (Uchida et al., 2005; Schicks & Luzi-Helbing, 2013). Schicks

& Luzi-Helbing (2013) used time-resolved Raman spectroscopy to observe the formation of individual cages

of structures I and II during hydrate formation. The enclathration of CH4 and CO2 into structure I cages

was monitored in real-time using this technique (Figure 1.10).

1.3.2.3 Driving Force

Crystals form when a deviation from equilibrium conditions exist, this is defined as driving force. Sunagawa

(2005) describes a generalized driving force for crystallization as the difference in chemical potential between

two phases. The difference in chemical potential can be related to deviations from equilibrium conditions

in terms of temperature or of concentration. Even though both mechanisms are coupled during crystal

growth, their contribution to crystal growth is not necessarily equal. For example, in a diluted ambient

phase, condensation is required, making mass-transfer of higher importance. When studying condensed

phases, such as melts, heat transfer plays an important role (Sunagawa, 2005).

For isobaric experimental setups, subcooling and mass-transfer driving forces can be used for hydrate

growth. The degree of subcooling has been used extensively to represent driving force Beltran & Servio
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Figure 1.9: Growth rate in mm/sec vs subcooling/�C. Growth rates for CH4, CO2 and 3 CH4:CO2 mixtures (75:25,
50:50 and 25:75) are shown. Hydrate formed from CO2-rich feed gas were reported to have higher growth rates than
CH4 rich hydrates at the same subcooling . Reproduced from Daniel-David et al. (2015) (with permission).

Figure 1.10: Real time Raman spectra of CH4 forming 512 and 51262 cages. Reproduced from Schicks & Luzi-Helbing
(2013) (with permission).
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Figure 1.11: Schematic of a hydrate-liquid-vapor equilibrium curve. At constant pressure, Δ𝑇sub or the difference
between experimental temperature (𝑇exp) and equilibrium temperature (𝑇HLV) can represent the driving force for
hydrate growth.

(2010); Peng et al. (2007); Duquesnay et al. (2016); Tanaka et al. (2009b); Ueno et al. (2015); Li et al.

(2013). Subcooling is defined as:

Δ𝑇𝑠𝑢𝑏 � 𝑇HLV � 𝑇exp (1.3)

Where 𝑇HLV is the hydrate-liquid-vapor equilibrium at experimental pressure, 𝑇exp is the experimental

temperature and Δ𝑇sub is the degree of subcooling. An schematic of the degree of subcooling can be

observed on Figure 1.11. The magnitude of the difference between the HLV equilibrium temperature

and the experimental temperature is representative of the driving force for hydrate growth of the system

Vysniauskas & Bishnoi (1983).

The degree of subcooling is also associated with a difference in concentration at the interphase of a

growing hydrate film. At constant pressure, T𝐻𝐿𝑉 and T𝑒𝑥𝑝 have an corresponding equilibrium concen-

tration. The difference in solubility between the growing hydrate interphase and the bulk liquid has been

proposed as a representative mass-transfer limited driving force for hydrate growth (Saito et al., 2010).

Δ𝑥𝑔 � 𝑥𝑒𝑞,𝐿𝑉 � 𝑥𝑒𝑞,𝐻𝐿𝑉 (1.4)

Where 𝑥𝑒𝑞,𝐿𝑉 is the liquid-vapor concentration of the guest at the experimental temperature, 𝑥𝑒𝑞,𝐻𝐿𝑉

is the concentration of the guest at hydrate-liquid-vapor temperature. Similar to Δ𝑇𝑠𝑢𝑏, the magnitude of
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Figure 1.12: Solubility of guest molecules in the liquid phase. (a) Guest mole fraction in the liquid phase as a function
of temperature. HLV, Hydrate-Liquid-Vapor equilibria; LV, Liquid-Vapor equilibria; LVℎ𝑦𝑝 , hypothetical Liquid-Vapor
equilibria; HL, Hydrate-Liquid equilibria; Blue, CO2; Red, CH4. 𝑝1 ¡ 𝑝2. (b) Schematic of the growing hydrate
film occurring at constant pressure. The temperature and concentration at the HLV interface are assumed to be at
the 3-phase equilibrium values (𝑇𝐻𝐿𝑉 , 𝑥𝑒𝑞,𝐻𝐿𝑉 ). The concentration at the L-V interface is assumed to be at the
hypothetical 2-phase equilibrium value (𝑥𝑒𝑞,𝐿𝑉,ℎ𝑦𝑝) at the experimental temperature (𝑇𝑒𝑥𝑝). Ovalle (2021), personal
communication.

the difference in solubility (Δ𝑥𝑔) is representative of the driving for isobaric hydrate growth (Figure 1.12).

The dotted lines marked as hypothetical represent an "extension" of the equation of state past the hydrate-

liquid-vapor equilibrium temperature. This extension is used to calculate the equilibrium concentration of

guest in bulk liquid (𝑥𝑒𝑞,𝐿𝑉 ).

Figure 1.12 shows why a mass-transfer driving might be better suited to model hydrate growth. At the

same Δ𝑇𝑠𝑢𝑏, CO2 has a higher Δ𝑥𝑔 than CH4. This is because solubility of CO2 in water is approximately

20 times higher than CH4 (Hashemi et al., 2006). The effect of the difference in solubility can be observed

on growth rate data graphed against subcooling (Figure 1.9). Growth rates are noticeably higher for CO2

than for CH4 at the same subcooling.

Kishimoto et al. (2012) proposed a similar model where volumetric growth is proportional to the

difference in guest solubility at the hydrate-liquid-vapor interphase and bulk liquid (Δ𝑥𝑔). The difference

with this model is the inclusion of the hydration number (n), which corresponds to the moles of water per

28



Figure 1.13: Growth rate in mm/sec vs nΔ𝑥𝑔. Growth rates for CH4, CO2 and 3 CH4:CO2 mixtures (75:25, 50:50 and
25:75) are shown. Hydrate formed from CO2-rich feed gas were reported to have higher growth rates than CH4 rich
hydrates at the same subcooling. ♦ Methane. 4, Propane. �, CO2. �, Methane. -, Propane. �, Propane. Reproduced
from Kishimoto & Ohmura (2012) (with permission).

mole of guest.

9𝑉ℎ9𝑛Δ𝑥𝑔 (1.5)

Kishimoto et al. (2012) showed growth rates correlate to nΔ𝑥𝑔 of pure components. On Figure 1.13,

Kishimoto & Ohmura (2012) graphed growth rates against nΔ𝑥𝑔 for CH4, CO2 and C3H8 data. Growth

rates seem to correlate better when compared to Figure 1.9. The correlation between nΔ𝑥𝑔 and growth rates

points to a mass-transfer limited driving force as ideal tool to study apparent kinetics of quiescent systems.

1.3.2.3.1 Dissociation during growth

Teng et al. (1996) hypothesized that growing hydrate crystals would reach a critical thickness during growth

causing a collapse of the film. Moles of CO2 are transferred both from the liquid phase towards the growing

hydrate an vice-versa. Reformation would occur almost instantaneously given the available gas released

by the hydrate. Ovalle & Beltran (2021) observed this phenomenon for propane and propane + methane

hydrates. Using high resolution imaging, they showed portions of the growing hydrate film dissociating

while the crystal growth front advanced on the water interface (Ovalle & Beltran, 2021).
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Figure 1.14: Morphology of sodium chloride crystal, same crystal structure but different crystal habit. Reproduced
from Mullin (2001) (with permission).

