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Preface

Gas hydrates, also known as clathrate hydrates, have emerged as one of the
most intriguing topics in modern energy and environmental research. These crystalline
compounds form when gas molecules—commonly methane—become trapped within
a lattice of hydrogen-bonded water molecules under conditions of low temperature and
high pressure. Gas hydrates occur naturally in permafrost regions and deep marine
sediments, representing a vast and largely untapped reservoir of methane. Their unique
physicochemical properties and their relevance to energy security, climate change, and
geotechnical stability have positioned them at the centre of interdisciplinary scientific
investigations.

Methane hydrates are estimated to contain more carbon than all known
conventional fossil fuel reserves combined, which makes them a potential alternative
energy source for future generations. However, despite this promise, the safe and
efficient exploitation of gas hydrates remains a formidable challenge. Hydrate-bearing
sediments are highly sensitive to pressure and temperature variations, and hydrate
dissociation can cause seafloor instability, uncontrolled gas release, and environmental
risks. Moreover, the kinetics of hydrate formation and dissociation are inherently slow,
often limiting their practical utilisation in energy recovery, gas storage, and
transportation. Addressing these challenges requires innovative approaches to enhance
hydrate formation rates, improve thermal conductivity, and ensure system stability—
fields in which nanotechnology has recently shown great potential.

The introduction of nanoparticles into gas hydrate research has opened a new
frontier in understanding and manipulating hydrate systems. Nanoparticles, owing to
their extremely high surface area-to-volume ratio, can significantly influence the

nucleation and growth of gas hydrates. Various studies have demonstrated that
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nanoparticles such as alumina (Al:Os), copper oxide (CuO), and carbon-based
nanomaterials can serve as effective promoters for gas hydrate formation. They
enhance thermal conductivity, provide additional nucleation sites, and modify
interfacial characteristics, resulting in faster formation kinetics and greater gas storage
capacity.

While nanoparticle-assisted hydrate formation could facilitate carbon capture
and sequestration through CO> hydrate formation, it is also essential to assess the
environmental fate and long-term stability of nanoparticles in marine and permafrost
environments. Therefore, contemporary hydrate research increasingly focuses not only
on improving performance metrics but also on ensuring environmental safety and
sustainability. The combination of hydrate science and nanotechnology exemplifies
the evolution of multidisciplinary approaches aimed at addressing global energy and
environmental issues.

Advancements in experimental techniques, molecular simulations, and in-situ
measurements have deepened our understanding of hydrate systems at both
macroscopic and molecular scales. The synergy between nanotechnology and gas
hydrate research has expanded the scope of hydrate applications beyond traditional
energy recovery and storage. Such developments underscore the importance of
integrating thermodynamics and environmental engineering to design efficient and
sustainable hydrate-based technologies.

This thesis is inspired by the growing recognition that the future of gas hydrate
research lies in innovation through materials engineering and nanoscale control. By
examining the influence of nanoparticles on hydrate formation and dissociation
behaviour, this work seeks to contribute to the ongoing efforts to make hydrate-based

technologies more viable, efficient, and environmentally sustainable. The
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investigation focuses on understanding the mechanisms through which nanoparticles
alter hydrate kinetics and thermodynamics to bridge the gap between laboratory
findings and practical applications. Also, a molecular simulation was performed.

In conclusion, this exploration is not only about enhancing energy security but
also about ensuring sustainable practices that protect our planet. We hope this work
inspires further research and innovation in this exciting and vital area, encouraging
collaboration across disciplines to unlock the full potential of gas hydrates while

addressing the pressing challenges of our time.
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Chapter 1: Introduction

1.1. Introduction

Gas hydrate is a solid ice-like crystalline compound formed by hydrocarbon
molecules, encaged inside a solid structure formed by the hydrogen bond of the water
[1]. The gas molecules are entrapped inside the empty lattice of the water molecules, which
helps in lattice stabilization. The gas molecules can be of various compounds and/or
elements: methane, ethane, propane, iso-butane, nitrogen, and carbon dioxide [1]. There is
no chemical bond between their gas and water molecules, only Van der Waals [2]. In the
literature, gas hydrates are formed at high pressure and temperature. Gas hydrate consists
of three different structures: s, sIlI, sH. Each structure is a different size and structure [3].
The structure I (sI) have a center cubic structure, mainly formed by smaller gases like
methane, ethane, and carbon dioxide. Structure II (sII) has a diamond lattice within a cubic
framework with a gas size larger than ethane and smaller than pentane. Structure H (sH) has
a hexagonal framework that can accommodate larger molecules like naphtha and gasoline
[1]. Figure 1.1 shows the type of structures s, sII, and sH. With 46 water molecules in total,
the structure sl is made up of six huge tetrakaidecahedron (5'26?) cavities and two small
pentagonal dodecahedron (5'%) cavities. Similarly, structure II has 16 small (5'?) cavities
and 8 large hexakaidecahedron (5'26%) cavities with a total of 136 water molecules.
Structure H is made up of three small pentagonal dodecahedron (5'2) cavities along with

two irregular-shaped cavities with 34 water molecules.
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Figure 1.1: Gas hydrate structure [4]

These hydrates form at high pressure and low temperature. Such conditions are
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found only in subsea sediment, permafrost, and near-polar regions. As pressure increases
and temperature decreases, water molecules trap the gas molecules (mainly methane) and
freeze, forming a solid hydrate structure [5]. The methane hydrate in nature, pressure, and
temperature must be in a hydrate-stable zone. This methane can be extracted from these
reservoirs by altering the pressure and temperature. There are three different methods:
thermal injection, depressurization, and inhibitor injection, for separating the methane from

the hydrate. Figure 1.2 illustrates the different methods of extraction.
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Figure 1.2: Various methods of gas hydrate extraction [6]

In depressurization, the pump reduces the reservoir pressure, resulting in the

dissociation of gas hydrate. A pump is lower in the downhole to achieve this pressure



reduction. As the pressure reduces, the temperature also decreases. Together, these two help
dissociate the solid hydrate into methane and water. The dissociation stops when the
reservoir reaches a 3-phase equilibrium temperature equivalent to reservoir pressure, as
shown in Figure 1.3. The methane recovery is only 60% by depressurization due to various
reservoir properties [7]. Next is thermal injection. As the name suggests, the hydrate
dissociation takes place as the temperature increases. Here, the reservoir temperature
increases using thermal stimulation or thermal flooding. In thermal stimulation, the
temperature near the wellbore is increased by circulating hot water. In thermal flooding,
hot water is injected into the reservoir. This increases the bottom-hole temperature, leading
to methane recovery [8,9]. A very small percentage of methane recovery is expected since
water circulation requires a bottom-hole pressure higher than the reservoir pressure. The
thermal methods required energy. Since the energy requirement is large, the quality of
thermal recovery is very questionable. The injector injection method is a common method
to extract methane from methane hydrate reservoirs. But continuous supply is very difficult
due to its expense. Also, it is challenging to inject into a shallow, effective permeable
reservoir. Hence, injecting inhibitors is not a viable option for hydrate recovery from these

IEeSErvoirs.
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1.2. Properties of Gas hydrate

Gas hydrates are an ice-like compound, first discovered by Sir Humphry Davy in 1810.

But it was still in the 20" century that this hydrate was considered due to the flow assurance

problem in the oil and gas industry. Apart from this disadvantage, there is one major

advantage, i.e. storage and transportation. This gas hydrate can store a larger volume of gas

inside. One cubic meter of hydrate can store approximately 165 cubic meters of methane

in compressed form at standard pressure and temperature [11]. The property of gas hydrate

varies with the composition of the gas. Hydrate dissociation is an endothermic reaction.

Figure 1.4 [12] shows the heat of dissociation of different hydrates.

Table 1.1: Properties of different hydrates [12]

Gas Formula of Hydrate Hydrate density @ 273K(gr/cm?®)
CH4 CH4.6H>0 0.910
CO, C0..6H20 1.117
C2Hs C2He. 7TH20 0.959
CsHs CsHs.17H20 0.866
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Figure 1.1: Gas hydrate heat dissociation [12]

Table 1.2: Properties of gas hydrate compared with ice [12]

Property Water Ice sl sII
Thermal 0.58 (283K) 2.21 (283K) 0.57 (263K) 0.51
conductivity (W/m- (261K)
K)

Heat capacity 4192 (283K) 2051 (270K) 2031 (263K) 2020
(261K)

(J/kg-K)

Linear thermal - 56x10-6 77%x10-6 52x10-6

expansion at 200K

(K

Compressional 4.5 3.87 3.77 3.821

wave velocity, Vp

(km/s)



Shear wave 0 7.94 7.96 2.001

velocity, Vs (km/s)

Bulk modulus, K 0.015 9.09 8.41 8.48
(GPa)
Shear modulus, G 0 3.49 3.54 3.66
(GPa)
Density (kg/m?®) 999.7 917 929 971

Table 1.2 summarises the solid structure using Brillouin spectroscopy. Waite et al.
tested dense polycrystalline methane hydrate and pulse wave transmission to obtain results
[13]. Triaxial experiments on dense polycrystalline methane hydrate were carried out by
Durham [14], and the results indicated that methane hydrate was, on average, 20—30 times
stronger than ice. This high strength of hydrate compared to water ice has significant
implications for the mechanical behaviour of hydrate-bearing sediments.

1.3. Hydrate structure

A Gas hydrate is formed when guest gas is encapsulated inside the hydrate structure.
The structure consists of pentagonal and hexagonal faces. Combining various parts of these
faces leads to diverse hydrate structures, highlighting the importance of geometric
arrangements in understanding the nature of hydrates. The two most prevalent hydrate
structures are structure I (sI) and structure II (sII). Another less common structure compared
to structures I and II is structure H. The shared characteristic of the three hydrate structures
is the tetrahedral arrangement of water molecules, bonded together by a hydrogen bond.
This tetrahedral arrangement of water molecules in hydrate molecules in hydrate mirrors
the same positioning found in ice formation. Due to the different sizes of guest gas

molecules, the structure has a different arrangement. Hydrate only forms if the temperature



above the freezing point (273.15 K) is maintained. Also, sufficient gas and water is required
to form hydrate [15]. Figure 1.1 shows the different structures. hydrate mirrors the same
positioning found in ice formation. Due to the different sizes of guest gas molecules, the
structure has a different arrangement. Hydrate only forms if the temperature above freezing
point (273.15 K) is maintained. Also, sufficient gas and water is required to form hydrate

[15].



le 1.3: Hydrate cell structure international table of Crystallography [16]

Structure I II H
Crystal Cubic Cubic Hexgonal
system
Space Pm3n (No. 223) Fd3m (No. 227) P6/mmm(No. 191)
group

Ideal unit 2 (5'%)6(5"26%)x46 16 (5'%)8(5"26%)x136 3 (5'%)2(4°5'°6*)x34 H,0O
cell H>O H>O
Ideal 5.750 5.667 5.667
Hydration
number
Cages Small Large Small Large Small Medium  Large
Average 3.95 4.33 3.91 4.73 3.94 4.04 5.79
cavity
radius (A)
Variation in 34 14.4 5.55 1.71 4.0 8.5 15.1
radius (%)
Water 20 24 20 28 20 20 36
molecules

per cavity

Hydration number (n) is the ratio of water to gas molecules in the unit cell. Cage
occupancy (0) is defined as the amount of gas captured in hydrate [9]. Sometimes two or
more gases can also be present inside the lattice structure of the hydrate. The structure is

influenced by both the size of the gas as well as the concentration of the gas molecules. For



example, methane is a single gas that can be both sl and slI. Similarly, ethane also forms sl
and slI. If both methane and ethane are present together, both can form sI and sII depending
upon the temperature, pressure, and relative concentration of the gas potential.

Table 1.4: Guest molecules and hydrate cages

Guest molecule sl sII sl sl

Molecule Diameter(A) SC LC SC LC
N2 4.1 0.804 0.7 0.817 0.616
0)) 4.2 0.824 0.717 0.837 0.631
CH4 4.36 0.855 0.744 0.868 0.655
HaS 4.58 0.898 0.782 0.912 0.687
CO2 5.12 1.00 0.834 1.02 0.769
C2Hs 55 1.08 0.939 1.10 0.826
CsHs 6.28 1.23 1.07 1.25 0.943
1-C4Hio 6.5 1.27 1.11 1.29 0.976
n-CsHio 7.1 1.39 1.21 1.41 1.07

1.3.1. Structure I

Structure I has 46 water molecules per unit cell, with 2 dodecahedral voids and 6
tetrakaidecahedral voids that can host up to 8 gas molecules. The hydration number varies
from 5.75 to 7.67, with an average of 6. The hydrate number varies according to gas
occupancy. A higher hydration number indicates that all the cages are filled with gas
molecules. Lower value of hydration means there are empty cages. This sl structure hydrate
typically forms with gases like methane, ethane, carbon dioxide, and hydrogen sulfide

[1,17,18].



1.3.2. Structure II
Structure II has 136 water molecules per unit cell, organized into 16 Dodecahedral
voids and 8 Hexakiadecahedral voids, with a capacity up to24 gas molecules
to accommodate into the structure. Structure II has a hydration number of 5.67 when all the
units are filled with gas molecules. Sometimes its hydration number is 17, when larger
guest molecules cannot occupy the smaller cages. This configuration permits the inclusion
of propane and iso-butane, along with methane and ethane, but excludes pentane [1,17,18].
1.3.3. Structure H
The less common structure H was discovered by Ripmesster et al. in 1987 [4]. Gas
hydrate comprises 34 water molecules per unit cell, arranged in 3 pentagonal dodecahedra
voids, 2 irregular dodecahedral voids, and icosahedral voids, allowing them to
accommodate larger guest molecules like iso-pentane. These hydrate structures feature
three 5'2, two 4°5°6%, and one 5'26® crystal units within a single-unit cube. There will be 6
gas molecules per 34 water molecules [1,17,18]. The formation of this structure requires
smaller guest molecules, such as methane, nitrogen, or carbon dioxide, for the 5'* and
435%6° cages. However, the molecules in the 5'26® cages need to be between 0.7 nm and 0.9
nm, like methylcyclohexane.
1.4. Location of gas hydrate
The hydrate was discovered in 1820, but the problem began after the 1920s when
methane was transported in a pipeline from gas reservoirs. Due to the formation of solid
hydrates inside the pipeline due to low temperatures, the gas flow was stopped. Initially, it
was thought to be frozen water. However as the pressure was reduced, the flow became
normal. Hence, in the 1930s, the recommended term for these impediments was identified
as hydrate. Russian experts asserted in 1946 that natural circumstances and resources exist

in permafrost-covered areas for hydrate formation and stability, with Western Antarctica
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being the first location they suggested for a discovery [12,19]. The hydrate location
throughout the world is shown in Figure 1.5. Most gas hydrate resources—roughly 98%—
are found in marine sediments, with the remaining 2% being found in permafrost. Gas
hydrate accumulations (red) and found gas hydrates (blue) are caused by seismic processes
and scientific drilling operations, respectively [20].
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Figure 1.5: Worldwide natural gas hydrate reservoir [20]

Some other regions are Japan, India, China, the Gulf of Mexico, and Alaska, where
hydrate reservoirs have been located. The hydrate reservoir can be classified into four
categories. They are classified based on geological and lithological hydrate-bearing zones.
The four categories are: sand-dominated reservoir, fractured clay-dominated reservoir,
hydrate formation on the sea floor and low-concentrated hydrate in clay. Because
methanogenesis in marine sediments actively produces methane, the bulk of hydrates is
found in oceanic sediments [21]. When a certain pressure and temperature are reached, the
methane that has been generated subsequently combines with the water to form methane
hydrate. Gas hydrate occurs only in deep ocean and permafrost environments with tectonic

and sedimentary characteristics. Makogon first published the estimation and occurrence of
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methane in hydrate in 1966 [22]. He also generates methods to estimate hydrate in the
subsurface. A detailed hydrate resource estimation was given by Milkov [23]. In offshore,
the hydrate is generally found at a depth of 200 to 600 meters, depending on gas
composition and geothermal gradient [24]. Figure 1.6 shows the temperature vs depth in

the hydrate stable zone [25].
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Figure 1.2: Stability conditions for gas [25]

The equilibrium curve, called the “methane-water-hydrate curve”, depends on water
salinity and gas composition. HSZ (hydrate stability zone) means that hydrates are more
likely to form in that region than always being present there. Besides pressure, temperature,
gas composition, and salinity, methane supply is another factor that determines the
formation of hydrates in marine sediments. Hydrates are formed when methane is above its
solubility limit at specified pressures and temperatures.