1.3.3 Morphology

Morphology of a crystal is determined by internal and external factors. Crystal structure is the main internal

factor while growth conditions and process are the external factors (Sunagawa, 2005). The same crystal

structure can present different morphologies depending on the conditions of its growth. For instance, snow

shows polyhedral forms as well as dendritic forms. These characteristic forms shown by crystals are also

known as crystal habit (Mullin, 2001). An example can be observed on Figure 1.14, where sodium chloride

formed four different crystal habits. Some of the conditions that have a considerable influence on crystal

habit are supersaturation and subcooling (Mullin, 2001).

1.3.4 Morphology and Driving Force

Morphology and growth rate are both influenced by the process driving force (Sunagawa, 2005). As shown

on Figure 1.15, these changes in growth mechanism are reflected in a sudden change of growth rate and

morphology. (Sunagawa, 2005). At low driving forces ( < Δ𝜇{𝑘𝑇�), polyhedral morphologies are expected.

As the driving force increases past Δ𝜇{𝑘𝑇�, an abrupt change in morphology and growth rate is observed.

In this range between Δ𝜇{𝑘𝑇� and Δ𝜇{𝑘𝑇��, two-dimensional step-by-step growth is observed. At driving

forces higher than Δ𝜇{𝑘𝑇��, the atomic surface is rough allowing an adhesive growth mechanism resulting
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in spherulitic or dendritic crystal habits.

Figure 1.15: Growth rate as a function of driving force. Δ𝜇 is the difference in chemical potential between two phases,
k is the Boltzmann constant and T is temperature. Morphology and growth rate show abrupt changes as driving force
increases, specifically at Δ𝜇{𝑘𝑇� and Δ𝜇{𝑘𝑇��. Reproduced from Sunagawa (2005) (with permission).

1.3.5 Morphology of Methane and Carbon Dioxide hydrates

Morphology of CO2 and CH4 hydrates have been extensively studied in the available literature.(Daniel-

David et al., 2015; Li et al., 2014; Ohmura et al., 2004, 2005; Servio & Englezos, 2003; Tanaka et al.,

2009a; Ueno et al., 2015; Uchida et al., 1999; Duquesnay et al., 2016; Decarie & Beltran, 2011; Beltran &

Servio, 2010) In general, it has been stated that morphology for these hydrate guests changes with increasing

subcooling (Ohmura et al., 2004). Servio & Englezos (2003) reported jagged and needle-like morphologies

for both gases, as seen on Figure 1.16.

Carbon dioxide hydrates morphology has been reported to show several crystal habits (Figure 1.17).

Peng reported rough, thick films. (Peng et al., 2007) Ohmura et al. (2004) reported polyhedral, skeletal

and dendritic hydrate films at low, medium and high subcoolings respectively. Uchida reported similar

morphologies. (Uchida et al., 1999) Other studies showed faceted, polyhedral and well defined crystal

habits. (Daniel-David et al., 2015; Ueno et al., 2015)

Similarly, CH4 hydrates have been reported to show several crystal morphologies (Figure 1.17). Multiple

studies observed smooth and granular films. (Peng et al., 2007; Daniel-David et al., 2015; Duquesnay et al.,
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Figure 1.16: Morphology of CO2 and CH4 hydrates over a teflon stage. Jagged morphologies with needles are observed
for both guests. Modified from Servio & Englezos (2003) (with permission).

2016) DuQuesnay observed a change in morphology from faceted to granular with increasing subcooling.

Subramanian and Sloan observed a needle-like morphology for methane hydrates (Subramanian, 2002).

Smelik & King (1997) reported polyhedral methane hydrates.

Mixed CH4:CO2 hydrate morphology have conflicting reports exist on literature. It is not clear whether

the composition of feed gas has an effect on morphology. Daniel found that the composition of the mixed

hydrate does have an effect on morphology (Daniel-David et al., 2015). Conversely, Ueno et al. (2015)

concluded that composition of the feed gas does not have an effect on morphology. Figure 1.18 shows the

variability of morphologies observed in the literature.

Figure 1.19 shows some of the conditions used in literature. These studies have used differing ranges of

conditions when studying morphology. From the experimental conditions shown on Figure 1.19 it is clear

that the driving forces found in literature are different. Thus, it would be hard to draw conclusions only

looking at literature data for morphology.

Experimental setups used to synthesize hydrates have also varied significantly, Figure 1.20 shows a

few examples. Uchida et al.(1999) formed hydrates using liquid CO2 in contact with water. Teflon stages

with water droplets in contact with gaseous CO2 and CH4 have been used by different studies. (Servio &

Englezos, 2003; Ueno et al., 2015) Peng et al. (2007) formed hydrates using gaseous bubbles inside a mass

of water.

Overall, a clear answer to the question "Can methane and carbon dioxide hydrates look the same?" has

not been published in literature. The aim of this study is to give a clear answer to this question.
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Figure 1.17: Morphology of CO2 and CH4 hydrates. The four left-most panels show morphology of CH4 hydrates
while right panel show CO2 hydrates. Modified from Peng et al. (2007); Duquesnay et al. (2016); Beltran & Servio
(2010); Ohmura et al. (2004); Tanaka et al. (2009a); Daniel-David et al. (2015); Ueno et al. (2015) (with permission).

Figure 1.18: Morphology of CH4:CO2 hydrates. Composition of the specified above each pair of panels. Modified
from Ueno et al. (2015); Daniel-David et al. (2015) (with permission).
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Figure 1.19: Partial phase diagram of methane and carbon dioxide. Points indicate experimental conditions used for
different studies. Dotted lines are meant to indicate conditions used in the same study. (Servio & Englezos, 2003;
Tanaka et al., 2009a; Ueno et al., 2015; Ohmura et al., 2004)

Figure 1.20: Schematic of experimental setups used in literature.
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1.4 Previous work in the Beltran Lab

Pioneering work on methane and carbon dioxide hydrates was done by Decarie (2012) at the Royal Military

College (Decarie & Beltran, 2011; Decarie, 2012). It was found that CH4 and CO2 formed different mor-

phologies. However, control on experimental conditions was not ideal and warranted further investigation.

Later Duquesnay et al. (2016) designed a new reactor that allowed tight control of experimental conditions.

Experiments with this new 3-in-1 vessel allowed for better control of temperature and pressure and high-

resolution imaging of hydrate growth. This technique is called 3-in-1 because morphology, growth rates

and phase equilibria can be studied during a single experiment.

1.4.1 Methane & Carbon Dioxide

Using the 3-in-1 technique, Sandoval (2015) studied growth velocities, morphology and growth mechanism

of methane and carbon dioxide. For these studies, subcooling and HLV equilibrium temperatures were

matched, as seen on Figure 1.21. By matching T𝐻𝐿𝑉 and Δ𝑇sub, the results would have comparable

heat-transfer conditions.

Morphology of CH4 and CO2 was studied using a Δ𝑇𝑠𝑢𝑏 of 2 and 3 K, as seen in Figure 1.22. Methane

presented granular morphologies with smaller crystals as Δ𝑇𝑠𝑢𝑏 increased. Carbon dioxide presented

needle-like spherulites at both driving forces studied (Sandoval, 2015).

On Figure 1.23 experiments using a constant temperature gradient can be observed. Little to no effect

of the temperature gradient was observed for CO2. The needle-like morphology presented on uniform-

temperature experiments persisted, getting smaller and more tightly packed with increasing temperature. A

transition from faceted to granular crystal habit was observed for CH4 hydrates at approximately Δ𝑇sub =

1.3 K .

Figure 1.24 presents growth rate data of CH4 and CO2 compared to Δ𝑇𝑠𝑢𝑏. At any given subcooling,

CO2 growth rates were an order of magnitude higher than those of CH4 (Sandoval, 2015). Given that THLV

was matched, it is clear that the solubility difference between both species had an important effect on growth

rates.

Using Kishimoto & Ohmura (2012)’s driving force (nΔ𝑥𝑔), growth rates were graphed including data

from literature. As seen in Figure 1.25, growth rate data seems to correlate to nΔ𝑥𝑔. It can also be seen in

Figure 1.25 that the conditions used by Sandoval (2015) were such that nΔ𝑥𝑔 were an order of magnitude
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Figure 1.21: Schematic of experimental conditions used. Hydrate-liquid-vapor equilibrium temperatures were matched
by using different experimental pressures. Orange line represents literature data for CH4 HLV equilibrium. Blue line
represents literature data for CO2.

Figure 1.22: Hydrates formed with a uniform temperature setting. (a-b) 𝑇 = 275.5 K. Δ𝑇𝑠𝑢𝑏 � 2 K. (c-d) 𝑇 = 274.5 K.
Δ𝑇𝑠𝑢𝑏 � 3 K. (a) CH4 hydrate. 𝑃 = 3.99 MPa. 𝑇𝐻𝐿𝑉 = 277.39 K. (c) CH4 hydrate. 𝑃 = 4.00 MPa. 𝑇𝐻𝐿𝑉 = 277.35
K. (d) CO2 hydrate. 𝑃 = 2.09 MPa. 𝑇𝐻𝐿𝑉 = 277.45 K. Reproduced from Sandoval (2015).

different for methane and carbon dioxide.
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Figure 1.23: Methane and carbon dioxide hydrates formed using a constant temperature gradient. T𝐻 and T𝐶 correspond
to hot and cold end temperatures set on the stage. CH4, 𝑃 = 3.98 MPa. 𝑇𝐻𝐿𝑉 = 277.38 K. CO2, 𝑃 = 2.11 MPa. 𝑇𝐻𝐿𝑉

= 277.54 K. Reproduced from Sandoval (2015).

1.4.2 Methane-Carbon dioxide mixtures

Following the work on pure CH4 and CO2 feed gases, CH4+CO2 mixtures were studied. The feed gas

were 80:20 and 30:70 on a molar basis CH4:CO2. Experimental pressures were chosen to match HLV

temperature along the different gases studied. Three different uniform temperature formation subcoolings

were used, Δ𝑇𝑠𝑢𝑏 of 1K, 2K or 4K. Constant temperature gradient formation and dissociation were used to

evaluate morphology and phase equilibria.

Ortiz (2018) determined that at a same subcooling CH4, CO2, and CH4:CO2 hydrate morphologies are

different. It was concluded that morphology of hydrates formed with CH4, CO2, and CH4:CO2 mixtures was

found to be dependent on the CH4:CO2 ratio, as seen on Figure 1.26. As methane composition increased,

crystal habit showed sensibility to Δ𝑇𝑠𝑢𝑏. Carbon dioxide hydrates showed a feather-like crystal habit at all

subcoolings evaluated. The 30:70 mixture showed a radial crystal habit at all subcoolings, with crystallites

getting closely packed as subcooling increased. The 80:20 mixture showed a noticeable transition. At

low subcoolings crystal habit was quasi-faceted transitioning into granular to smooth at high subcoolings.

CH4 crystal morphology had a transition from faceted, polygonal crystals at low subcoolings to granular to

spherulitic.
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Figure 1.25: CO2 and CH4 hydrate-film-growth velocity versus the difference in solubility (𝑛Δ𝑥𝑔). 


, CO2 Sandoval
(2015). ���, CO2 (Uchida et al., 1999). ���, CO2 (Daniel-David et al., 2015). 


, CH4 This work. +, CH4 (Daniel-David
et al., 2015). ©©©, CH4 (Li et al., 2014). ���, CH4 (Freer et al., 2001). OOO CH4 (Kitamura & Mori, 2013). Reproduced
from Sandoval (2015).
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Figure 1.26: CH4, CO2, and CH4:CO2 hydrates formed using a uniform temperature setting. (a)-(d) 𝑇𝑒𝑥𝑝 = 276.5 K.
(e)-(h) 𝑇𝑒𝑥𝑝 = 275.5 K. (i)-(l) 𝑇𝑒𝑥𝑝 = 273.5 K. (a), (e), (i) CH4 hydrates, P = 4.03 MPa. (b), (f), (j) CH4:CO2 80:20
hydrates, P = 3.25 MPa. (c), (g), (k) CH4:CO2 70:30 hydrates, P = 2.35 MPa. (d), (h), (l) CO2 hydrates, P = 2.10 MPa.
Reproduced from Ortiz (2018).

Figure 1.27 shows measured growth rates at different Δ𝑇𝑠𝑢𝑏 studied by Ortiz (2018). Similar to the

Sandoval (2015), growth rates for CO2 rich hydrates are considerably higher than that of CH4-rich.

Sections 1.4.2 and 1.4.1 shows studies on the effect of subcooling on CH4, CO2, and their mixtures.

Overall, using Δ𝑇𝑠𝑢𝑏 as a driving force showed stark differences in growth rate and morphology between

the CH4 and CO2. Both studies proposed this is evidence that hydrate growth is a mass-transfer limited

process.

In summary, all the data from literature indicates that a mass-transfer limited driving force is well suited

to study hydrate kinetics. No study in the available literature has attempted to unify morphology and growth

rates using a mass-transfer driving force. Given all the evidence I hypothesize: a mass-transfer limited

driving force as described by Kishimoto & Ohmura (2012) will accurately correlate to growth rates in

quiescent systems and its effect on morphology.
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Figure 1.27: Growth rate vs Δ𝑇𝑠𝑢𝑏 for CH4, CH4:CO2 80:20, CH4:CO2 30:70 and CO2 hydrates. Red markers indicate
growth rate of 30:70 hydrates formed under uniform surface temperature profile. Black markers show the measured
growth rate of 70:30 hydrates formed under constant temperature gradient profile. CH4 (purple markers), 80:20 (green
markers) and CO2 (blue markers) hydrate growth rate is shown for comparison. 444, 𝑃 = 3.25 MPa. 222, 𝑃 = 3.25 MPa.
1�1�1�, 𝑃 = 2.35 MPa. 2�2�2�, 𝑃 = 2.35 MPa. 3�3�3�, 𝑃 = 2.35 MPa. 4�4�4�, 𝑃 = 2.35 MPa. 5�5�5�, 𝑃 = 2.36 MPa. 6�6�6�, 𝑃 = 2.35 MPa.
Reproduced from Ortiz (2018).