The HSZ varies with the depth of the ocean due to the following factors:

e  The HSZ's thickness varies depending on the global variations in ocean depth;
a thicker HSZ corresponds to a deeper water body.
e  Chemical properties of the guest molecule have a significant impact on the

stability region. A study conducted in the Gulf of Mexico, where the gas is not
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pure methane, found that the base of the HSZ exists at temperatures 2°C higher
than a pure methane deposit [26]

To develop hydrate, it is important to have a gas supply and a source that coincides with
proper thermobaric conditions. In oceanic and permafrost environments, the methane has
two origins: biogenic or thermogenic [21]. When microorganisms are buried in an anoxic
environment, biogenic methane is produced. When this methane is saturated in water, a
hydrate forms. This biogenic methane is formed in relatively shallow-depth sediment. This
methane travels hundreds of meters before hydrate formation [27]. Thermogenic methane
is produced by the degradation of organic matter due to the Earth’s heat. They are found in
greater depth and can travel very long distances before hydrate formation. This hydrate is
generally found along faults [28], mud volcanoes [23], and structurally deformed carrier
beds [27].

1.5. Hydrates as a Potential Source of Energy

Hydrate is identified as a problem in the oil and gas industry. However, it can be used
as an energy source because of the methane present in the gas hydrate. Throughout the
world, more than 220 gas hydrate reservoirs have been discovered. One cubic meter of gas
hydrate contains around 170 cubic meters of methane. It is estimated that over 1.5x10'® m?
gas hydrate reserves are distributed both onshore and offshore. Hence, the volume of gas
in that 1.5%10' m? reserve is enormous. 15% recovery from these reservoirs can supply
energy for 200 years [29]. As the rate of population and development increases, the energy
demands also increase. So, this energy demand can be fulfilled by extracting the methane
and then using the methane as a cleaner source of fuel [30]. Figure 1.7 shows the energy

consumption of the 20" century. [31]
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Figure 1.7: The energy consumption of the 20" century [31]

Currently, oil and gas are the primary sources of energy. Natural gas extraction from
hydrates has the potential to support global political stability and the long-term economic
growth of nations. Extraction and commercial methane production from gas hydrate
deposits are challenges for the 21 century. Methane is a cleaner fuel; it generates less
carbon dioxide per mole when burned than any other fossil fuel. Thus, it reduces carbon
dioxide emissions, reducing the greenhouse effect. Moreover, methane is a more potent
greenhouse gas, having four times the effect of carbon dioxide. It is also to be noted that
methane present in the hydrate form is twice in quantity as all other fossil fuels combined

[32]. Figure 1.8 illustrates the timelines for the world's gas hydrate projects.
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Figure 1.3: The timelines for gas hydrate projects [29]

Compared with hydrocarbon sources, [29]natural gas hydrates are more evenly distributed
globally. The creation of extremely efficient methods for converting natural gas from its
solid condition into free gas is the main source of concern [29].
1.6. Gas hydrates — Greenhouse gas and climate change

Despite the significant uncertainty in global estimates of methane contained in gas
hydrates, these hydrates serve as a substantial natural reservoir for methane, preventing it
from being released into the ocean or atmosphere. Methane leakage from gas hydrates into
the atmosphere might have a major effect on global climate change since it is a more potent
greenhouse gas than CO; [33]. However, the impact of global warming on gas hydrate
deposits varies significantly across different regions. Ocean water is added by melting
glaciers and ice caps due to global warming. The hydrostatic pressure corresponding to the
rising water level stabilizes submerged gas-hydrate deposits and thickens the stability zone
downward. In addition to increasing air temperatures, water temperatures also rise during
global warming, although deepwater bottoms are less affected by global warming thanks

to the ocean's high heat capacity. Due to this, for deepwater deposits in depths greater than
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500 m, the increase in stable gas hydrates caused by rising sea levels may counterbalance
any destabilization caused by an increase in water temperatures, thus resulting in less
dissociation [34]. Nonetheless, gas-hydrate deposits are particularly susceptible to
variations in ocean circulation and bottom-water temperature at a key depth of roughly
500m [35]. During these warmings, methane could be released, leading to global warming,
which might outpace the rise in sea level. As the methane rapidly escapes from these
reserves, this will increase the atmosphere's temperature, resulting in global warming.

Hydrates are also geohazards because it is very sensitive to temperature and pressure.
A significant impact of gas hydrate formation and dissociation on the marine sediments.
The porosity and permeability of the sediments decrease as dissociation occurs [36].
Consequently, during gas-hydrate dissociation, free gas and water are liberated, lowering
the sediment's strength. Solid gas hydrate usually occupies less space in the pore space than
water or free gas released. Thus affecting the pore pressure [37]. As a result, either pressure
increases or volume increases. Sediment can become weaker as pore pressure increases,
sediment volume expands, and free gas bubbles form.

The presence of gas hydrate near the sub-surface sediment (a few hundred feet) poses
a geo-hazard to oil and gas production. The safety concerns associated with drilling for
hydrocarbons (from greater depths) from shallow gas-hydrate accumulations have been
reported [38,39]. However up until now, we haven’t had much experience creating gas from
gas-hydrate deposits and dealing with any potential risk. Production test in 2008 at the
Mallik well had safety issues in terms of water and sand production during gas extraction
[40,41]. The most recent research on energy from gas hydrates provides a more thorough

analysis of the safety concerns associated with gas-hydrate production[40].
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1.7. Gas Hydrate Inhibitors and Promoters

Hydrate is one of the major problems in the oil and gas industry. It raises problems in
the wellbore during drilling [42], well completion [43,44] as well as transportation in
pipelines [45,46]. One way to tackle the hydrate problem is by adding thermodynamics
inhibitors and/or Low Dose Hydrate Inhibitors (LDHI) [47].

The science of hydrate formation kinetics is always important and deserves further
investigation. The hydrate formation mechanism is poorly understood, resulting in various
theories and models. In literature, different models and correlations are predicted for
hydrate production by Elgibaly and Elkamel [48]. This correlation can be divided into five
main processes, namely: the K-value method [49], Gas-Gravity plot, empirical correlations
formulated by Holder [50] and Makogon [51], expansion chart of natural gas by Katz [52],
the statistical thermodynamic approach developed by van der Waals and Platteeuw [53].
To predict hydrate formation conditions, the K-value method is based on the vapor-solid
equilibrium constants. The second method developed by Katz, the Gas Gravity plot. In the
third method, empirical correlations are developed based on pure gases selected by Holder
and Makogon. In the Fourth method, hydrate-formation charts are provided to show the
extent to which natural gas can expand without forming hydrates. Using the Joule Thomson
cooling curves and the gas gravity charts, these charts were redrawn. The fifth method
shows the interaction between gas and water molecules and was developed by van der
Waals and Platteeuw in 1958. Besides all these methods, one more idea was given by
Ostegaard et al. [54] in 2000. It is like a gas gravity plot, but applies to all reservoir fluids.
It also considers the impact of non-hydrocarbon gases like CO2 and N> in the petroleum
fluid.

Using freshwater helps in hydrate formation during drilling wells in water-based

drilling fluid when the temperature is low [55]. If hydrate forms during the drilling
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operation, it “plugs” the wellbore. Another problem of hydrate occurs during
the transportation of gas through pipelines in low-temperature zones, a flow assurance
problem. So, these hydrate occurrences can be stopped by either hydrate avoidance or

hydrate management. Figure 1.9 shows hydrate management [56].
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Figure 1.4: Hydrate management strategies [56]

All the above methods sometimes work, sometimes do not. For example, Dehydration
is a less effective approach for subsea wells. Heating and insulation are used together for
effective hydrate management. Out of all these strategies, chemical inhibition is the most
used method for hydrate management [57]. The two primary types of chemical approaches
are thermodynamic inhibitors and low-dosage inhibitors. Organic compounds are such as
Methanol, Mono-ethylene glycol, and Di-ethylene glycol used most widely as
thermodynamic inhibitors [58]. Salts like NaCl, KCl, CaCly, etc, are some other inhibitors
[59]. low-dosage inhibitors are of two types: kinetic inhibitors (KHIs) and anti-
agglomerants (AAs). Kinetic inhibitors can be polymers (PVA), amino acids, and salts with

more than two n-butyl, n-pentyl, and iso-pentyl groups, etc [60,61]. Anti-agglomeration is
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generally asurfactant that can be anionic(LABSA), cationic(DAM) or non-

ionic(Ethoxylate) [62]. Figure 1.10 shows hydrate inhibitors
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Figure 1.10: Different inhibitors
1.7.1. Thermodynamics Inhibitor

THI is a chemical agent designed to regulate the interactions between hydrocarbons
and water that lead to the creation of solid crystalline compounds. It achieves this by
altering the hydrate equilibrium curve, effectively lowering the reaction temperature to a
point that prevents hydrate formation. The use of a thermodynamic hydrate inhibitor as
an additive helps minimize hydrate buildup in pipelines. Methanol is a more common
inhibitor used in the oil and gas industry. Methanol works by reducing the fugacity of water,
this allows hydrates to form at lower temperatures and higher pressures than would occur
without adding methanol [63]. THIs operates by shifting the phase limits for hydrate
formation away from the temperature and pressure conditions, hence increasing the driving
force needed for hydrate generation [64,65]. Glycol, salts are also inhibitors commonly
used for hydrate inhibitors [66]. Quigley and Hubbar [67] explained that thermodynamic
inhibitors such as methanol or glycol show much better thermodynamic properties than
salts [67]. NaCl, NaBr, and CaCl; are used by Kotkoskie et al. [68] as a thermodynamic

inhibitor for hydrate inhibition. Out of three salts, CaClz was found to be the most effective
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in the inhibition of hydrate. Ebeltoft et al. evaluated the salt polymer system for hydrate
inhibition [69]. The best results were using 10wt % EGY with 15 wt% of NaCl and 5 wt%
of KCL. Mohammadi et al. have used NaBr, KBr, CaBr2, KoCO3, and MgCl, for hydrate
dissociation [70]. Experiments were performed at various temperatures and concentrations.
All salts exhibited similar behavior under dissociation conditions, except for MgCl,, which
showed distinct behavior at higher concentrations.

1.7.2. Kinetic Inhibitors

KHI is an inhibitor that embeds itself into the lattice of a hydrate crystal and
prevents its growth or nucleation. KHIs are low-dosage inhibitors (LDIs) that act at low
concentrations (lower than 1 wt%) without affecting hydrate thermodynamics [71]. Mostly,
KHIs are soluble in water. KHIs delays a system's hydrate formation by delaying the
formation of nucleation and growth [72]. The first nucleation of the hydrate crystal is called
the induction time [73]. For different reservoir fluids, KHIs have shown better performance
in hydrate inhibition [74]. In literature, various KHIs inhibitors have been explored. For
example, ionic liquids (ILs) [75,76], antifreeze proteins (AFPs)[77,78], and
Tetrahydrofuran (THF) or cyclopentane [79]. Polymers such as Poly-N-vinyl-lactam
[80,81], polyaspartamides [82], N-Isopropylmethacrylamid [83] are also used as KHIs.
Chong et al. (2015) explained that NaCl has kinetic inhibitor properties in hydrate
formation in porous media by slowing the rate of hydrate growth.
Amino acids have become notable for their role as kinetic inhibitors, but their application
has largely been confined to lab environments. Glycine, L-alanine, and L-valine are
hydrophobic amino acids utilized as thermodynamic hydrate inhibitors [84]. Sa et al. have
illustrated the effect of amino acids (L-proline, L-serine, L-alanine, glycine) on methane
and carbon dioxide inhibition [85]. L-serine is the most effective KHI among amino acids

in inhibiting the development and nucleation of hydrates. EGY is an inhibitor used widely
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in the oil and gas industry to prevent hydrate formation during production and
transportation in pipelines. The use of EGY can shift the equilibrium curve of hydrates
toward higher pressures and lower temperatures (thermodynamic conditions), which is
outside the conditions required for hydrate formation, therefore offshore flowlines can
operate normally. EGY has hydroxyl group in its structure, which helps in excellent
interface with water, making it difficult to bind water molecules to form a hydrate. Hence,
it prevents hydrate formation. The EGY is preferred over other inhibitors due to Health,
Safety, and Environmental (HSE) issues. Apart from HSE issues, EGY can be produced
economically and recycled with relatively low losses, resulting in less operational cost.
EGY has been used as an inhibitor in the Gulf of Mexico since 2007.
1.8. Molecular Dynamics of Gas Hydrate

Using computer simulation to study a molecular system's physical properties has
become common practice. Most of these studies use Monte Carlo simulations (MC) and
MD simulations. MD simulation integrates Newton's equations over time for each
molecule. In addition to calculating thermodynamic properties, MD simulation is capable
of calculating time-dependent phenomena. The integration algorithm updates the positions
and velocities of each molecule over time. A molecule's configuration and the potential
model selected determine its net force. The force and acceleration acting on each molecule
are corrected by using the force and acceleration of the previous step. It is possible to
calculate macroscopic properties based on the time-averaged trajectories of molecules after
integrating forces over several time steps.
1.9. Molecular simulation and gas hydrate

Tes et al. used MD simulation for the first time to study gas hydrate behavior [86]. They
explained that through the calculation of vibrational frequency, it is possible to explain the

differences and similarities between ice and hydrate. Using MD simulation, the vdWp
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statistical theory was applied to calculate three-phase equilibria of hydrate. This theory is
given by van der Waals [53,87]. A Monte Carlo simulation study has shown that including
long-range guest-host interactions will improve the physical significance of vdWP theory
without affecting its accuracy [88]. MD simulations revealed that the repulsion interaction
between gas and hydrate lattice is crucial for stabilizing the whole structure [89].