1.5 Objectives

Overall, several studies on morphology of CH4, CO2, and CH4:CO2 mixed hydrates have been published.

Some studies say CH4 and CO2 have similar morphologies while other state they look different. The effect

of composition on CH4:CO2 hydrates also present conflicting reports. Reports in literature have used an

array of different conditions and experimental setups to study morphology. Kishimoto & Ohmura (2012)

used a mass-transfer model that seems to accurately correlate growth rates of different hydrate formers.

Taking all of this into account the objectives of this study are:

• Use a mass-transfer limited driving force to evaluate kinetics and morphology of CH4, CO2, and

CH4:CO2 hydrates.

• Prove that nΔ𝑥𝑔 is an appropriate surrogate for the difference in chemical potential between phases.

• Find an answer to the question: "Do CH4 and CO2 hydrates look the same?" to resolve apparent

contradictions in the available literature.
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Chapter 2

Experimental

2.1 Apparatus

A 3-in-1 reactor developed by Duquesnay et al. (2016) was used during this study (Figure 2.1). It consists of a

316 stainless steel cell fitted with two sapphire windows (Rayotek, CA, USA) that allow for a bird’s-eye view

of the sample. Temperature inside the vessel was monitored using a Pt RTD probe (Omega Engineering,

Canada). Pressure was measured with Rosemount 3051S pressure transmitter (Laurentide Controls, QC,

Canada). The apparatus was illuminated with a Schott KL2500 LCD cold light source (Optikon, ON,

Canada). Images were acquired using a PCO.edge 5.5 sCMOS camera equipped with a NIKON AF-Micro-

Nikkor 60 mm lens (Optikon, ON, Canada). The reactor was cooled using a Thermo Scientific AC 200

refrigerated circulator (Fischer Scientific, Canada) connected to a copper coil wrapped around the reactor.

2.1.1 Stage

Stage temperature was controlled with a High Pressure Bilateral Control Stage (HP-BTCS), shown on Figure

2.2. Thermoelectric cooler modules (TEMs) were placed on each end of the stage (TE Technology, MI,

USA) with copper plates attached to ensure effective thermal conductivity. TEM temperature was measured

by a thermistor placed on each end of the stage. (TE Technology, MI, USA). Bi-polar PID temperature

controllers (TE Technology, MI, USA) control temperature of the TEMs. This setup allows for two formation

settings. Uniform formation setting consists of equal temperatures for both ends of the stage (Figure 2.3a).

Gradient formation allows for different temperatures at each end of the stage (Figure 2.3b). The difference
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Figure 2.1: Schematic of the apparatus used for experimentation. Duquesnay et al. (2016)

Figure 2.2: Schematic of the High Pressure Bilateral Control Stage.Duquesnay et al. (2016)

in temperature across the stage allows for multiple subcoolings to be studied simultaneously (Figure 2.3).

2.1.2 Materials

Table 2.1 shows the gases used to form hydrates in this study. All these gases were sourced from Air Liquide

(QC, CA). Distilled and deionized water was obtained in-house. 99.99% nitrogen (Air Liquide, QC, CA)

was also used.
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Figure 2.3: Hydrate formation settings. aq Uniform temperature formation. Both thermoelectric modules are set to
the same temperature, one subcooling is set across the stage. bq Constant temperature gradient formation. Different
temperatures are set for each thermoelectric module. Multiple subcoolings are evaluated across the stage.

Table 2.1: Gases used in this study. Nominal compositions (CH4:CO2) are as follows: Mixture 1 (80:20); Mixture 2
(30:70).

Composition 102yCH4
102 yCO2

Source
CH4 99.999 0

Air Liquide,
QC, CA

80:20 80.02 19.98
30:70 29.94 70.06
CO2 0 100

2.2 Methods

Sapphire slides (Rayotek, CA, USA) were cleaned with liquid detergent and rinsed with deionized water.

Clean sapphire slides were then submerged in acetone and subsequently in isopropanol for 5 minutes each in

a sonicator bath. Before placing the sapphire slide on the stage, a small amount of thermal paste was applied

on the copper plates. This is meant to ensure even heat transfer across the slide. Once the sapphire slide was

set over the copper plates, a 20 𝜇L deionized water droplet was placed on the slide using a micropipette.

The reactor was then sealed and wrapped with the copper coil. The sealed vessel was purged 3 times with

99.99% nitrogen (Air Liquide, QC, CA) and 3 times with one of the experimental gases (Table 2.1).

2.2.1 Pretreatment of samples

Once the pressure vessel was sealed and purged, temperature of the vessel was decreased at atmospheric

pressure until ice was formed (Figure 2.4a-b). Once ice was formed, pressure inside the vessel was increased

to experimental conditions (Figure 2.4b-c). Ice was thawed by increasing the temperature above the ice

point, forming hydrates (Figure 2.4c-d). The hydrates formed from ice are then dissociated by increasing

the temperature from the hydrate-liquid to liquid-vapor region (Figure 2.4d-e). This pretreatment is done to
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ensure memory effect in the droplet (Section 1.3).

Figure 2.4: Pretreatment of the droplet done to ensure memory effect during the experiment. a-bq Droplet is frozen
by decreasing the temperature inside the vessel at atmospheric pressure. b-cq Once ice has formed, the pressure of the
vessel is increased to 𝑃𝑒𝑥𝑝 . c-dq Ice is melted, forming hydrates. d-eq Hydrates from ice are dissociated by increasing
stage temperature. I, ice. H, hydrate. V, vapor. L, liquid.

2.2.2 Hydrate formation

After dissociating hydrates from ice, the droplet was kept 1 K above HLV temperature until no crystallites

were observed. Two hydrate formation settings were used , uniform temperature (Figure 2.3a) and constant

temperature gradient (Figure 2.3b). The temperature was decreased at a constant pressure under HLV

conditions to set a subcooling. Within minutes, nucleation started and crystal growth was observed. During

constant temperature gradient experiments, a difference of 4 K was set along the stage.

2.2.3 Experimental conditions

Table 2.2 shows all the experimental conditions used during this study.
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Table 2.2: Experimental conditions for gas hydrate formation from water droplets immersed in guest atmosphere.
𝑇𝐻𝐿𝑉 , measured H-L-V equilibrium temperature at experimental pressure. 𝑇𝐻 , Highest temperature of the stage. 𝑇𝐿 ,
Lowest temperature of the stage.