The mechanism of hydrate formation can be explained using MD simulation. The
mechanism includes nucleation and growth. This nucleation and growth are very hard to
find experimentally. The nucleation and growth mechanism information is gained from MD
simulation. Walsh et al. [90] explained methane hydrate nucleation and growth. They found
out that during the initial few microseconds, the hydrate network (formed by water) forms
around the methane molecules, only to disappear. Only after 1 microsecond, spontaneous
nucleation took place to form the hydrate structure. Both sl and sII are formed after the
growth of the hydrate structure.

Driving force is an important parameter for hydrate formation. It depends on sub-
cooling and over-pressurization of hydrate formation. Hence, this driving force should be
well-defined when the simulation runs. To successfully and accurately run the simulation,
knowledge of hydrate phase boundary is essential. There are models to calculate the phase
equilibria of liquid water-methane gas-methane hydrate. Walshe et al. have used a potential
model for nucleation and growth simulation [90]. This helps calculate the thermodynamic
properties of the simulation. This model can be used since both sl and slI structures coexist
in the MD simulation. Additionally, one can use the Clapeyron equation and simulations to
calculate the enthalpy of hydrate dissociation.

1.10. Basics of molecular simulation
Two ensembles are instrumental in MD simulation. NPT (isothermal-isobaric ensemble)

and NVT (canonical ensemble). N, P, V, and T represent the number of molecules, pressure,
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volume, and temperature of the system. Either pressure or temperature was kept constant
during the simulation. The NVT ensembles exhibit Helmholtz free energy related to

partition functions, (Q) and is given by the following equation:

= —kgT In(Q(NVT))

n
= (—kBTln [%x f exp —BU(ry, Wy, o e . Ty, wy)dl ....dN]) (1.1)

where, f = 1/kgT, and kgis Boltzmann’s constant, q is the molecular partition function,
dl stands for dr;dw,; = dx;dy;dz;. dw,. For molecules i the coordinates are r;(x;, ¥;, Z;)
with the angle of orientation of w;. In the case of a nonlinear molecule, the molecular
partition function can be represented as:

q = q4¢'qrqvqe (1.2)

qy = % is the translational function. g,, q,, and q, are the rotational, vibrational, and

electronic partition functions, respectively. These are all dimensions and coexist during
e . . 1
phase equilibrium. g, is commonly expressed as inverse thermal wavelength (/1_3)’ A=

h/ /2mmk,T where h is Planck's constant and m is molecular mass.

For NPT ensemble, the Gibbs free energy is a necessary parameter. It is obtained

as:
G = — k,Tln (Q(NPT)) (1.3)
Where Q given as
q"pP
Q(NPT) = N

U exp(—BPV)dV X J exp[(—BU) (w4, S1, v wen - Sy, Wy H)JV™ X (ds; dw; ds; dwn)] (1.4)

s; are the coordinate of molecules i in the simulation.
Only the potential energy is taken into account in MC simulations, as opposed to

MD simulations, which incorporate both kinetic and potential energies in the acceptance
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criterion. The potential energy, Up,; 1s necessary to interact energy between all molecules

in the system:

1
Upoe = 5 ) "u(|riy +nl|) (15)

ijmn
Where, L is the length of the simulation box, n is an arbitrary vector of three integer
numbers, u(r) is the intermolecular potential between two molecules. To exclude self-
interactions, the term where 1 = is excluded when n = 0. Lennard-Jones (LJ) potential, u,,,
is widely used in molecular simulation for non-polar molecules, expressed by the following

equation:

12

ury = 2|9 - ()] (1.6)

r

Where, €, g, and r is the depth of the potential well, the diameter of the molecules, and
the distance between the molecules, respectively.

In theory, when calculating the intermolecular energy of a system with N
molecules, all molecules should be considered. But in practice, N — 1 molecules do not
have any effect on the molecules. Hence, in molecular simulation, only a certain distance
is taken into consideration for simulation; this distance is called the cut-off distance. The
maximum cut-off distance can only be, L/2 where L is the length of the simulation box.
The cut-off radius of 2.50 is sufficient to obtain simulation results [91], since the LJ
potential drops rapidly beyond this distance. Because the LJ potential drops rapidly, two
present errors are introduced [92]. This error can be corrected by adding a long-range
correction term to Equation 5 [93]. The log-range correction assumes a pairwise
distribution function, g(r), is 1 beyond the 2.50 cut-off distance and long-range potential,

u!°™9 and is calculated by following the equation:

ulong = 27Tpf u(rr?dr (1.7)
Tc
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Where, p is the average density inside the simulation box. The presence of polar molecules
causes problems during simulation. Hence Coulomb interaction comes into the picture.
Coulomb interactions decay at a rate of —1/r, and the errors caused by long-range
contributions remain significant, even when using a cutoff radius of several angstroms. It
is generally accepted that the long-range contribution diverges unless u(r) decays faster
than 1/73[94]. Among the methods for calculating potential energy after boundary
conditions, the Ewald summation method is the most commonly used [95]. Coulomb

interactions with the potential energy are given by

N
1
U(Pow =3 ) 60 (18)
i=1

q; is the particle charge and @(;) is the electrostatic potential at the position of i particle

E ’ 1
(T) |T'l',j ] / | ( )

jm
Where, whenever n = 0, the sum is over all periodic images n and overall particles j with
the exception that j = i, if n = 0.

In equation 1.8, the sum of electrostatic energies is not well-converging, which
makes it unusable as a method of calculating electrostatic energy. To improve the equation
1.8, each particle having g; charge is surrounded by the opposite charge of Gaussian charge
distribution. This total charge helps to cancel the g; charge. As a result of these charge
distributions, the charge becomes short-range, resulting in shorter interactions. It is

essential to make necessary corrections to the added potential; this is done by adding

the opposite charge of the same sign.
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Figure 1.11: Edward summation method for calculating long-range Coulomb interaction

This addition of compensating charge distribution is represented by the Fourier
series. The Coulomb interaction for potential energy for compensating charge distribution
is given by

1 41 ,  —k? (1.10)
Ucow = ﬁzﬁlp(kﬂ exp——

k#0
1N
() Z(qi)z

15: qiq;erfc(\far;) 21
+ = +
2 rij

n 2

ZriQi

i=1

(2’ + 1)V

i#rj

Ucows = Fourier comtribution — Self potential correction +
Real space contribution + Boundary ef fects (1.11)

2 . .
Where k = (Tn)l and I = I, I, I, are lattice vectors, a is convergence parameter for

compensating Gaussian charge distribution, K’ is dielectric constant, erfc is the error
function. Short simulations can determine a by considering computational efficiency and
accuracy [96]. For a larger system, the traditional Ewald summation becomes unaffordable
due to its computational effort scaling as N3/2. When in the systems have more than 105

molecules (N > 10%), other methods may be used, such as particle-particle/particle-mesh

(scaled by N log N).
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1.11. Research Motivation

As the world progresses into the 21st century, the energy demand continues to rise at
an unprecedented rate. Most of the energy is from non-renewable resources. This emits
CO,, a greenhouse gas. Due to this global temperature is increasing. This results in
a warmer atmosphere. Gas hydrate is one of the potential cleaner energy sources. Its
quantity is twice the quantity of fossil fuel. Also, this hydrate can be used as a
storage of CO; inside the hydrate reservoir, i.e. CO capture and sequestration. This means
that gas hydrates can be used to trap carbon dioxide and store it safely, reducing its release
into the atmosphere and combating climate change.

Nanoparticles are nano-sized particles (<100nm). These nanoparticles are a relatively
new technology that improves the storage capacity and faster hydrate formation. Forming
a gas hydrate with nanoparticles enhances its process by improving the rate at which the
hydrate forms and ensuring its stability.

In summary, the exploration of gas hydrates is driven by their potential as an energy
resource and their role in carbon storage.

1.12.  Research Objective
Synthesis and performance of nanoparticles in hydrate formation, storage, and to study
the MD simulation of the hydrate dissociation. Key goals include:

e Enhancing the induction time and rate of hydrate formation by using single-
step SiO2 nanoparticles, as nanoparticles act as promoters, accelerating
nucleation and growth of hydrates.

e Increasing gas consumption and hydrate storage capacity.

e Studying single-step SiO> nanoparticle impact on storage capacity, water
conversion, gas consumption, and induction time under different temperatures

and pressures.
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e Understanding the effects of inhibitors on hydrate stability and dissociation,
including how chemicals (ethylene glycol) influence molecular interactions
and hydrate decomposition kinetics.

1.13.  Thesis Organization
Creating a clear and logical arrangement for my thesis chapters is essential for
conveying my research effectively. This thesis comprises seven chapters.

Chapter 1 introduces gas hydrates, including their formation mechanisms, natural
sources, and the various challenges associated with their extraction. The chapter also
reviews the different inhibitors reported in the literature that delay hydrate formation. This
background establishes the motivation for using molecular dynamics (MD) simulations,
which are introduced toward the end of the chapter. Their working principles and relevance
to hydrate structure analysis are also discussed, forming the foundation for the simulation
studies in the following chapters.

Chapter 2 builds on the simulation concepts introduced in Chapter 1 by exploring
the effect of ethylene glycol on gas hydrate dissociation using MD simulations. Various
concentrations of ethylene glycol were examined at different temperatures. The analysis
includes radial distribution functions (RDF), diffusion coefficients, and total energy
evaluations, providing insight into the dissociation behavior of hydrates in the presence of
ethylene glycol.

Chapter 3 extends the findings of Chapter 2 by examining the combined effect of
ethylene glycol and nanofluids on hydrate formation. The nanofluid was laboratory-
synthesized, and their influence on both the thermodynamics and kinetics properties of
hydrate was evaluated. Hydrates were synthesized using pure water, pure ethylene glycol,

and mixtures of ethylene glycol-nanofluid at different concentrations. The results from all

28



these solutions provide a comparative understanding of how inhibitors and nanofluids
interact during hydrate formation.

Chapter 4 continues the experimental investigation by focusing specifically on
single-step synthesized silica nanofluids and their role in methane hydrate formation inside
an autoclave. The presence of nanoparticles was shown to accelerate hydrate formation,
enhance gas consumption, and increase the overall methane storage capacity. This chapter
further reinforces the potential of nanofluids as hydrate promoters, complementing the
observations made in Chapter 3.

Chapter 5 revisits MD simulations to deepen the understanding of hydrate behavior
in mixed gas systems. In this chapter, the radial distribution function, diffusion coefficient,
and mean square displacement for CH4—CO- hydrates were analyzed in the presence of
ethylene glycol. These analyses help verify the dissociation mechanisms discussed earlier
and link simulation results to experimental trends observed in previous chapters.

Chapter 6 expands on the role of nanofluids introduced in Chapters 3 and 4 by
investigating CO; hydrate formation in the presence of single-step silica nanofluids.
Various nanoparticle concentrations were introduced into the system to evaluate their
impact on hydrate formation. The study highlights how nanoparticles reduce induction
time, increase gas consumption, and enhance the rate of hydrate formation, thus supporting
and extending the earlier findings.

Chapter 7 concludes the thesis by summarizing the combined effects of inhibitors
and nanofluids on hydrate dissociation and formation, integrating insights from both MD
simulations and experimental studies. The chapter also outlines potential directions for
future research and provides recommendations based on the outcomes of the presented

work.
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Chapter 2: Insights of Molecular Dynamics Simulation to Investigate the Impact

of Ethylene Glycol on Methane Hydrate Dissociation

Abstract

Gas hydrate is a tremendous source of clean energy found across the world. The
controllable extraction of natural gas for commercial applications from gas hydrate is a
challenging task. In the oil and gas industry, hydrate inhibitors are crucial for flow
assurance, especially in subsea and deepwater operations. These hydrates can block
pipelines and equipment, leading to flow restrictions, reduced efficiency, and potential
safety hazards. Therefore, managing hydrate formation is a key concern in the industry.
Also, designing better hydrate inhibitor formulations is becoming the need of the hour as
the world is moving towards a more gas-based economy. So, it’s very important to
understand these additives' effect on the methane hydrate. However, the mechanism and
extent of hydrate inhibition with additives such as alcohol are yet to be fully understood.
Hence, understanding the CH4 hydrate dissociation process and various thermodynamic
parameters under the influence of these additives is very important. In this study, an
investigation was done to see the effect of ethylene glycol concentration on CH4 hydrate
dissociation by molecular dynamic simulation under varying thermodynamic conditions.
The water cage integrity is investigated at different times, temperatures, and pressures. To
be able to quantify the decomposition and mechanism of CH4 hydrate, the radial
distribution function (RDF) and total energy were studied. The result of the radial
distribution function and mean square displacement of water and ethylene glycol shows
that the hydrate cages decrease with increasing temperature. When the ethylene glycol
concentration was increased from 0% to 5%, gas hydrate dissociation increased.

Dissociation of the hydrate system is enhanced by both increasing concentration and

31



temperature, or both respectively. According to the results of this study and previous
research findings, such a work would aim to offer effective tips/guidelines for processing
hydrate formations and dissociations.

2.1. Introduction

Gas hydrates are ice-like Clathrate crystalline substances, formed by water (host)
trapping hydrocarbon molecules (guest). Methane gets entrapped inside cages that are
formed by the water molecules through hydrogen bonds; entrapped hydrocarbon gas
molecules can be small gases such as methane, ethane, carbon dioxide, etc, or larger gases
like pentane, isopentane, and isobutene. The gas inside the structure is held by a weaker
intermolecular force, van der Waals forces. Gas hydrate is a stable compound under
particular temperature and pressure conditions. There are different structures of gas
hydrates that exist like structure I(sI), structure II (sII), and structure H [5]. Among these;
sI one is the most commonly occurring gas hydrate structure [97]. It is estimated that 103
and 20x10'"> m? (standard condition) of methane gas are present in both onshore and
offshore areas, respectively [98]. Gas hydrate moreover has other practical applications,
like gas storage [30], and transportation of gas [99], gas separation [100], and water
desalination [101].

The natural gas hydrate mostly consists of methane, Hence, it is also called methane
hydrate. These methane hydrates are generally found in ocean permafrost, continental
margins, and the Arctic regions. This methane gas, entrapped in a gas hydrate, can in
addition be used as a source of energy [30]. One-meter cube of methane gas hydrate can
hold approximately 170 cubic meters of methane under standard conditions [17]. The total
methane present in methane hydrate is approximately twice the amount of total
conventional energy (oil, coal, and natural gas, etc.) put together [102]. So, if extracted, it

will be a huge energy source.
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Carbon dioxide (CO2) and methane (CH4) are both very potent greenhouse gases.
However if we compare, methane’s greenhouse gas potential is more than 30 times that of
COas. Moreover, methane has a “Global Warming Potential” GWP of 120 [103]. Therefore,
uncontrolled liberation of methane from these hydrate reservoirs is environmentally
harmful and may lead to many catastrophic events [104],[105].

The methane extraction process is very challenging because of its sensitivity to
temperature and pressure. If the extraction of this methane goes wrong, it leads to serious
environmental impacts. Therefore, extracting methane in a controlled manner from hydrate
reservoirs is beneficial for environmental protection as well as future clean energy. There
are some common methods for hydrate extraction: depressurization method [106,107], gas
replacement method [108,109], chemical injection method [110,111], thermal stimulation
method [106,112], and sometimes a mixture of these methods. Out of these methods, the
depressurization method is the easiest one; however, hydrate reformation and ice formation
can happen and hinder the process [113]. The thermal simulation process requires a high
amount of heat and is largely uneconomical. The gas replacement method is prone to low
replacement efficiency and injectivity issues. Another method, such as chemical injection,
has low energy requirements, however high gas productivity and injection volume can be
controlled as per the requirement, except for the low sweep efficiency and requirement of
huge quantities of chemicals (hydrate inhibitors). The application of chemical hydrate
inhibitors is well known in the petroleum industry for the flow assurance purpose. In
addition, it can be a very promising method combined with any other methods mentioned
above. The chemical method has a good potential for methane extraction from the hydrate
reServoir.

Various simulation, modelling, and experimental studies were conducted on the

dissociation of methane hydrate [114—117]. The addition of chemical additives can alter the
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decomposition or formation of gas hydrate [5]. These additives (chemicals) change the
hydrate equilibrium phase of gas hydrate. So, it is very important to understand the
additive’s role in both the formation and dissociation of gas hydrate for gas recovery or any
other gas hydrate application. In the case of gas recovery from hydrates, the chemical
additives are thermodynamic/kinetic inhibitors. The most used hydrate inhibitors are salts,
alcohols, and glycols. There are lots of experimental studies available in the literature to
understand chemical inhibitors. A recent study shows that various chemicals/additives/salts
assist the decomposition of gas hydrate [118]. They studied the effect of ammonium salt in
the dissociation of gas hydrate. The performance of different inhibitors (e.g., serine,
glycine, and alanine) on hydrate growth was illustrated [119]. The amino acid, as an
inhibitor, was examined in methane hydrate dissociation [120]. The effect of biologically
active inhibitors, which reduced hydrate formation via accelerating dissociation, was also
reported in literature [121]. Other studies subsequently studied and reported the important
impacts of different inhibitors, such as nuclear magnetic resonance, used for dissociation
mechanism of hydrate [122], the effect of ethanol and sodium chloride on CO> hydrate
[123].

The molecular-level understanding cannot be derived from lab-scale experiments.
However, the molecular level understanding of the behaviour of these hydrate inhibitors is
very much essential for the development of better inhibitors and fine-tuning the existing
inhibitors. MD simulation is an excellent application to see the response of
molecules/atoms in each given system. The simulation tells how the molecules/atoms
behave at a certain given temperature and pressure, which is impossible to see in an
experiment. The trajectory of these molecules/atoms a governed by Newton’s laws of

motion. Over the last decade, MD simulations have helped study microscopic studies of
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gas hydrates. These studies include hydrate growth [124], stability [125], nucleation [126],
and thermodynamic properties [127].

Walsh et al. [90] conducted an experiment on nucleation of hydrate and the change of
the methane hydrate structure. The use of alcohol in dissociation of hydrate was studied by
Hoa-Li et al. [128] Adding alcohol reduces the three-phase temperature because of the
chemical potential. This chemical potential is lower in water-alcohol than in pure water.
English et al. [129] studied hydrate growth in the presence of an electromagnetic field,
where the molecule mobility increases with an increase in the electromagnetic field.
Yagasaki et al. [130] illustrated the effect of NaCl on gas hydrate (both acceleration and
dissociation). Zhang & Pan [124] has reported both structural and dynamic properties with
the help of the displacement density profile & radial distribution function. Sakemoto et al.
[131] studied both mechanical and thermodynamic characteristics of methane hydrate
structure. According to Sun et al. [132], methanol is effective in decomposing methane
hydrate as it promotes methane hydrate dissociation.

Myshakin et al. [133] used MD simulation to investigate the effect of methanol, ethanol
and glycerine on the stability of sII hydrate structure, the result shows decomposition rate
is inversely proportional to cage occupancy. English et al. [134] showed that dissociation
rate controls the diffusion of methane on the surface of the gas hydrate. Qi et al. [135]
simulated dissociation of hydrate in electrolytic solution. Mean square displacement to
calculate the diffusion coefficient of both methane and hydrate water was reported by
Zhang et al. [136] The microscopic process of methane hydrate dissociation was studied
using MD simulation. However, the authors have not extended the study to understand the
effect of both temperature and concentration.

Although various thermodynamic properties of hydrate in the presence of ethylene

glycol as a hydrate inhibitor have been studied by several researchers. But MD simulation
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has not been used for analysing the effect of ethylene glycol on methane hydrate
dissociation with different operational parameters such as temperature and concentration.
Hence, to understand the characteristics of methane hydrate under various temperatures and
ethylene glycol concentrations MD simulation and thermodynamics model tools are used
in this study. In this paper, we studied the effect of the concentration of ethylene glycol on
the dissociation of hydrates. The simulation was performed at different temperatures. Both
thermodynamics and structural properties of the hydrate were also studied at different
temperature and pressure conditions. radial distribution function (RDF) and
thermodynamic properties were investigated in this research paper at various
thermodynamic conditions, along with the presence and absence of ethylene glycol. The
results give a very good understanding of the molecular-level behaviour of ethylene glycol
on methane hydrate. It shall help with the development of novel hydrate inhibitors and
optimisation of hydrate inhibitors for the flow assurance applications and gas recovery from
hydrate reservoirs.
2.2. Simulation Details

The initial state of a simulation system was created with solid and liquid components.
The solid part of the system was gas hydrate sI (structure I), which is a clathrate compound
consisting of water molecules that form cages around methane molecules. To build the solid
system, the positions of the methane and water molecules in a unit cell of the gas hydrate
sl structure were determined using x-ray diffraction [137]. The unit cell was then replicated
to create a larger supercell that measures 37 x 37 x 37 cubic angstroms, which contains
1248 water molecules and 216 methane molecules. To include the ethylene glycol
molecules in the simulation, the simulation box was resized to 37 x 37 x 90 cubic
angstroms. This increased the z-dimension of the box to accommodate the larger molecule.

The simulations were run using periodic boundary conditions, which means that when a
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molecule crosses one boundary of the simulation box, it reappears on the opposite side of
the box, creating an infinite system. This is necessary because it allows the simulation to
accurately represent a bulk system, rather than a finite system with artificial boundary
effects. Periodic boundary conditions also allow for the simulation of large-scale systems
that would be very difficult to study otherwise. Overall, the initial state of the simulation
was carefully designed to represent a real-world system of a hydrate plug, and the
simulations were run under controlled conditions to accurately model the behavior of the
system.

For this study, GROMACS [138], an open-source program widely used for MD
simulations, was employed. MD simulations involve the use of various water models
[139,140]. In our study, we utilized the TIP4P [141] model for water and the OPLS-AA
[142] model for methane. For Ethylene glycol, the OPLS-AA [143] force field was used.
The Lennard-Jones parameters between different types of atoms were managed using
Lorentz-Berthelot combination rules, and the cutoff radius for Lennard-Jones interactions
was set at 15 A. Long-range electrostatics were handled using Particle Mesh Ewald
summation for particle meshes, with a Coulomb force cutoff of 12 A. The Leapfrog
algorithm was employed for conducting simulations. Temperature and pressure were
regulated using Berendsen thermostat and barostat [144] respectively, with a thermostat
decay of 0.2 ps and a barostat decay of 0.1 ps. by 0.2ps and barostat by 0.1 ps. During the
simulation process, the initial configuration was relaxed by using energy minimization.
This was achieved by using the Steepest Descent algorithm. Next step, NVT ensemble at
constant pressure and constant temperature was performed for 50ps. This is to achieve the
targeted temperature of the system. The final step, NPT ensemble, is conducted to study
the decomposition process at different pressures and temperatures. The run time was 500ps.

Figure 2.1 represents the workflow of simulation process. Simulations were run at different

37



temperatures ranging from 260 to 300 K while pressure remained constant at 50 bar with
different volumes of ethylene glycol (0%, 2.5%, 3.5% and 5%). Here, 2.5% vol is 1.042

g/ce, 3.5% 1s 1.018 g/ce, 5% vol is 1.014 g/cc.
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Figure 2.1: Workflow of MD simulation process
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2.3. Results and Discussion

Methane Ethylene Glycol Water

Figure 2.2: Dissociation of methane hydrate structure in the presence of 5 vol% of
ethylene glycol at 300K (a) initial at time = 0 ps (b) time = 50 ps (c) time = 100 ps (d) time
=250 ps (e) time = 500 ps

This study aimed to investigate the molecular effects of different concentrations of
ethylene glycol at various temperatures in the system. Figure 2.2 illustrates the system
configuration at 300K over time. The simulation box contained 5% v/v of ethylene glycol
with methane hydrate. Figure 2.2(a) depicts the initial configuration of the simulation box
at time 0 ps, where the hydrate structure appeared intact. However, as the simulation
progressed, the structure began to disintegrate, leading to the dissociation of the hydrate
structure, as shown in the Figure. 2.2(b), 2.2(¢c), 2.2(d), 2.2(e), and 2.2(f), at 50 ps, 100 ps,
250 ps, and 500 ps, respectively. With time, methane escaped more easily from the cages,
and the hydrate dissociated more readily, leading to the absence of an intact hydrate
structure towards the end of the simulation run, with only methane and water clusters
visible. Figure 2.1 provides insight into the simulation workflow, with the hydrate initially

intact in the top portion of the image, and the glycol-water mixture visible below it. As time
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progressed, the glycol interacted with the water molecules of the gas hydrate, leading to its
dissociation. At the end of the simulation (Figure 2.le), the hydrate had completely
dissociated, with the released methane gas aggregating at the left and right top sides of the
simulation box, leading to gas-liquid separation. Table 2.1 displays the number of water
and ethylene glycol molecules in the simulation box with different concentrations. The
simulation results were analyzed using three different tools, namely Radial Distribution
Function (RDF), total energy, and diffusion coefficient.

Table 2.1: The number of molecules of ethylene glycol in hydrate structure

Concentration (vol%)  Number of water molecules Number of ethylene glycol

0 2610 0
2.5 2537 19
3.5 2584 26

5 2455 37

2.3.1. Radial distribution function (RDF)

The Radial Distribution Function (RDF) is a crucial parameter for characterizing
the microstructure of gas hydrate/ethylene glycol systems and provides insight into the
dissociation effect of ethylene glycol on the hydrate structure. RDF is utilized to determine
the probability distributions of similar particles in the vicinity of a given particle in space.
The expression of RDF is

Ng
Vs n B (r)

Ny Ng £ Amtr? Ar

gaﬁ(r) = (2-1)

where, g,z(r) is the average probability of a particle § within the distance of rand r +

Araway from the i th particle a; N, is the number of particles a and Npg is the number of
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particles 5; V; is volume of simulation box; N;z(r) is number of particle § within the
distance of r and r + Ar away from ith particle .

The RDF can be represented as the plot between the average probability of a particle vs
distance. From the RDF plot, the probability of the average distance between two similar
atoms can be obtained from the peaks. The RDF methane was calculated and plotted with

the centre of mass of ethylene glycol and water molecules [145].

Figure 2.3: Simulation box configuration at (a) 300K temperature and 2.5% ethylene glycol
(b) 300K and 5% (c) 260K and 2.5% (d) 260K and 2.5%
2.3.2. Impact of temperature

There is a primary peak at 4.1A, which is the distance represents the hydrogen bond
connecting the oxygen molecules of water particles of hydrate and methane present in the
hydrate. In Figure 4(a), there is no change in the RDF value (4.1A) as the concentration
increases. This is because at this temperature the hydrate structure is still not dissociated.
Since no change was found in RDF values, it can be concluded that the hydrate is stable or
did not dissociate. Figure 4(b) shows that peak decrease, i.e., the probability if finding
methane and water of hydrate is less; this is due to the fact that the at 280K the hydrates

not stable and starts to dissociate but not yet fully. As the concentration of ethylene glycol
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is 5 vol%, the RDF is even less. That indicates more dissociation than 0 vol% and 2.5 vol%
but in Figure 4(c) there is no peak or valley left in the RDF meaning is no structure left at
this temperature; the hydrate has completely dissociated. Figure 2.3 concludes that, as
temperature increases, the peak decreases. This shows that the increase in temperature
disestablishes the hydrate structure. The above figure moreover illustrates that as the
temperature increases, it breaks the hydrogen bond easily, resulting in dissociation of the
hydrate structure. Table 2.1 shows the number of both water and ethylene glycol molecules

in the simulation box with different concentrations.
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Figure 2.4: RDF of methane and water molecules of hydrate at: (a) 260 K, (b) 280 K, and
(c) 300 K with varying concentrations of ethylene glycol

Figure 2.4(a), (b), and (c) demonstrate the radial distribution function (RDF) at
500ps between methane atoms and water molecules in a hydrate system box containing

different concentrations of ethylene glycol at various temperatures. The primary peak in
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the RDF appears at 4.1A, which represents the distance of the hydrogen-bonded oxygen
molecules of water particles in the hydrate and methane present in the hydrate [146]. Figure
2.4(a) indicates that there is no change in the RDF value (4.1A) as the concentration
increases, which is due to the stable hydrate structure at this temperature that is not
dissociated.