Expt Feed gas P /MPa 𝑇𝐻𝐿𝑉 /K 𝑇𝐻 /K 𝑇𝐿 /K
1 CH4 4.00 277.4 279.2 275.2
2 CH4 4.00 277.4 279.0 275.0
3 CH4 4.01 277.5 279.0 275.0
4 CH4 4.00 277.4 276.9 276.9
5 CH4 4.00 277.4 277.1 277.1
6 CH4 6.60 282.3 274.4 274.4
7 CH4 8.60 284.7 275.5 275.5
8 CH4 8.60 284.7 276.7 276.7
9 CO2 2.10 277.5 277.5 277.5
10 CO2 2.09 277.5 277.5 277.5
11 CO2 2.09 277.5 277.5 277.5
12 CO2 2.10 277.5 279.5 275.5
13 CO2 2.10 277.5 279.0 275.0
14 CO2 2.10 277.5 275.7 279.7
15 80:20 3.25 277.4 279.2 275.2
16 80:20 3.25 277.4 275.0 279.0
17 80:20 3.25 277.4 273.5 277.5
18 80:20 3.25 277.4 271.8 275.8
19 80:20 3.25 277.4 277.1 277.1
20 80:20 3.25 277.4 277.2 277.2
21 80:20 3.25 277.4 277.1 277.1
22 80:20 4.40 280.2 274.2 274.2
22 80:20 4.40 280.2 273.4 273.4
23 30:70 2.35 277.4 277.3 277.3
24 30:70 2.35 277.4 277.2 277.2
25 30:70 2.35 277.4 277.3 277.3
26 30:70 2.35 277.4 279.5 275.5
27 30:70 2.35 277.4 279.2 275.2
28 30:70 2.35 277.4 277.2 277.2
29 30:70 2.35 277.4 277.1 277.1
30 30:70 2.35 277.4 274.2 274.2
31 30:70 2.35 277.4 276.4 276.4
32 30:70 2.35 277.4 275.4 275.4
33 30:70 2.35 277.4 273.4 273.4
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2.2.4 Mass transfer limited driving force

2.2.4.1 Pure components

The mass-transfer driving force proposed by Kishimoto & Ohmura (2012) was used in this study. The

driving force in this model depends on the difference in solubility between the growing hydrate film and

the bulk liquid. To find the molar composition of pure gases in the liquid phase Englezos et al. (1987a)

proposed:

𝑥𝑒𝑞,𝐿𝑉 �
𝑓 p𝑇, 𝑃q

𝐻
(2.1)

Where 𝑥𝑒𝑞,𝐿𝑉 is the mole fraction of the feed gas, f is the fugacity of the guest at experimental

temperature and pressure and H is Henry’s constant. Fugacity of the pure components was found using

the Trebble-Bishnoi equation of state (Trebble & Bishnoi, 1987). Henry’s constant for CH4 and CO2 were

taken from Fogg & Gerrard (1991).

2.2.4.2 Extension to mixtures

In order to extend Kishimoto’s treatment to mixtures, it is necessary to modify the equilibrium expression

as follows:

𝑥𝑖,𝑒𝑞,𝐿𝑉 � 𝑦𝑖
𝑓𝑖p𝑇, 𝑃q

𝐻𝑖

(2.2)

Where ideal solution and infinite dilution in the liquid phase were assumed. In addition, it is necessary to

account for the presence of two guests as follows:

𝜈1𝑔1 � 𝜈2𝑔2 � 𝑛H2Oé 1Hyd (2.3)

Where g are the hydrate guests, n is the hydration number and 𝜈 are the stoichiometric coefficients of

each guest. This coefficient is found through the hydrate phase composition. The Herriot Watt University

HWPVT software was used to establish the stoichiometric coefficients and hydration number for the two

mixtures. Volumetric growth rate of the hydrate film is then expressed as:

9𝑣ℎ �
9𝑚𝑔p𝜈1𝑀𝑔1

� 𝜈2𝑀𝑔1
� 𝑛𝑀𝑊q

𝜌ℎ
(2.4)
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In this case 9𝑚𝑔 is the molar flux of both guests into the hydrate phase. This equivalence can be expressed

with the stoichiometric coefficient of one guest.

9𝑚𝑔 �
9𝑚𝑔1

𝜈1
(2.5)

Where 9𝑚𝑔1
is the molar flux of guest 1 at the surface of the growing hydrate, expressed as:

9𝑚𝑔1
� ℎ𝑚,𝑔1

𝜌𝑙Δ𝑥𝑔1
(2.6)

Where ℎ𝑚,𝑔1
is the mass transfer coefficient for guest 1, 𝜌𝑙 is the molar density of water and Δ𝑥𝑔1

is the

difference in liquid mole fraction of guest 1 between HLV and experimental conditions. Density of the

hydrate is defined by:

𝜌ℎ �
p𝑁𝑤{𝑛qp𝜈1𝑀𝐺1

� 𝜈2𝑀𝐺1
� 𝑛𝑀𝑊q

𝐴𝑎3
(2.7)

Where A is the Avogrado number, 𝑁𝑤 is the number of water molecules in each unit cell and a is the

lattice constant of the hydrate. Substituting 9𝑚𝑔1
and 𝜌ℎ in the volumetric growth rate equation:

9𝑣ℎ � ℎ𝑚,𝑔1

�
𝑎3𝜌𝑙𝐴

𝑁𝑤



𝑛
Δ𝑥𝑔1

𝜈1
(2.8)

Kishimoto & Ohmura (2012) assumed ℎ𝑚,𝑔 is proportional to 𝐷𝑔,𝑤 , the diffusion coefficient of the guest

in water and variations of 𝐷𝑔,𝑤 are deemed insignificant compared to Δ𝑥𝑔. This results in the following

correlation:

9𝑣ℎ9
𝑛Δ𝑥𝑔1

𝜈1
(2.9)

47



Chapter 3

Results and Discussion

3.1 Morphology

Figure 3.1 shows hydrates formed with a uniform temperature setting (Figure 2.3a). Experimental pressures

were different for each gas mixture; this was necessary in order to match hydrate-liquid-vapor equilibrium

temperature (𝑇HLV = 277.5 K). Experimental conditions for the presented images are specified at the

bottom of Figure 3.1. Top panels present images of the early stages of hydrate growth, where crystals

exhibited opaque, faceted, euhedral habits. A two-dimensional growth mechanism is observed for each

guest. Evidence for two-dimensional growth is easily observable as striations on the newly formed crystals

(Figure 3.1 top panels).

Using our extension of Kishimoto & Ohmura (2012)’s model (Section 2.2.4.2), the solubility of CH4

or CO2 was used to find a measure of driving force in terms of the difference in solubilities at HLV

equilibrium and HL equilibrium (Figure 1.12). The nΔ𝑥𝑔 of the 80:20 and 30:70 mixtures on Figure 3.1

were calculated in terms of methane mole fractions. At low driving forces (nΔ𝑥𝑔 < 2.0), methane served to

predict morphology qualitatively: similar driving forces resulted in comparable morphologies. In the case

of carbon dioxide hydrates, CO2 was used to calculate nΔ𝑥𝑔.

Bottom panels show water samples fully covered by hydrates. Except for pure carbon dioxide, the

hydrate surface appears rugged. At first sight of the bottom panels in Figure 3.1, it might be tempting to

say that morphologies are different. However, this apparent difference was due to partial dissociation of the

growing crystals.
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Figure 3.1: Gas hydrates formed at a uniform temperature setting. Feed gas composition is specified above each pair of pictures. Top panels show initial stages of hydrate
film growth. Bottom panels show fully covered water droplets. Values of nΔ𝑥𝑔 of mixtures were calculated using the solubility of methane. 𝑇HLV = 277.5 K for all
experiments. Driving force in both Δ𝑇sub and 𝑛Δ𝑥𝑔 are shown.