In Figure 2.4(b), the peak decreases because the hydrates are not stable and start to
dissociate at 280K, but not completely. The RDF is even lower at a concentration of 5 vol%,
indicating a higher dissociation than at 0 vol% and 2.5 vol%. Figure 2.4(c) shows no peak
or valley remaining in the RDF, indicating that no structure is left at this temperature, and
the hydrate has completely dissociated. The results of Figure 2.4 suggest that as there is an
increase in temperature, the peak decreases, demonstrating that the hydrate structure is
destabilized by the temperature increase. Moreover, as the temperature increases, the

hydrogen bond in the hydrate easily breaks, resulting in hydrate dissociation.
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Figure 2.5: The RDF of methane of hydrate and ethylene glycol at: (a) 260 K, (b) 280 K,

and (c) 300 K with varying concentrations of ethylene glycol
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RDF of methane and ethylene glycol at 50 bar and different temperatures with two
different concentrations (2.5 vol% and 5 vol%) is shown in Figure 2.5(a), (b), and (c). In
Figure 2.5(a), the RDF value is higher in 2.5 vol% than in 5 vol%. This is because the fewer
molecules of 2.5 vol% move more freely inside the simulation box. At this temperature, the
hydrate is still intact, and therefore, there is less or no interaction between methane and
ethylene glycol molecules. Similarly, Figure 2.5(b) shows that as the temperature and
concentration increase, the hydrate dissociates, resulting in more interaction between these
two molecules. The RDF value is higher in 5 vol% than in 2.5 vol% due to a higher
concentration of ethylene glycol molecules to move around inside the simulation box. In
Figure 2.5(c), the hydrate is completely dissociated at a temperature of 300K, resulting in
a higher interaction between methane and ethylene glycol, as evident from the higher RDF
values for both concentrations. At 260 K and 280 K, the RDF value is lower than 300K;
the very minimal interaction between methane and ethylene glycol is the primary reason,
which is credited to the non-dissociation of the hydrate structure at lower temperature, as
evident from Figure 2.5 (also verified from Figure 2.4). Hence, a lesser value of RDF was
obtained. However, at 300 K, the hydrogen bond between oxygen atoms breaks, leading to
hydrate dissociation and an increase in the probability of methane and ethylene glycol, as
shown in the Figure. 2.5. Figure 2.5 also illustrates that a higher value of RDF is obtained

with an increase in concentration and temperature.
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2.3.3. Impact of concentration
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Figure 2.6: The RDF of methane and water molecules of hydrate at different ethylene glycol
concentrations: (a) 0 vol%, (b) 2.5 vol%, and (c) 5 vol% with varying temperatures

RDF of methane and water molecules of hydrate with varying ethylene glycol
concentrations and temperatures is shown in Figure 2.6(a), (b), and (c). Figure 2.6(a)
represents the effect of temperature with 0 vol% of ethylene glycol. The peak values follow
the order of 260K > 280K > 300K. At 260K, the structure is stable, resulting in a higher
RDF value of 5.85 at 4.1 A. At 280K, the less stable structure leads to more hydrate
dissociation, and the RDF value decreases to 3.76. At 300K, the RDF value is 1.12,
indicating complete dissociation of the hydrate structure. This suggests that an increase in
temperature leads to the destruction of the structure, releasing methane molecules into the
system. Figure 2.6(b) shows similar results for 2.5 vol% of ethylene glycol in the system.
As the temperature increases, more dissociation occurs. In Figure 2.6(c), there is a slight

decrease in the peak at all temperatures due to the presence of 5 vol% ethylene glycol,
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indicating that both temperature and ethylene glycol have a combined effect on the hydrate

structure, leading to faster dissociation.
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Figure 2.7: The RDF of methane of hydrate and ethylene glycol at different ethylene glycol
concentrations: (a) 2.5 vol%, and (b) 5 vol% % with varying temperature

Figure 2.7(a) represents the radial distribution function (RDF) between ethylene
glycol and methane molecules at various concentrations within the simulation box. As
mentioned earlier, the RDF measures the probability of finding a certain molecule (methane
in this case) at a given distance from another molecule (ethylene glycol). At a concentration
of 2.5 vol%, the RDF values for methane and ethylene glycol are similar for both 280K and
260K, indicating that the probability of finding methane molecules near ethylene glycol
molecules is comparable at these temperatures. This suggests that the behavior of methane
is relatively stable, and it doesn't escape the structure or form clusters significantly.
However, at 300K, the RDF value for methane is higher, indicating an increased probability
of finding methane molecules near ethylene glycol molecules. This suggests that at higher
temperatures, methane molecules have a higher tendency to escape the structure, or the
hydrate dissociates, leading to an increased presence of methane near ethylene glycol
molecules. In Figure 2.7(b), the RDF is shown for a concentration of 5 vol% at different

temperatures. From the figure, it is clear that at 300K, the RDF values are higher compared
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to the other temperatures, indicating a stronger effect or interaction between methane and
ethylene glycol. This suggests that at 300K, the presence of methane has a more significant
impact on the behavior or distribution of ethylene glycol molecules compared to the lower
temperatures. From these results, one can say that at 2.5 vol%, the RDF values for methane
and ethylene glycol are similar at 280K and 260K, indicating comparable probabilities of
finding methane molecules near ethylene glycol. However, at 300K, the RDF value for
methane is higher, suggesting a higher probability of methane escaping the structure. In
Figure 2.7(b), at a concentration of 5 vol%, the RDF values are higher at 300K compared
to the other temperatures, suggesting higher dissociation of the hydrate.

The results suggest, as the concentration of ethylene glycol increases, the peak value
in the radial distribution function (RDF) decreases. This observation indicates that at higher
concentrations, the hydrate structure of the system becomes more easily dissociated. When
the concentration of ethylene glycol is higher, the RDF steadily diminishes. This decrease
in the RDF peak implies that the hydrate is becoming less stable and more prone to
dissociation. In other words, the presence of a higher concentration of ethylene glycol
disrupts the integrity of the hydrate structure, making it easier for methane to escape from
the solid structure of the hydrate. At lower concentrations, ethylene glycol exhibits a lower
breaking capacity of hydrogen bonds between the water molecules of the hydrate cage. This
means a weaker ability to disrupt the hydrogen bonds that hold the hydrate structure
together. As a result, the hydrate structure remains relatively stable, and the probability of
finding methane molecules within the structure remains higher. However, as the
concentration of ethylene glycol increases, it allows ethylene glycol to disrupt the hydrogen
bonds more easily within the hydrate structure, leading to its dissociation. Consequently,

as the concentration of ethylene glycol increases, the hydrate structure becomes more
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susceptible to breaking apart, resulting in a decrease in the probability of finding methane
molecules within the structure.

Overall, these results suggest that both the temperature and concentration of
ethylene glycol play a significant role in the stability of the hydrate structure. Firstly, let's
consider the role of temperature. As the temperature increases, the energy of the system
also increases (Detailed analysis of total energy is given in section 2.3.4). This increased
energy can disrupt the intermolecular forces, such as hydrogen bonds, that hold the hydrate
structure together. The increased thermal energy provides more kinetic energy to the
molecules, making them move more vigorously and facilitating the breakage of hydrogen
bonds. Consequently, higher temperatures can lead to the destabilization and dissociation
of the hydrate structure. Secondly, the concentration of ethylene glycol also plays a
significant role in hydrate stability. Ethylene glycol can form hydrogen bonds with water
molecules of the hydrate, and the hydrogen-bonded water molecules contribute to the
formation and stability of the hydrate structure. At lower concentrations, there are fewer
ethylene glycol molecules available to participate in hydrogen bonding with water
molecules, resulting in a weaker influence on the hydrate structure. The hydrogen bonding
network within the hydrate is mainly maintained by water molecules. However, as the
concentration of ethylene glycol increases, more ethylene glycol molecules are present to
participate in hydrogen bonding with water molecules. This leads to the formation of new
hydrogen bonds between ethylene glycol and water, which can replace some of the original
hydrogen bonds among water molecules within the hydrate structure. The formation of
these new hydrogen bonds alters the stability of the hydrate, potentially weakening the
original structure and making it more susceptible to dissociation.

In summary, both temperature and concentration have significant effects on the

stability of the hydrate structure. Higher temperatures increase the energy of the system,
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facilitating the breakage of hydrogen bonds and destabilizing the structure. Increasing the
concentration of ethylene glycol can alter the hydrogen bonding network within the
hydrate, potentially leading to the dissociation of the structure. Therefore, the combined
influence of temperature and concentration determines the overall stability and integrity of
the hydrate structure.

2.3.4. Total energy

When methane hydrate dissociates, it undergoes an endothermic process, meaning
it absorbs energy for decomposition. As a result, increase in the total energy of the system
during dissociation. However, as the dissociation progresses, the total energy stabilizes
with time. This suggests that the system reaches a new equilibrium state as the hydrate
structure breaks down. Before decomposition occurs, the water molecules within the
hydrate cage maintain their hydrogen bonds, keeping the structure intact. Initially, during
the simulation, the total energy varies around its equilibrium values, indicating that the
hydrate cage remains intact and the hydrogen bonds within the structure are maintained.
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Figure 2. 8: Total energy of hydrate system with (a)5 vol% ethylene glycol at various
temperatures, and (b) various concentrations of ethylene glycol at 300K and 50 bar
Figure 2.8(a) illustrates the total energy at 50 bar pressure for different

temperatures. It shows as the temperature increases, the less time required by total energy
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to reach the maximum value. This indicates that higher temperatures lead to faster
dissociation of the methane hydrate. At higher temperatures, the kinetic energy of
molecules increases, making it easier for them to break through the cage structure and
initiate dissociation. As shown in the figure, the total energy increases rapidly during a
specific time interval, typically between 0.05ps and 1.05ps. This increase in total energy
signifies the breakdown of hydrogen bonds present in the water molecules within the
hydrate cage, indicating the dissociation process. From the analysis of Fig., the conclusion
can be drawn that the hydrate structure remains stable initially around 0.05ps. However, all
the dissociations take place within approximately 1.05ps. After this time, there is no further
change in the total energy, suggesting that dissociation is complete, and the system has
reached a new stable state.

In summary, the information provided highlights that as the temperature increases,
the dissociation of methane hydrate occurs more rapidly. The total energy of the system
increases during dissociation, reflecting the breakdown of hydrogen bonds within the
hydrate structure. Once dissociation is complete, the total energy becomes stable, indicating
the system has reached a new equilibrium state.

Figure 2.8(b) focuses on the total energy at a temperature of 300K and a pressure
of 50 bar, considering various concentrations of ethylene glycol. The results demonstrate
that the total energy increases with simulation time (at the initial stage), indicating the
destabilization and dissociation of the gas hydrate structure. In the presence of ethylene
glycol, the hydroxyl group (-OH) plays a crucial role in breaking the hydrogen bonds
between water molecules within the gas hydrate structure. The hydroxyl group formed new
hydrogen bonds with water molecules, disrupting the existing hydrogen bonding network
of the hydrate structure. These newly formed hydrogen bonds contribute to the

destabilization of the gas hydrate structure, ultimately leading to its dissociation. As the
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concentration of ethylene glycol increases, more hydroxyl groups are available to form
hydrogen bonds with water molecules. Consequently, a greater number of hydrogen bonds
are formed, and the dissociation occurs more rapidly of the hydrate structure. Increased
concentration of ethylene glycol amplifies the effect of breaking the hydrogen bonds within
the hydrate, resulting in a faster breakdown of the structure. It is worth noting that ethylene
glycol plays a significant role in the dissociation process of the gas hydrate structure. The
hydroxyl groups of ethylene glycol introduce instability to the structure by disrupting the
hydrogen bonding network. This disruption prompts the water molecules to break away
from the original hydrate structure and form clusters or aggregates, leading to the
dissociation of the gas hydrate. As a result, the total energy of the system increases with
simulation time, indicating the destabilization and dissociation of the gas hydrate structure.
The hydroxyl groups present in ethylene glycol play a crucial role in breaking the hydrogen
bonds within the hydrate, leading to its dissociation. The concentration of ethylene glycol
influences the rate of dissociation, with higher concentrations accelerating the breakdown
of the gas hydrate structure.
2.3.5. Diffusion Coefficient
Simulation run information is provided by the diffusion coefficient in the MD
simulation. The average of the pressure and temperature simulation at certain nodes is
described by this variable. The calculation diffusion coefficient of water and methane
molecules within the hydrate structure can be used to explain the dissociation of the
hydrate structure. The equation is given by [147]
6Dt = MSD (2.2)
D is the diffusion coefficient, t is the simulation time, and MSD is mean mean-squared

displacement.
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Table 2.2: Diffusion coefficient of methane and water molecules at P = 50 bar

Ethylene Temperature  Pressure ~ Methane diffusion  Hydrate’s water
glycol (K) (bar) coefficient ( x 10°  diffusion coefficient

concentration m?/s) ( x 10° m?/s)
(o)

2.5 300 50 2.8049 3.7828

3.5 2.8675 4.1073

5 2.9031 4.3791

2.5 280 50 1.2626 0.9900

3.5 1.2910 1.2228

5 1.3057 1.2360

2.5 260 50 0.1570 0.2328

3.5 0.2396 0.2772

5 0.2532 0.2925

Table 2.2 summarized the diffusion coefficient of water and methane at 300K temperatures
and 50 bar pressures. It is clear from the table that diffusion coefficient values of 260K and
280K were very low, indicating a stable system. As concentration increases, the diffusion
coefficient becomes smaller; that means an increase in dissociation rate [148]. As a
comparison of both hydrate water and methane, the diffusion coefficient of hydrate water
molecules is higher than methane molecules. As the concept of MSD, at a given
temperature, a stable structure allows vibration of water molecules around the hydrate cage.
There are more water molecules surrounding the methane in a given structure. As the
temperature or/and concentration increases, these water molecules vibrate more violently

before dissociation. This explains that the diffusion coefficient is high for hydrate water
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molecules and low for methane molecules at lower temperatures. The more the
temperature, the faster the movements in molecules. Methane’s diffusion coefficient
increases as dissociation takes place, and the value increases till it is the same as the
diffusion coefficient in a gas/liquid system. Since the dissociation occurs, methane that
escapes from the lattice of the hydrate forms bubbles at the interface of the hydrate-liquid.
This has been observed in early simulation studies [149],[150]. Since methane bubbles
form, these increase the dissociation rate because the bubbles absorb surrounding methane
molecules [151].

Diffusion coefficient is a function of time. Therefore, it is necessary to simulate the
dissociation process for different temperatures within the same time frame. Both
dissociation coefficients of methane and hydrate water explain the dissociation process of
the hydrate system.

2.4. Conclusion and Summary

An MD simulation is used to understand and investigate the mechanism of dissociation
of methane hydrate due to ethylene glycol concentration. MD simulation uses parameters
like RDF, diffusion coefficient, and total energy to dissociate the hydrating process. This
helps in quantitatively determining the degradation of hydrate structure under various
ethylene glycol concentrations, as well as temperature and pressure conditions. To achieve
the results, numerous simulation runs are performed at various temperatures, pressures, and
with different concentrations. As the temperature increases in the methane hydrate system,
there is a decrease in the height of peaks (from RDF of 6 to 1) and a decrease in the width
of peaks; the trend was verified in the literature [146]. Hence, the system exhibits reduced
stability. As the concentration increases from 0% to 5% vol, the structure dissociation can

be seen in the RDF between methane and ethylene, also verified in the literature [146]. The
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total energy also increases with temperature, indicating the destruction of the solid hydrate
structure[ 152].

There are two steps in hydrate dissociation. As the temperature and concentration
increase, water molecules start vibrating; due to this methane molecule present inside the
cages also starts vibrating; this is continuous till the hydrogen bonds between the water
molecules break, resulting in the breaking of the hydrate structure [ 153]. In the second step,
the escape of methane from the water cage of the dissociated hydrate structure occurs.
Increasing temperature speeds methane hydrate dissociation, as at higher temperatures,
kinetic energy is higher. Hence, the more unstable the structure is, the easier the
dissociation. Moreover, the obtained results gave new insight into how methane hydrates
decompose, allowing the use of alcohols and other additives efficiently for hydrate

development, thereby promoting controllable hydrate exploitation
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Chapter 3: Effects of Ethylene glycol and silica nanoparticles on methane hydrate

formation

Abstract
Methane hydrate in nanofluid systems has garnered significant attention due to its

potential applications in energy storage, natural gas transportation, and CO: sequestration.
This study explores the behavior of methane hydrate in the presence of nanofluids—
colloidal suspensions of nanoparticles in liquids. The primary focus is on understanding
how the addition of various nanoparticles influences the formation and dissociation of
methane hydrate. Nanoparticles have been observed to alter the nucleation process,
accelerate the growth of hydrate crystals, and potentially enhance the stability of methane
hydrates under subzero conditions. Nanofluid (20-90 nm) prepared by the sol-gel method.
In addition, ethylene glycol was used for hydrate formation and compared with pure water
hydrate formation. This research examined a range of nanofluid solutions with 0.5, 1.0, and
1.5 wt% Si0O; nanoparticles. The results indicate that 1.0 wt% nanofluid-based methane
hydrate systems exhibit improved heat transfer characteristics, potentially making them
more efficient for practical applications like methane storage and transport. Additionally,
the interaction between nanofluid and the hydrate structure can modify the thermodynamic
properties of the system, which may offer pathways for optimizing methane storage. With
1 wt% of nanofluids, the storage capacity and quantity of methane uptake increased by
275% to water. Investigating the hydrate growth rate at the start of the hydrate formation
process shows that nanoparticles and their mixture increased the induction time,
consumption rate, and storage capacity considerably. This research contributes to the
understanding of the complex interactions between methane hydrates and nanofluids,
paving the way for future innovations in energy and environmental technologies. Thus,

nanofluids with greater (optimal) concentrations of single-step SiO> NPs increase CHa
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hydrate formation kinetics, thermodynamics, and storage potential.
3.1. Introduction

A gas hydrate is a solid ice-like structure where smaller gas molecules are entrapped
inside the clathrate structure formed by hydrogen-bonded water molecules. Methane
hydrate is stable at higher pressure and low temperature. This hydrate forms during the
transportation of fluid in a pipeline, causing accidents that may result in catastrophic losses
[17]. As aresult, hydrate mitigation is crucial for flow assurance in oil and gas production.
As a standard practice, operators have used “total hydrate avoidance”, maintaining the
pipeline operational pressure and temperature levels outside the hydrate deposition
envelope. Typically, some salt is present in the produced water in the pipeline in modest
concentrations, which is insufficient to prevent the hydrate formation. In the quest for more
effective hydrate inhibition, the majority has focused on experimental and simulations of
the MD of hydrate extraction [154]. The three types of hydrate inhibitors are anti-
agglomerants, low-dosage, and THI, each having distinct mechanisms [155]. THI
generally include alcohols and salts, the latter inhibiting the hydrate formation depending
on the salt solution ionization. Predicting the gas hydrate phase equilibrium data in an
aqueous solution including salt and alcohol, is crucial to optimize the concentration of
salts/THIs and their efficiency of hydrate inhibition. For example, the inclusion of 10 wt%
NaCl reduces the equilibrium temperature by 2.5 to 4.0 °C [156]. Methanol, ethylene glycol
etc., are thermodynamic inhibitors that are traditionally injected into the pipeline to prevent
hydrate formation [157,158]. By shifting the hydrate phase equilibrium border to higher
pressures and lower temperatures, increasing THI loading makes it possible to produce
without blockage under such circumstances [17,159].

An important consideration when using THIs is that the generated water directly

correlates to the injection rates [160]. If a reservoir produces more water, adding more THI
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into the reservoir increases the capital and operational costs [161][162]. THI shifts the
hydrate phase equilibrium boundary [163—165], hydrate growth rate [166,167]. However,
some studies show that THI has increased the hydrate growth rate [168]. The study
conducted by Di Lorenzo et al. [169] found a reduction in hydrate growth rates with EGY
concentration from 0 to 30 wt%, owing to a decreased driving force. Kinetic inhibitors such
as surfactant are sometimes added in the system to encourage hydrate formation (growth
rate [170], induction time [171,172], and storage capacity [173,174]). Additionally, it
reduces the induction time by reducing the surface tension between the gas and the liquid,
leading to an increased mass transfer through the gas-water interface [174-176].
Nevertheless, the formation of foam in the presence of surfactants makes it undesirable to
be employed as a promoter for industrial scale. In the past decades, nanoparticles have also
been used to study their effects on hydrate formation.

Nanoparticles are metallic, conductive, and enhance the hydrate formation by
increasing the hydrate nucleation and crystal growth [177—-180]. Researchers use different
nanoparticles, like Cu nanoparticles [181], Zn nanoparticles [182], and Ag nanoparticles
[178,183]. Li et al. [181] observed that the copper nanoparticle promotes R134a hydrate
formation. Arjang et al. [178] explain that including silver nanoparticles in hydrate
formation enhances methane consumption by 33.7% than pure water. These nanoparticles
are kinetic promoters owing to the high surface energy and higher area-to-volume ratio
[184]. In their investigation of the impact of commercially available graphite nanoparticles
on gas hydrate formation, Sloan and Koh [17] and Zhou et al. [ 185] found a greater potential
for hydrate growth. The effect of carbon nanotubes on the amount of hydrate stored and the
induction time is highlighted by Park et al. [177], where the authors observed an increase
in gas storage by over 300%. Pahlavanzadeh et al. [186] observed an ~63.3% increase in

methane consumption compared to pure water, in the presence of 0.157 M copper oxide,
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owing to enhanced heat transfer in the presence of nanoparticles. Interestingly,
nanoparticles are likely to aggregate and settle due to high surface energy, contributing to
the reduced effectiveness of nanofluid for its intended applications. To increase stability
and distribute nanoparticles in the base fluid, surfactants are sometimes used [187]. Najibi
et al. [180] report the effect of copper oxide (CuO) mixed with Sodium dodecyl sulfate
(SDS) on methane hydrate formation. They concluded that the combination of SDS and
CuO considerably increases gas consumption as well as water-to-hydrate conversion.
Abedi-Farizhendi et al. [188] found that carbon nanostructure, along with SDS improves
hydrate formation nucleation and hydrate growth. Kakati et al. [189] observed the enhanced
gas consumption during hydrate formation by 150% and 158%, in the presence of Zn
nanoparticles and AlO3 (both 0.8 wt%) mixed with SDS (0.03 wt%), respectively,
compared to pure water. Zhou et al. [190] have studied the thermodynamics and kinetics of
hydrate formation in the presence of graphite nanoparticles with tetra-n-butyl ammonium
halides (TBAH). The result explains that there is a slight thermodynamic inhibition in
hydrate formation however shows a positive effect in kinetic behavior.

In the literature, studies on the promoter plus inhibitors effect together in a system are
scarce. Inhibitors prevent the hydrate formation; similarly, promoters enhance faster
hydrate formation by providing suitable conditions for nucleolus. When used together
could modify the behaviour of the hydrate zone. The use of promoters and inhibitors
together provides increased flexibility and regulation over the process of methane hydrate
formation. Promoters facilitate the formation of targeted hydrate (for extraction, storage, or
gas exchange), while inhibitors prevent the formation of unwanted hydrates in transport or
storage systems. By controlling the use of both, efficiency is maximized, safety is
enhanced, and operational risk is reduced in both transport and extraction operations. This

research presents the findings of our investigation into the impact of SiO> nanofluid
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solutions (with single-step silica nanoparticles) on the thermodynamics and kinetics of CHa
hydrate formation. Sol-gel method was used to synthesize the single-step SiO> nanofluid
(0.5, 1.0, and 1.5 wt% Si0O2) with nanoparticle sizes ranging from 20 to 90 nm, and stability
tests were carried out. Along with the pure nanofluids, studies were performed on hydrate
formation in the presence of a mixed system (ethylene glycol and nanofluid-ethylene
glycol). The characteristics, including mole consumption, consumption rate, and storage
capacity, were determined at 6.0 MPa and 278.15 K. The findings were compared for
hydrate storage applications. In addition, it was determined how both inhibitors and
promoters can influence the rate and stability of the hydrate formation.
3.2. Experimental section

3.2.1. Materials

Ammonium hydroxide and tetraethyl orthosilicate (TEOS) were obtained from
Sisco Research Laboratories Pvt. Sigma Ltd. of India supplied the polyacrylamide (PAM).
China's Changshu Hongsheng Fine Chemical Ltd. purchased the ethanol. Millipore® Elix-
10 supplied the DI water used to synthesize the nanofluid. Methane with ~99.9% purity
was obtained from Purusottam gas suppliers (Rae Bareli). To mix and prepare the NPs, a
magnetic stirrer manufactured by D-Lab (MS-H280-Pro) was used. The materials used in
this experiment are listed in Table 3.1.

Table 3.1 : Chemical details used in the experiment

Chemical name Name of the CAS number Purity
company

Ammonium hydroxide =~ SRL chemical 1336-21-6 99.9%

Tetrethylorthosilicate SRL chemical 78-10-4 98%

(TEOS)

Ethanol Changshu China 64-17-5 99.9%
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Polyacrylamide (PAM)  Sigma-Aldrich 9003-05-8 98%

3.2.2. Nanofluid synthesis

The nanofluid synthesis is based on the sol-gel method. The base fluid was initially
prepared using the PAM solution (1000 ppm) for all nanofluid solutions. The next step
involved mixing 80 mL of PAM solution with 20 mL of ethanol for 100 minutes at 800
rpm. Further, 1.5 mL of TEOS was added dropwise (for 0.5wt%), and the stirrer was run
continuously for 250 mins. The last stage was to add a certain quantity (2ml) of ammonium
hydroxide to the mixture and agitate it for another 100 mins. As the stirrer continued to
run, white precipitation inside the solution confirmed the synthesis of nanoparticles. For
size distribution and stability analyses, the Dynamics Light Scattering (DLS) equipment
(SZ-100, Horiba Scientific, Singapore). These nanofluids are of different concentrations:
0.5 wt%, 1.0 wt% and 1.5 wt%. For preparation of the 1.0wt % nanofluid, the 3 mL TEOS
concentration is added. Similarly, for 1.5wt%, 4.5mL of TEOS is added. Adding
ammonium hydroxide influences the size of the nanoparticles. The characterization of the
nanofluid has been explained in our previous studies [191]. A similar observation was made
by Bailey and McCartney [192]. To avoid the formation of polymer aggregates, the
necessary precautions were taken. The quantity of chemicals is added precisely and
uniformly, thus there are no lump forms during the formation of the nanofluids. According
to Vajihinejad et al. [193], adding non-uniform chemicals leads to the formation of the
cluster and thus forms an aggregate. This aggregate may either float to the top of the surface
or settle to the bottom of the solution during the process. In order to prevent the formation
of aggregates, the chemicals were gradually introduced to base fluids and stirred well using

a laboratory stirrer.
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3.2.3. Experimental setup

The stirred reactor setup for hydrate studies (D-cam Engineering, Ahmedabad,
India) (Figure 3.1) is made of SS 316 with a 250 mL volume. A chiller is used to maintain
the experimental temperature by circulating the glycol-water mixture through the reactor
water jacket. The reactor has two PT-100 temperature sensors (+£0.01 MPa accuracy) and a
pressure sensor (HD20V4T, Delta Ohm, Italy, £0.01 MPa accuracy) that can measure

temperatures from 250 to 400 K and 0.05 to 120 MPa, respectively.

. —l—

Methane cylinder

Na

VN

Water bath

Syringe pump Hydrate reactor

Sample

Figure 3. 1: The actual setup consists of a hydrate autoclave, a water bath (to maintain the

temperature), along a syringe pump to maintain the pressure inside the autoclave cell
3.2.4. Experimental procedure for hydrate studies

For hydrate studies, the required amount of aqueous solution was injected inside the reactor.

Upon the leak test (for ~8 hrs), the reactor was purged 4-5 times at low pressure with

methane gas to remove atmospheric air removal from inside the reactor. Methane gas was

then injected at the required pressure, the chiller was started, and the stirrer was set at 500

rpm (consistent across every experiment).
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Figure 3. 2: Pressure-temperature profile for gas hydrate formation
Figure 3.2 shows the isochoric pressure search diagram (pressure vs temperature) through
the phase stability experimental duration. Hydrate synthesis is divided into four stages (1)
cooling stage; (2) nucleation point and hydrate formation; (3) hydrate stabilization; and (4)
heating [194]. The cooling stage is the initial stage where the gas dissolves in the aqueous
solution. According to Gay-Lussac's Law, gas pressure drops as temperature drops.
Research conducted by Kvamme et al. [194] confirms that CH4 continues to dissolve in
water up to a certain extent, as its solubility in water rises with the temperature decrease.
This is because, as the temperature drops, the kinetic energy of water molecules decreases,
which allows more methane molecules to be trapped in the water, leading to an increase in
solubility. Their results verify that methane solubility increases as temperatures decrease
from 283.13 K to 275.11 K. The induction time, shown by the rise in temperature on the P
vs T graph, is the point at which the visible drastic pressure decrease ensues (gas
consumption in hydrate formation), accompanied by a spike in the temperature (exothermic
nature of hydrate formation). After the hydrate formation stage, there is not much change

in pressure, which is due to the saturation of hydrate in the system and a reduction in the
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driving force required for hydrate growth. For hydrate dissociation, heating is started till
the temperature reaches 3K more than the formation temperature. Next, the temperature is
ramped to 0.5 K/hr. After 3-4 hrs, the hydrate dissociates, and the pressure reaches initial
values. When the pressure intersects the cooling values, this value is noted and is called
Hydrate-Vapor-liquid equilibrium (HVLE). This value is important to determine the
hydrate stable zone in any aqueous solution. Experiments were repeated 3 times with fresh
aqueous samples to ensure the reliability of the results.

Induction time is the time when the first crystal of hydrate forms inside the reactor.
There are three stages of hydrate formation: dissolution, growth, and stabilization. When
the stirrer starts inside the reactor, a continuous mixing of gas and aqueous phase occurs.
Hence, the gas dissolves. Formation and dissolution of unstable water happen. This
continues until there is a spike in temperature reading along with a reduction in pressure
reading, indicating the first nucleus of the hydrate formation (exothermic reaction of
hydrate formation). The hydrate growth starts after the induction time. There is rapid gas
consumption inside the hydrate structure, resulting in a further decrease in the pressure.
This decrease in pressure is also due to the reduction in mass transfer of gas-liquid. Once
the full hydrate crystal forms, both temperature and pressure do not change, indicating that
the gas and liquid inside the reactor are stable, and no further hydrate will form inside the
reactor.