49



Figure 3.2: Partial dissociation of hydrates formed at a uniform temperature setting is shown. Feed gas composition is specified above each pair of pictures. Top panels
show growth before partial dissociation was observed. Bottom panels present the change in morphology after partial dissociation. T𝐻𝐿𝑉 = 277.4 K for all experiments.
The driving force in both Δ𝑇sub and 𝑛Δ𝑥𝑔 are shown at the bottom of the figure.
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Figure 3.2 shows instances of partial dissociation during growth. As the hydrate film grew, crystallites

partially dissociated, leaving pieces of the previously formed hydrate, from which hydrate continued to grow.

Before partial dissociation, hydrates appeared gray. However, ensuing growth produced a translucent film.

The change in hue could indicate a change in the thickness of the film or in the angle at which light passes

through the hydrate. Partial dissociation occurred regardless of temperature profile and at no particular time

of growth or location. At all driving forces, all guests showed partial dissociation during growth. Partial

dissociation was considerably less frequent during growth of CO2 hydrates. Ovalle & Beltran (2021) first

showed this partial dissociation mechanism for propane and methane + propane mixtures. To the best of

my knowledge, this is the first time this partial dissociation is shown for methane, carbon dioxide and their

mixtures.

Partial dissociation occurred regardless of temperature profile, location in the droplet or time of growth.

At all driving forces, all guests showed partial dissociation during growth. However, partial dissociation

was much more frequent with gases containing methane. The disparity in dissociation/growth frequency

explains the differences in the final morphology of fully covered droplets between CH4 and CO2 hydrates

(Figure 2). Although Teng et al. (1996) hypothesized partial dissociation for CO2 hydrates, it was Ovalle

& Beltran (2021) that first showed this partial dissociation mechanism for propane hydrates and for mixed

methane + propane hydrates. Since Figure 3.2 shows partial dissociation for methane, carbon dioxide

and their mixtures (structure I formers) and Ovalle & Beltran (2021) observed the same for propane and

methane-propane mixtures (structure II formers), it is very possible that growth via partial dissociation is a

growth mechanism common to all gas hydrates.

Figure 3.3 shows uniform temperature experiments performed. As mentioned previously, nΔ𝑥𝑔 was

calculated using the solubility of methane for mixtures. All guests formed category one spherulites (Granasy

et al., 2005), growing isotropically from a single initial growth point. Carbon dioxide showed feather-like

spherulites. Methane and the 80:20 mixture showed similar smooth spherulitic crystal habits and 30:70

presented a coarse, radial crystal habit. Contrary to what was observed at lower driving forces, guests

showed different crystal habits, and nΔ𝑥𝑔 only appeared to correlate morphology of pure CH4 and the 80:20

mixture.

Figure 3.4 presents experiments at a constant temperature gradient. Driving force in terms of Δ𝑇sub

and nΔ𝑥𝑔 are shown on the sides of each panel. Values of nΔ𝑥𝑔 shown for mixed hydrates were calculated

using methane solubility. All guests show a faceted morphology at low driving forces (𝑛Δ𝑥𝑔 À 5.0). As the
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Figure 3.3: Hydrates formed with uniform temperature setting. nΔ𝑥𝑔 was calculated using the solubility of methane for mixtures. Feed gas composition is specified above
each panel. Experimental conditions are shown at the bottom of the figure. CO2, 𝑇HLV = 277.4 K. 30:70, 𝑇HLV = 277.4 K. CH4 𝑇HLV = 284.70. 80:20 𝑇HLV = 280.40.
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Figure 3.4: Gas hydrates formed at a constant temperature gradient setting. Feed composition is specified above each panel. T𝐻 and T𝐿 are high and low temperatures
set on the stage, respectively. CO2 𝑃exp = 2.10 MPa. CH4 𝑃exp = 4.0 MPa. 30:70, 𝑃exp = 2.35 MPa. 80:20, 𝑃exp = 3.25 MPa
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driving force increased, an abrupt change in morphology was observed for each guest. Methane and 80:20

changed from faceted to granular morphologies. Large single crystals were formed within the methane

hydrate film. Large single crystals have been previously observed in methane hydrates (Li et al., 2013;

Duquesnay et al., 2016; Sandoval, 2015). Carbon dioxide transitioned from faceted to needle-like crystal

habit and 30:70 changed from faceted to a radial, coarse crystal habit. As nΔ𝑥𝑔 increases, crystallites

decrease their size showing a transition from rougher to flatter habits. Similar changes in morphology have

been observed in literature: carbon dioxide, 30:70 and 70:30 mixtures has been observed to change from

polyhedra to dendrites while CH4 transition from faceted to granular with increasing driving force. (Freer

et al., 2001; Ohmura et al., 2004; Ueno et al., 2015; Oya et al., 2017; Duquesnay et al., 2016; Beltran &

Servio, 2010)

3.1.1 Morphology and growth rates

Figure 3.5 shows gas hydrates formed using a uniform temperature setting graphed versus growth rates.

At velocities in the 0.001-0.01 range, morphologies are polyhedral and faceted for all guests. As growth

rates increase, morphology changes for each gas mixture. At growth rates above 0.01 mm/s, 80:20 and

CH4 still look similar. These two CH4-rich guests showed granular morphologies at 0.01 mm/s and smooth

spherulites at 0.1 mm/s. In contrast, 30:70 and CO2 presented unique changes to their crystal habit. Carbon

dioxide presented feather-like crystallites in the range of 0.01-0.1 mm/s. The 30:70 gas mixture showed

coarse radial morphology past 0.1 mm/s. None of the uniform temperature experiments done during the

study resulted in velocities in the 0.01-0.1 mm/s range for 30:70. This change in morphology was also

observed on hydrates formed using a temperature gradient (Figure 3.4).

Growth velocity worked as an accurate predictor of morphology for rates under 0.01 mm/s, similar to

the extended Kishimoto & Ohmura (2012) model. Nonetheless, correlation with morphology was limited

to methane solubility at low driving force (nΔ𝑥𝑔 < 2.5). Using growth rate as a predictor for morphology

results advantageous because it is not bound to a specific driving force or hydrate former. Growth rates

could be measured and compared using any driving force and any gas mixture. However, growth rates

measured with the 3-in-1 technique should be taken as a qualitative measurement of hydrate kinetics. To the

best of the author’s knowledge, none of the models used to study gas hydrates have been able to represent

morphology and kinetics under a single driving force accurately.

In summary, our results resolve the previous apparent discrepancies on the morphology of CH4 and
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Figure 3.5: Morphology of gas hydrates formed at a uniform temperature. The abscissa shows film growth rates and the ordinate vapor phase composition. Images marked
with a red dot were acquired by Ortiz (2018) using the same setup.
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CO2. Regardless of the driving force being used, CH4, CO2 and their gas mixtures can exhibit the same

crystal habit. Growth rates worked as an accurate qualitative predictor of morphology.