3.3. Results and discussion

The study report examined the kinetic and thermodynamic influence of a single-step
silica nanofluid on methane hydrate formation in the presence of ethylene glycol. Research
into HVLE, gas consumption, gas consumption rate, induction time, and storage capacity

was carried out by synthesizing hydrate with different concentrations of nanofluid.
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3.3.1. Nanoparticle characterization
3.3.1.1.  Stability and zeta potential measurement of nanofluid

Some quantities of nanoparticles were taken for stability measurements upon
preparation, and some were kept inside a transparent culture tube (see Figure 3.3). The size
and zeta potential range of the synthesized nanofluid are provided in Table 3.2. With time,
the nanofluid tends to settle, like in our previous studies [195]. These settlements are found
to be critical in different applications. The size and zeta potential values were 32nm, 25nm,
54 nm, and -34.1 mV, -46.3 mV, and -39.1 mV for samples A1, A2, and A3, respectively.
As the nanoparticle concentration increases, more settlement occurs inside the culture tube.
A3 with 1.5 wt% concentration has more settlement than A1 (0.5 wt%) and A2 (1.0 wt%).
The increased concentration causes more particles to clump together and form
agglomerates, leading to the nanoparticle settlement at the bottom of the culture tube.
Sample A1 with the lowest nanoparticle concentration was more stable with zeta potential
at-34.1 mV (day 0) and -30.6 mV (30 days) (see Table 3.2). Sample A2 exhibits -46.3 mV
and -38.2 mV while A3 exhibit -39.1 mV and -31.6 mV for 0 and 30 days, respectively.
Figure 3.3 moreover confirms that Al nanofluid exhibits more stability and fewer
sediments than A2 while A3 has the least stability, leading to nanoparticle settlement. The
zeta potential values were observed to be outside the -30 mV to 30 mV range (a prerequisite
for a stable colloidal particle suspension), even after 30 days. The obtained particle sizes
also corroborate the zeta potential results. As the nanofluids are freshly synthesized the
particles are well dispersed inside the base fluids. Due to the surface charger, the particles
form clusters and agglomerate. Hence, there is a significant change in the particle size. The
conclusion is drawn from these results that A1 and A2 have less agglomeration and are

more stable than A3.
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Figure 3. 1: Synthesize nanofluid image at 0 days and 30 days

Table 3.2: DLS measurements along with the induction time of synthesized nanofluids

Zeta Potential  Particle Size Inducti Average
Sample (mV) (nm) n pctlon Induction
Nomenclature time .
name 0 30 0 30 (mins) time
days days days days (mins)
DI 181.6
water
(130ml) A0 144.8 159
150.6
Ethylene NA 214.8
Glycol ' 210.4
(EGY) A'0 206.5
(130ml) 194.3
0 o 88.1
S Wb Al -341  -30.6 32 47 93.6 90.6
(130ml) 90.1
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103.4

0
1.0 wt% A2 463 382 25 29 939 98.2
(130ml)
97.3
R~ 91.1
> Wi7o A3 39.1 -31.6 54 86 92.5 93
(130ml)
95.4
DI (50ml) + 118.3
EGY (30ml) A4 104.6 111.6
+ A1(50ml) 111.9
DI (50ml) + 128.7
EGY (30ml) A5 106.1 119.1
+ A2(50ml) 122.5
DI (50ml) + 129.1
EGY (30ml) A6 108.6 116.8
+ A3(50ml) 112.7
NA

DI (50ml) + 135.1
EGY (50ml) A6 120.1 123.1
+ A1(30ml) 114.1
DI (50ml) + 146.9
EGY (50ml) A8 138.4 136.7
+ A2 (30ml) 124.8
DI (50ml) + 137.1
EGY (50ml) A9 124.6 126.5
+ A3 (30ml) 117.8

3.3.1.2.UV-vis analysis of the nanofluids

UV-vis (Ultraviolet-Visible) spectroscopy is one of the most common analytical
methods applied in material characterization, especially for nanofluid studies. The
interaction between the nanoparticles inside the nanofluids, as well as their optical
characteristics, is thoroughly examined in the characterization of nanofluids. UV-vis
spectroscopy is used in this situation for the same. In order to characterize nanofluids, it is
necessary to conduct a comprehensive investigation into the optical characteristics of the
nanoparticles and the way in which they interact with the nanofluids. The absorbance

spectra that are produced from UV-vis analysis can be used to determine essential
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information on the optical properties of nanofluids. This information includes particle size,

concentration, surface modification of nanoparticles, and the kind of material.
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Figure 3. 2: UV-vis analysis plots of A1, A>, and A3 as a function of storage period

Figure 3.4 shows the UV-vis for 0 and 30 days. For UV-vis, the wavelength for SiO; varies
from 273-285 nm. Samples A1, A2, and A3 have a wavelength of 283.1 nm, 284.6 nm, and
284.9 nm, confirming that the synthesized sample is SiO. Samples A1, A2, and A3 exhibit
peak absorbance values of 0.17, 0.58 and 0.28, respectively (0 days). The nanofluid A2 has
a higher absorbance peak value due to the well-dispersed nanoparticle inside the nanofluid.
A higher peak value indicates more interaction with the light. The observation validates the
DLS results of the nanofluids (Table 3.2). Figure 3.4 in addition gives the time dependency
of absorbance. After 30 days, the absorbance reduces to 0.06, 0.12, and 0.135 for A1, A2,
and A3, respectively, due to the nanoparticle settlement, of the absorbance decreases. There
is a reduction of 64.7% for sample Al. For A2 and A3, the reduction is 79.3% and 51.7%,
respectively.

The conclusion, absorption properties that are detected in the UV-vis spectrum are
heavily influenced by the concentration of nanoparticles that are present in the nanofluid.
Because there are more particles available to interact with light, absorption peaks tend to

be stronger when there are higher amounts of nanoparticles. This can be verified from
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Figure 3.4, as the concentration increases from 0.5wt % to 1.5wt % (for 0 days), the peak
increases. UV-vis moreover provide the stability of a nanofluid. A stable nanofluid will
typically exhibit a distinct and consistent absorption peak over time, whereas instability
may cause this peak to migrate or vanish as a result of nanoparticle aggregation. Hence, in
30 days absorbance, there peak is higher for 1.0 wt% than its counterpart due to its stability,
indicating a more stable nanofluid.

3.3.2. Hydrate formation experiments

3.3.2.1.Effect of nanofluids on the phase stability of methane hydrate

Hydrogen-Vapour-Liquid Equilibria, abbreviated as HVLE, is a term that describes the

equilibrium that exists between the gas phase (vapor), the liquid phase, and the hydrate
phase in systems that contain water molecules and gas molecules. HVLE is a system that
typically consists of three phases: the hydrate phase, the liquid phase, and the vapor phase.
The equilibrium describes the balance between the formation and dissociation of hydrates,
as well as the coexistence of gas and liquid phases. This equilibrium is important for

understanding and controlling hydrate formation.
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Figure 3. 5: HVLE curve of various synthesized nanofluids along with pure water and pure
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ethylene glycol

Figure 3.5 explains the hydrate-vapor-liquid equilibrium (HVLE) diagram. The hydrate
phase equilibrium curve is a graphical representation that shows the boundary conditions
(temperature vs. pressure) within which gas hydrates can exist in equilibrium, i.e., the
conditions under which gas hydrates can form or dissociate. This phase diagram is essential
to explain the hydrate zone vs the non-hydrate zone. For gas hydrates to form and remain
stable, high-pressure and low-temperature conditions are typically required. Above the
curve (at lower temperatures or higher pressures), gas hydrates are stable, and below the
curve (at higher temperatures or lower pressures), gas hydrates are unstable and dissociate
into gas and water. In the presence of an inhibitor, the phase equilibrium curve shifts toward
low-temperature and high-pressure regions, reducing the hydrate stable zone. As the
nanofluid is introduced inside the system, the HVLE curve shifts towards higher
temperature, increasing the hydrate stable zone and hence promoting the hydrate formation.
Figure 3.6 depicts the pressure and temperature profile for various samples (ethylene

glycol, pure water and 100% nanofluids).
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Figure 3. 6: P-T cycle curves obtained in the presence of varying compositions (a) pure
ethylene glycol, (b) 0.5 wt% nanofluids, (c) 1.0 wt% nanofluids, (d) 1.5 wt% nanofluids

In conclusion, the hydrate equilibrium curve is crucial for understanding the conditions
under which gas hydrates form and remain stable, which is particularly important in the
context of gas hydrate research, CH4 storage, and energy production. The nanofluid inside
the aqueous solution plays an important role in changing the phase equilibria. The
mechanism can be explained as the pure nanofluids help in better heat and mass transfer
due to the presence of the nanoparticles. In addition, due to its high surface area, it provides
hydrate molecules for accumulation. The presence of nanoparticles in the system affects
the interaction between gas and nanoparticles by shifting the equilibrium temperature and
pressure.

3.3.2.2.Impact of nanofluids on the methane hydrate induction time

By utilizing nanofluids, the amount of time needed to induce methane hydrate can be

reduced, which is of great relevance in terms of the practical implications of this

development. Increased hydrate production can aid methane storage and transit, which
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could lead to denser and more secure storage solutions, which is good news for natural gas
transportation. An increase in the pace at which methane hydrates are produced can be
facilitated through the utilization of nanofluids in carbon capture and storage (CCS).
Because of this, it would be possible for CH4 and other greenhouse gases to be absorbed
and stored in geological or undersea rocks. The utilization of nanofluids may also lead to

the development of processes that are more efficient inside energy storage systems that are

based on hydrates.
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Figure 3. 7: Methane hydrate induction time for various synthesized samples

Figure 3.7 shows the methane hydrate induction time for different systems with the
nanofluids (for nomenclature, please see Table 3.2). The experimental temperature and the
injection pressure were kept at 278.15 K and 6.0 MPa, respectively. Out of all the systems
with nanofluids and different combinations of ethylene glycol and nanofluids, the sample
containing 1.0 wt% indicates a better performance than their counterparts. For pure water,
the induction time is 159 mins. As the nanoparticle increases in the aqueous phase, the
induction time reduces. A1 (0.5 wt%) has an induction time of 90.6 mins. Sample A2 (1.0

wt%) exhibits 98.2 minutes induction time. A3 (1.5wt%) has 93 mins induction time It is
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observed that there is a reduction in 43%, 38.2%, and 41.5% in samples A1, A2, and A3 as
compared to AQ. For pure ethylene glycol aqueous phase (sample A’0), the induction time
was found to be 206.5 mins. The nanoparticles, because of their size, have a higher thermal
conductivity. This thermal conductivity helps in better heat transfer within the system,
resulting in faster hydrate formation. Moreover, due to the presence of nanoparticles, the
nucleation site for hydrate formation inside the system increases. This increase in
nucleation ultimately increases the mass transfer. Hence, by combining both mass and heat
transfer of these nanoparticles, the induction time was reduced, forming a faster hydrate.
Several experiments were conducted to verify that these nanofluids help reduce the
induction time. A4, A5 and A6 correspond to different

Samples A4, A5, A6, A7, A8, and A9 have induction times of 111.6 mins, 119.1 mins,
116.8 mins, 123.3 mins, 136.7 mins, and 126.5 mins, respectively. The results indicate that
the average induction time is best for 1.0 wt%. So, it can be stated that the optimum
concentration for this SiO; nanofluid is 1.0 wt%. After optimum concentration,
nanoparticles tend to agglomerate, resulting in fewer nucleation sites and less surface area
to form hydrate. In conclusion, nanofluids have an effect on the amount of time it takes to
induce methane hydrates by increasing the pace of heat transfer, promoting gas dispersion,
and stabilizing the formation of hydrates. The incorporation of nanoparticles into the base
fluid has the potential to accelerate the formation process, resulting in a reduction in the
induction time. This finding has the potential to be advantageous in a variety of industrial
applications, including natural gas transportation, carbon capture and storage, and energy

storage systems.
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3.3.2.3.  CH4 consumption during hydrate formation
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Figure 3. 8: CH4 gas consumption during hydrate formation for different samples
The temperature and pressure were maintained at 278.15K and 6.0 MPa at 500 rpm.

The following equation is used to calculate the moles of CHs4 consumed in hydrate

formation [196,197],

A —1V<P0 Pt) (3.1)
ey = RV\Z T, Z.T, '

where R is the universal gas constant, Py, and To are the reactor's initial pressure and
temperature, Pt, and Tt are the reactor's final pressure and temperature. Compressibility is

given by Zo and Z; (calculated by the Peng-Robinson equation), and V is the gas phase

volume.

Figure 8 indicates both the trend and amount of methane consumption during the hydrate
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formation in the aqueous phase of a solvent. The pressure and temperature data were
recorded every 20 s, and hence, methane consumption was calculated after every 20 s till
the entire duration of 80 min. It is evident from Figure 3.8 that as the concentration
increases, the gas consumption of methane increases. As explained earlier, the presence of
nanoparticles in the nanofluids helps in faster hydrate formation. The gas consumed is
plotted after the induction times. It can be seen that after the induction time, the gas
consumption increases rapidly. This is due to the hydrate formation as soon as the induction
time. There is a rapid entrapment of gas inside the hydrate structure. As time goes on,
consumption reaches a constant level. This indicates that no more hydrate formation occurs.
Hydrate forms within the initial 10 minutes after reaching the induction time. The max mole
consumption is observed in 1.0 wt% (A2) 0f 0.0.135. For pure water, the mole consumption
was 0.036. The mole consumption for pure ethylene glycol was calculated to be 0.0418. It
is more than 16.13 % of pure water. The gas consumption was 0.125, 0.135, and 0.121 for
pure nanofluid samples for A1, A2, and A3. Compared to pure water, there is an increase
of 247.2 %, 275.0%, and 236.1%. The mole consumption is 0.095, 0.103, and 0.107 for
samples A4, AS, and A6. Adding ethylene glycol and nanofluid has increased the gas
consumption in the hydrate as compared to pure water. In comparison to pure water,
methane consumption increases by 164%, 186.1%, and 197.2%, respectively. Samples A7,
A8, and A9 had corresponding mole consumptions of 0.060, 0.054, and 0.065 moles.
Figure. 3.8 (b) shows the typical trend of methane consumption as a function of time for
sample Al. Initially, at the beginning of the experiment, the methane consumption was
zero. As the stirrer forced methane diffusion into the aqueous phase, the rate of
consumption increased. The amount of methane consumption further increased with the
development of the hydrate in the system. Finally, the methane consumption showed a

plateau, which indicated the saturation limit of methane consumption in the hydrate. In this
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case, after 28 min (Figure 3.8b), sample Al showed no change in methane consumption.
The total amount of methane consumed by different samples is shown in the Figure. 3.8c,
where A1-A3 samples exhibited a superior impact on the amount of methane consumption
in a hydrate.

When hydrate forms, it releases heat (exothermic reaction). Hence, if nanoparticles
are present in the aqueous solution help in dissipating the heat, enhancing faster hydrate
formation. Numerous nucleation sites where hydrate develops are also a result of the
aqueous solution's heterogeneous composition. Nanoparticles boost the driving force
during hydrate formation, resulting in a greater mole consumption. As already explained
earlier, due to the higher surface area of nanoparticles, the mass transfer rate increases
between liquid and gas inside the reactor.

3.3.2.4.Rate of hydrate formation

The equation used to calculate the rate of hydrate formation r(t) is given by A

Mohammadi. [198].

() = Ncy,i-1 — NcHyi+1 (3.2)
(tiv1 — tiz1) Ny, .

where ncy, ;-1 is the amount of mole methane in the gas phase at t;_, time. n¢y, ;14 18 the
mole amount of methane in the gas phase at t;,; time. The real gas equation calculates the

number of methane moles. ny, is an initial mole of water. Figure 3.9 illustrates the

formation rate. Similar to the mole of gas consumption, the formation rate is calculated
after accounting for the induction time. As soon as induction times reach, hydrate starts to
form. The gas, which is in a free state, starts to get trapped inside the hydrate [184]. The
hydrate formation is completed in the initial 15-20 minutes after reaching the induction
time. It is evident from the figure that there is a rapid formation rate initially, and then the
rate of formation decreases over time. Nanofluid inside the system helps in faster hydrate

formation, which promotes gas initial gas consumption. For water, the initial consumption
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rate is 0.01 mol of gas/mol of water/min. For nanofluid, it is found to be 0.017 mol of
gas/mol of water/min (0.5wt%), 0.026 mol of gas/mol of water/min (1.0wt%), and 0.022
mol of gas/mol of water/min (1.5wt%). For ethylene glycol, the rate is 0.009 mol of gas/mol
of water/min. There is an increment of 70 % (0.5wt%), 160% (1.0wt%), and 120%
(1.5wt%) over DI water’s rate. The consumption rate also increases to 62 % (A5 sample),
60 % (A6 sample), 70 % (A7 sample), 80 % (A8 sample), and 65 % (A9 sample). As a

result, a higher concentration of nanofluids promotes faster hydrate.
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Figure 3. 9: CH4 hydrate formation rate for various samples
Due to their nanoscale size, these nanoparticles are highly dispersed within the aqueous
solution, covering a larger surface area and promoting nucleation. These nanoparticles'
excellent thermal conductivity facilitates effective heat and mass transmission, which
speeds up induction times and improves formation kinetics. Additionally, the nanosized of
the nanoparticles makes it easier for tiny gas bubbles to develop all throughout the solution,
which in turn increases the gas diffusivity at the interface. As the diffusivity of the gas rises,

the rate at which the gas is consumed also increases
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3.3.2.5.Methane storage capacity
The volume of gas contained within the solid hydrate structure is its storage capacity in
the hydrate phase and is given by [174,199].
An;?TSTP
SC = IS/—TH” (3.3)
STD is the standard condition V} is the volume of gas hydrate at the end of the reaction.