3.2 Growth Velocity

The extended Kishimoto & Ohmura (2012) model proposed in this study only considers the solubility of

one component from the feed gas. Thus, nΔ𝑥𝑔 was calculated using CH4 first and then CO2 to show growth

rate versus the mass-transfer driving force in terms of each feed component. Growth rate data was evaluated

using uniform and constant gradient temperature experiments.

Figure 3.6a (semilog) shows growth rate followed a power-law with respect to nΔ𝑥𝑔. The mass transfer

driving force, nΔ𝑥𝑔, for the two gas mixtures (80:20 and 30:70) was calculated using solubility of methane.

Pure methane and 80:20 data tracked each other closely, while the 30:70 mixture velocity appeared to be

approximately one order of magnitude higher than that of pure methane above nΔ𝑥𝑔 �2. Carbon dioxide

presented lower growth rates than all other the hydrate formers studied.

Figure 3.6b shows the correlation low driving forces (nΔ𝑥𝑔 < 2.0) of both gas mixtures with pure

methane growth rates. Notably, under a nΔ𝑥𝑔 of 1.5, growth rates fall within the 0.001-0.01 mm/s range

where morphologies resemble each other (Figure 3.5).

Pure methane and the 80:20 mixture growth rates followed the same trend at all values of nΔ𝑥𝑔. These

two hydrate formers also showed similar morphologies across all driving forces (Figures 3.5 and 3.4). It is

possible that the different trends of growth rates indicate why at low nΔ𝑥𝑔, all hydrates formed comparable

morphologies, while the two guests, which follow a unique trend, formed different crystal habits at higher

driving forces.

The mass transfer driving force, 𝑛Δ𝑥𝑔, was also calculated using CO2 mole fractions (Figure 3.7). Figure

3.7a shows growth rates in a semilogarithmic scale versus 𝑛Δ𝑥𝑔 of all hydrate formers in this study. In this

case, methane presents higher growth rates than all other guests when compared at equal nΔ𝑥𝑔. At low

driving forces (nΔ𝑥𝑔   25), 80:20 growth velocity is higher than 30:70 at the same nΔ𝑥𝑔. Once the mass

transfer driving force increase passed nΔ𝑥𝑔 = 25, 30:70 shows higher growth rates than 80:20.

As shown on Figure 3.7b, nΔ𝑥𝑔 of the two gas mixtures seem to track pure CO2 at low driving forces

(nΔ𝑥𝑔 < 15). Growth rates corresponding to nΔ𝑥𝑔 ¤ 15 on this graph are under 0.01 mm/s. These driving

forces presented similar morphologies for all guests. At nΔ𝑥𝑔 ¥ 20, both gas mixtures growth velocities

diverged considerably from those of pure CO2.
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Figure 3.6: Hydrate film growth versus difference in solubility (nΔ𝑥𝑔) of CH4, CO2, 80:20 and 30:70 hydrates. Values of 𝑛Δ𝑥𝑔 for the two mixtures was calculated using
solubility of methane. Data from Ortiz (2018) and Sandoval (2015) was used in this graph. ���, CO2. ���, CH4. ���, 30:70. 444, 80:20.
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Figure 3.7: Hydrate film growth versus difference in solubility (nΔ𝑥𝑔) of CH4, CO2, 80:20 and 30:70 hydrates. nΔ𝑥𝑔 of 80:20 and 30:70 were found using solubility of
CO2. Data from Ortiz (2018) and Sandoval (2015) was used in this graph. ���, CO2. ���, CH4. ���, 30:70. 444, 80:20.
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Figure 3.8: Hydrate film growth versus difference subcooling of CH4, CO2, 80:20 and 30:70 hydrates. Data from Ortiz
(2018) and Sandoval (2015) was used in this graph. ���, CO2. ���, CH4. ���, 30:70. 444, 80:20.

Figure 3.8 shows growth rate data versus Δ𝑇sub from Ortiz (2018) and Sandoval (2015). It can clearly be

seen that at the same Δ𝑇sub, growth rates of methane and carbon dioxide were very different. However, for

film growth velocities v ¤ 0.01 mm/s, nΔ𝑥𝑔 seemed to follow the same trend as that of the pure guest used

to find the difference in solubility (Fig 3.6b for CH4 or Fig 3.7b for CO2). In addition, below this growth v

¤ 0.01 mm/s, morphology also matched across guests (Figure 3.5). Thus, we propose that nΔ𝑥𝑔 provides

and adequate indicator for morphology at low growth velocities.

One possible interpretation for the success of our extended Kishimoto & Ohmura (2012) model could

be based on Englezos et al. (1987b)’s idea, where enclathration of each component is not affected by the

presence of the other gas. The overall consumption of gas is the sum of each component’s individual rate

of consumption in the mixture. Thus, these graphs (Figure 3.6 and 3.7) of growth rate versus 𝑛Δ𝑥𝑔 provide

a good representation of the relationship between driving force and apparent kinetics at low driving forces

(𝑛Δ𝑥𝑔 À 3.0 on Figure 3.6b, 𝑛Δ𝑥𝑔 À 15 on Figure 3.7b).

At the same 𝑛Δ𝑥𝑔, CO2 presented lower growth rates than methane. This could be the result of differing

intrinsic rates. Recent studies show that the intrinsic growth rate of CO2 is about four times lower than

CH4 (Bergeron & Servio, 2008; Bergeron et al., 2010). When the growth rates of these two guests were

compared using Δ𝑇sub, CO2 growth rates are considerably faster(Peng et al., 2007; Ortiz, 2018; Sandoval,

2015). At Δ𝑇sub = 1 K, CO2 has a 𝑛Δ𝑥𝑔 of 45 while CH4’s is 2.4. Thus, our extended mass transfer model
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appears to offer a better qualitative representation of intrinsic than the heat transfer model.

Overall, the kinetics and growth mechanism of mixed CH4:CO2 hydrates are not fully understood.

Studies using analytical techniques have shown that methane is preferentially consumed during early stages

of CH4:CO2 hydrate formation. (Lang & Servio, 2018; Schicks & Luzi-Helbing, 2013; Horvat et al., 2012).

Studies using Raman spectra have shown that small cages of structure I, which are occupied preferentially

by CH4, are formed before any enclathration of CO2 occurred. Schicks & Luzi-Helbing (2015) stated that

this early formation of CH4 hydrates hinders the enclathration of CO2 into the hydrate phase. Furthermore,

it has been proposed that the formation of these binary hydrates is controlled by the competition between

the two guests for occupancy of structure I large cages (Uchida et al., 2005). Uchida et al. (2005) stated

that the preferential enclathration of CH4 at early stages occurred for mixtures with a lower CH4/CO2 molar

ratio than 0.3. The CH4/CO2 ratio for our CO2 rich mixture (30:70) is 0.43. In other words, methane could

be acting as a rate-limiting guest for CO2 enclathration. In this work, the presence of methane in both the

80:20 and 30:70 mixtures slowed growth velocity (in terms of CO2) at the same 𝑛Δ𝑥𝑔 compared to pure

carbon dioxide (Figure 3.7a).

Our results at low velocities (v ¤ 0.01 mm/s) seem to agree with the theoretical models proposed by

Englezos et al. (1987b) and Skovborg & Rasmussen (1994) where the enclathration of each component in

the gas phase is not affected by the presence of other guests. However, both the analytical methods in the

literature and our own results at higher velocities seem to point to the need for a model that accounts for the

interaction between the components in the feed gas.

3.2.1 Growth velocity and morphology

Figures 3.9 to 3.12 show hydrate-film growth rates plotted against nΔ𝑥𝑔 (Figures3.9 to 3.12, "a" panels),

alongside images of hydrates formed under a temperature gradient (Figures 3.9 to 3.12, "b" panels). The

mass transfer driving force, nΔ𝑥𝑔, was calculated using methane mole fractions. Plots of growth rates of

pure methane and the 80:20 and 30:70 mixtures presented two inflection points in terms of nΔ𝑥𝑔: methane

growth rates showed inflection points at nΔ𝑥𝑔 = 3 and nΔ𝑥𝑔 = 7 (Figure 3.9); the 80:20 mixture exhibited

inflection points at nΔ𝑥𝑔 = 4 and nΔ𝑥𝑔 = 10; and the 30:70 mixture’s inflection points were found at nΔ𝑥𝑔 =

0.9 and nΔ𝑥𝑔 = 2. These are approximate values. Only one sharp change in growth rates was clearly visible

for CO2 at nΔ𝑥𝑔 = 18, approximately. The first inflection point in the growth rate of each guest coincided

with an abrupt change in morphology from polyhedral to smooth on hydrates formed with a temperature
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gradient (Figure 3.9b-3.12b).

These changes in morphology can be explained by the growth mechanisms that correspond to each

driving force (Sunagawa, 2005) (Figure 1.15). At low driving forces, polyhedral crystals bounded by flat

faces are expected. As the driving force increases, the growth mechanism changes to two-dimensional

growth and then adhesive growth. This change in mechanism is reflected on the changes in morphology and

growth rates, where abrupt changes were observed.

Figure 3.5 shows how morphology of each guest changes with increasing growth rates. The graph clearly

shows three types of morphology as described by Sunagawa (2005). At low velocities (v < 0.01 mm/s),

polyhedral crystals can be observed for all mixtures. At intermediate velocities (0.01 À v À 0.1 mm/s)

granular habits develop for methane and the mixtures, whereas CO2 shows feather-like growth. Finally

above, v > 0.1 mm/s spherulites are observed.
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Figure 3.9: Growth rates graphed versus nΔ𝑥𝑔 and CH4 hydrates formed under a constant temperature gradient. The
red and blue dotted lines indicate inflection points in growth rate with respect to nΔ𝑥𝑔. The first inflection in growth rate
corresponds to an abrupt change in morphology. Growth rate data from Sandoval (2015) and Ortiz (2018) was used.

Figure 3.10: Growth rates graphed versus nΔ𝑥𝑔 and 80:20 hydrates formed under a constant temperature gradient. The
red and blue dotted lines indicate inflection points in growth rate with respect to nΔ𝑥𝑔. The first inflection in growth
rate corresponds to an abrupt change in morphology. Growth rate data from Ortiz (2018) was used.

62



Figure 3.11: Growth rates graphed versus nΔ𝑥𝑔 and 30:70 hydrates formed under a constant temperature gradient. The
red and blue dotted lines indicate inflection points in growth rate with respect to nΔ𝑥𝑔. The first inflection in growth
rate corresponds to an abrupt change in morphology. Growth rate data from Ortiz (2018) was used.

Figure 3.12: Growth rates graphed versus nΔ𝑥𝑔 and CO2 hydrates formed under a constant temperature gradient. The
red and blue dotted lines indicate inflection points in growth rate with respect to nΔ𝑥𝑔. The first inflection in growth rate
corresponds to an abrupt change in morphology. Growth rate data from Sandoval (2015) and Ortiz (2018) was used.

63



Chapter 4

Conclusions

This work used the 3-in-1 technique to study morphology, kinetics and growth mechanism of methane,

carbon dioxide and two of their mixtures (CH4:CO2, 80:20 and 30:70 nominal concentration).

Previous apparent contradictions in literature were resolved. Methane and carbon dioxide and two

mixtures can exhibit the same crystal habit. All guests formed euhedral, faceted morphologies at growth

rates under 0.01 mm/s. However, at v ¥ 0.01 mm/s different crystal habits were observed for each guest.

Carbon dioxide exhibited feather-like crystal habits, 30:70 presented a coarse radial morphology. Methane

and 80:20 formed similar smooth morphologies. We determined that growth rates are an accurate qualitative

predictor of morphology for all guests at v ¤ 0.01 mm/s.

Hydrates formed from all gases in this study showed partial dissociation during growth. To the best of

the author’s knowledge, this is the first time partial dissociation is shown for methane, carbon dioxide and

their mixtures.

The mass-transfer model proposed by Kishimoto & Ohmura (2012) was extended for gas mixtures. Our

extension of this model used the liquid-phase mole fraction of one component in the feed gas to measure the

driving force (nΔ𝑥𝑔). Overall, growth rates for the 80:20 and 30:70 mixtures followed the trend of the pure

component used to find nΔ𝑥𝑔 at low driving forces. The 80:20 mixture closely tracked methane growth rates

for nΔ𝑥𝑔 calculated with methane mole-fractions. Notably, the morphology of all guests were similar within

values of nΔ𝑥𝑔 where growth rates tracked each other. Overall, our extension for mixtures of Kishimoto &

Ohmura (2012)’s model worked as a qualitative predictor of morphology and growth rates at low driving

forces (nΔ𝑥𝑔 À 5.0). None of these predictive qualities were observed in previous studies using Δ𝑇sub as
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the driving force.

As driving force (nΔ𝑥𝑔) increased, growth rates and morphology for all guests exhibited sharp changes in

growth rate as driving force increased. The 3-in-1 technique allowed us to observe changes in morphology

on a single experiments using a temperature gradient. Changes in the crystal and growth velocity with

increasing driving force were evidence of a change in the growth mechanism for crystals.

4.1 Future Work

• Perform additional uniform temperature experiments for the 30:70 CH4+CO2 mixture in order to fully

understand the changes in morphology between 0.01 to 0.1 mm/s growth rates.

• Study morphology, growth rates and growth mechanism of other structure I formers such as ethane

and methane+ethane mixtures. Characterizing other structure I formers could give more insights into

the growth mechanism and morphology of structure I hydrates overall.

• Use our extension of Kishimoto & Ohmura (2012)’s model with a 50:50 CH4+CO2 mixture in order

to further study the role of methane as a rate-limiting guest of carbon dioxide enclathration as well as

the effect of composition in morphology of binary hydrates.

• Study structure II hydrate formers and mixtures using Kishimoto & Ohmura (2012)’s model and our

extension for mixtures.

• Apply the 3-in-1 technique to study kinetics, morphology and phase equilibrium of ternary mixtures.

Our extension of Kishimoto & Ohmura (2012)’s model could be of use to understand the kinetics and

morphology of these mixtures.
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