The amount of gas trapped under standard conditions is known as storage capacity. Figure

3.10 shows the storage capacity of the methane hydrate.
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Figure 3. 10: Methane storage capacity of different hydrates promoter formulations at 6.0
MPa and 278.15 K

SC of methane hydrate for pure water is 22.2 v/v. For the ethylene glycol system, the
SC is 31.1 v/v. The system with nanofluid has 84.3 v/v (A1), 96.1 v/v (A2), and 71.1 v/v
(A3). In comparison to pure water, there is an increment of ~280 % for A1, ~332 % for A2,
and ~220 % for Asz. Hence, this can be said that a concentration of 1.0 wt% of NPs has a
greater ability to store CH4 than the other samples. In comparison to pure water, this data

confirms that the nanoparticle in the aqueous solution holds more gas. Therefore, it may be
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concluded that NPs enhance the gas hydrate's kinetic characteristics. In addition, the system
having both nanofluid and ethylene glycol has a better SC than pure water. Sample A4, AS,
A6, A7, A8, and Ao have SC of 58.6 v/v, 67.9 v/v, 51.9 v/v, 44.7 v/v,49.9 v/v, and 37.1 v/v.
The nanoparticle inside the nanofluids helps in better storage and faster hydrate formation.
The optimum concentration of the nanoparticle helps in the uniform distribution of the
nanoparticle in the aqueous phase.
3.3.3. Future scope of the work

There is significant potential for the application of nanoparticles in gas hydrate research
and applications. Gas hydrates are crystalline compounds that combine water with gas,
typically methane or other lower hydrocarbons. They exist in subsea environments and
permafrost areas, where they have been considered and presented both as an energy
resource and a problem that creates instability, is difficult to extract, and poses a risk to the
environment. Nanoparticles, with unique properties such as small sizes and large surface
areas, therefore, provide opportunities to counter the challenges and problems associated
with gas hydrate formation, extraction, and stability. Nanoparticles could be used as
nucleation sites and, thus, may facilitate the production of gas hydrates. In this way,
incorporating nanoparticles into a system may make it possible to control the development
rate and the structure of crystals of hydrates. It could be extremely useful for artificial
methods for producing hydrates for energy storage or CO> sequestration. Nanomaterials
might also be developed for novel methods of storing and transporting gas hydrates. These
materials could stabilize hydrates, making them easier to transport and store at ambient
conditions. This opens new possibilities for using gas hydrates as a medium for energy
storage and transportation. Possible new ways to store and transport gas hydrates might be
made possible by nanomaterials. Gas hydrates might be stored in more practical forms,

including transportable solid-state containers, if nanoparticles stabilize them under milder

78



circumstances. In areas without conventional power grids, such as offshore or in isolated
areas, gas hydrates may become a more attractive energy storage alternative.
3.4. Conclusion

This study examined the kinetic characteristics of methane hydrate production
(induction time, SC, and growth rate) in an autoclave stirrer reactor using SiO» nanofluid
of different concentrations, ethylene glycol, and a combination of ethylene glycol and
nanofluid. According to the findings, the employment of the evaluated additives
significantly reduced the amount of time required for the formation of methane hydrate.
The investigation of methane uptake over 0-215 minutes at 278.15 K and 6.0 MPa indicates
that the addition of nanofluids and a mixture of ethylene glycol and nanofluids significantly
enhances methane uptake compared to pure water. Methane consumption increases by
275% compared to pure water when 1.0 wt% SiO> is added, consistent with reports in the
literature [200]. Additives that have been evaluated affect the amount of methane
consumption that is comparable to their effect on the storage capacity. Pure ethylene glycol
shows an induction time of 206.5 minutes. It is also observed that as the concentration of
nanofluid increases the kinetic parameters increase. Increasing the nanofluid dosage from
30 mL to 50 mL of 0.5 wt%, 1.0 wt%, and 1.5 wt% decreases the induction time by 9.2%,
12.9%, and 7.6%, respectively, which is the same as previously reported findings [201].
Similarly, there is an increment of 21%, 47% and 23% respectively for the mole of gas
consumption (30mL nanofluid to 50mL nanofluid). It is also observed that the rate of gas
consumption is higher for all the pure nanofluid samples. For pure nanofluid 0.5 wt%, 1.0
wt%, and 1.5 wt%, the rate of consumption was found to be 231.4%, 564%, and 451%
respectively in comparison to water. Pure nanofluid samples also have an increased storage
capacity as the concentration rises. It was calculated to be 84.3, 96.1, and 71.1 v/v for pure

samples. As the concentration of the nanofluid increases, storage capacity also increases.

79



From 44.7 v/v (30 mL) to 58.6 v/v (50 mL) for 0.5 wt% i.e. increment of 31%. Similarly,

an increase of 36% for 1.0 wt% and 39.9% for 1.5 wt%.
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Chapter 4: Effect of Single-Step Silica Nanofluid on Thermodynamic and Kinetics of

Methane Hydrate Stabilized by Conventional Promoter

Abstract

Stable synthesis of methane hydrate is the best technique to store an ample amount
of methane during storage and transportation. However, the use of a conventional promoter
is limited by marginal improvement in the kinetics of hydrate, which can be addressed by
the use of solid particles synthesized by a single-step technique. Single-step facilitates
control on the size of synthesized NPs, which is not possible with the two-step technique
or commercial NPs. Thus, in this study, a single-step technique was used to synthesize
silica nanofluids of different NP size (5-100 nm) and concentration (0.5-2 wt%) and
compared their impact on the kinetics of hydrate, stabilized by conventional surfactant,
CTAB. Nanofluids exhibited superior stability with zeta-potential in between -36 to -48
mV. Properties such as mole consumption, gas consumed, rate of gas consumed, and
apparent rate constant were studied at 6 MPa and two test temperatures: 274.15 and 277.15
K. NP offered significant improvements in kinetic properties of CTAB based hydrates
resulting induction time improved by 56% while mole of gas consumption and apparent
rate constant increased by 88.4% and 184% with NP inclusion of 1.5 wt% at 274.15 K.
With increase in test temperature by 3 K, these properties marginally reduced at 277.15 K
however remained 36.84% higher (in storage capacity) than that of conventional CTAB.
NP concentration of 1.5 wt% was found to be optimum in hydrate stabilized by solid
particles, as further NP addition showed reverse behaviour and was considered
uneconomical, as evident from the results of sample composition of 2 wt% SiO». It is in
addition important to highlight that the single-step technique is able to synthesize NP of

desired size, which is difficult to achieve with the two-step technique, where particles are

81



externally procured, followed by mixing with intensive energy. The insights of the study
are extremely useful for the use of promoters in effective energy storage during
transportation.

4.1. Introduction

Gas hydrate is a solid ice-like crystalline substance in which methane is trapped inside
a cage-shaped crystal. This makes hydrate an unconventional source of energy, which
typically exists at the condition of low temperatures and high pressures. Apart from energy
resources, hydrate can also be used for cost-effective storage and transportation of natural
gas, as one unit of volume can store 164 units of methane, which is significantly higher
than any form of storage [202]. There are three types of hydrate structures viz., structure
I(sD), structure II(sII), and hexagonal structure (sH)[4] in which guest molecules (CHa,
C2Hg, CO2, and N efc.) are typically trapped within a cage built from hydrogen bonds of
the host molecule (water). Since the energy demands are rapidly increasing on a global
scale, an imbalance in the supply of continuous and clean energy is evident, which will
moreover impose a significant burden on current greenhouse gas emissions. Thus, it
becomes imperative for the scientists/industrialists to focus on finding alternative solutions
for reducing these emissions, along with a constant supply of energy. Natural gas is known
as the cleanest fossil fuel, in great supply in nature [203,204], having much less effect on
the environment when burned. The other methods (compressed natural gas, liquified natural
gas, and adsorbed natural gas) of natural gas storage and transportation are not effective on
a large scale, which leaves no choice however to store and transport natural gas through
hydrate. During hydrate formation, the primary hurdle is the slow rate of formation and
lower gas consumption. These problems usually arise due to irregular heat and mass
transfer during the formation and dissociation of the hydrate. The high stirring rate

influences the rate of heat and mass transfer, which often promotes the reaction of hydrate
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formation. An increase in turbulence, caused by high stirring, affects mass transfer at the
gas-liquid interface, which helps in hydrate formation [205]. With an increase in heat and
mass transfer, gas enters the water molecule cavity, which causes a significant change in
temperature between the cooling bath and the crystallizer, resulting in faster formation of
hydrate. Additionally, stirring can quicken the nucleation of hydrates by shortening the
induction time that accelerates the hydrate formation [205]. Hence, stirring significantly
affects the development of gas hydrates, and enhancement in mass and heat transfer is the
primary requisite for the promising use of promoters in hydrate formation or inhibitors in
case of dissociation [206]. These challenges need to be addressed for gas hydrate to be a
viable technology in the sustainable supply of future energy, especially for the area of bulk
storage and transportation of natural gas, when liquefaction technology is not feasible. In
addition, it has been found that a slower rate of hydrate formation is another important
hurdle in effective and faster transportation of natural gas, which can be improved through
the inclusion of a suitable promoter. The promoters are moreover referred to as
thermodynamic and kinetic promoters, which mechanistically target phase equilibrium
conditions of gas hydrate, followed by their shift towards moderate pressures and ambient
temperature [207]. The role of a kinetic promoter is appreciated by the increase in the rate
of hydrate formation with a simultaneous decrease in the time required for the growth of
crystals [186].

In literature, several methods such as agitation [208], spraying [209] and bubbling
[210] have been reported to enhance the rate of kinetic and thermodynamic, however they
are very expensive for commercializing at an industrial scale. Therefore, chemical methods
can be an alternative to these methods, where different chemicals can be used to alter the
promotion of the hydrate structure. Various chemicals like tetrahydrofuran, acetone, 1,4-

dioxane, tetrahydropyran, tetra-n-butyl ammonium halides, cyclopentane, and cyclohexane
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have been reported in the literature for promoting hydrate formation [211,212]. The main
advantage of the chemical method over other processes is moreover cost-effectiveness. The
impact of different geometries, which are the sources of stirring, is moreover important for
the rate of hydrate formation, stability of hydrate, and storage capacity in a hydrate [213].
In literature, different geometries such as pitched blade and paddle stirrers were used for
the hydrate experiments [213]. The results indicated that paddle and pitched blade stirrers,
at 300 rpm, provided Reynolds numbers of 3101 and 3740, respectively. The impact of
axial and radial flow patterns, produced by these stirrers, is also investigated for hydrate
experiments. DuQuesnay et al. [205] explained a novel hydrate reactor design in which
hydrate formation occurred faster than in the conventional reactors. Stoporev et al. [213]
explained the impact of reactor material on the hydrate process; the steel reactor suggested
hydrate formation in 32.7 min, while it took 55.3 min for the glass reactor. Gootam et al.
[214] modelled hydrate growth in a stirred tank of two different reactors (overhead and
bottom-mounted stirrers), where the top-mounted stirrer demonstrated a faster onset of
reaction and more methane absorption. The mole of water consumed to form a hydrate for
the top stirrer was 200% more than bottom bottom-mounted stirrer. Linga et al. [215] have
illustrated the use of a gas-inducing impeller for hydrate formation. In comparison to
regular laboratory apparatus, this novel apparatus enhances the gas/water interaction,
leading to a considerable increase in gas uptake during hydrate crystallization. Similarly,
surfactants have received significant attention in hydrate formation, and the most common
surfactant, which works as a kinetic promoter, is sodium dodecyl sulfate (SDS) [216].
Surfactants can additionally facilitate a reduction in surface tension of the aqueous phase,
which mechanistically results in a higher rate of mass transfer from gas to aqueous phase.
According to Yoslim et al. [217]. SDS decreased the induction time, resulting gas storage

capacity increased by 14 times that of pure water. Like SDS, cationic surfactant e.g., CTAB
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[218] was also used in hydrate promotion experiments. Ganji et al. [216] have illustrated
that CTAB is a good promoter in hydrate formation, and their results indicated that 1000
ppm CTAB showed better performance. Pahlavanzadeh et al. [186] studied the effect of
CTAB along cooper NPs, where CTAB with a higher concentration offered more impact
on the hydrate formation process. However, these surfactant-based promoters were toxic in
nature when used in larger quantities as demonstrated [219]. Therefore, their usage should
be minimal, and the remaining effect should be compensated for by the use of another
suitable promoter.

Adding a nanoparticle (NP) is one of the solutions to improve the performance of
conventional hydrates [218]. NPs can enhance the rate of heat and mass transfer at the solid-
liquid interface of hydrate and create appropriate conditions for heterogeneous nucleation
[178]. To increase rate of hydrate formation, Sloan and Koh [16] and Zhou et al. [185]
verified that graphite NPs were superior thermodynamic and kinetic promoters in
decreasing induction time by 80.8% to pure water. The impact of copper NP on HFC-134a
hydrates was explored to address heat and mass transfer issues during formation and
dissociation of hydrate [181]. The effect of carbon nanotubes (size = 15 nm) on the volume
of gas stored and induction time was presented by Park et al. [177], who highlighted that
the volume of gas stored increased by 300%. Additionally, the induction time exhibited a
significant decrease of 52%, which was only 14% with the CTAB-based promoter. A
significant increase in the heat transfer rate of water was observed when copper oxide NPs
of'size 40 nm were used [ 180]. Their inclusion morevoer facilitated faster hydrate formation
with an increase in mole consumption as well as storage capacity. For the stable growth of
CO> hydrates, the effect of iron oxide NP (size =40 nm) was investigated on SDS-stabilized
hydrates [220], and the results demonstrated a significant decrease in induction time (70%)

along with greater (by 160%) consumption of moles. Su et al. [221] have studied the effect
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of coated surfaces on hydrate formation and its properties. The author has compared three
surface coatings, namely PTFE/PPS composite, epoxy resin E-51, and polyurea, on hydrate
formation. The results showed that the PTFE/PPS composite coating provided more
resistance to hydrate development in the pipeline. Particularly at lower sub-cooling
circumstances, both polyurea and epoxy resin E-51 coatings showed some resistance to
hydrate adherence. Filarsky et al. [222] have investigated the effect of modified silica beads
on hydrate formation, where untreated glass beads of diameter 1.15 mm showed faster
hydrate formation. The hydrate formed within the first 100 min with a water-to-hydrate
conversion ratio of 71.67%. The impact of the glass surface on the morphological
characterization of hydrate was presented by Beltran and Servio [223]. It was discovered
that initial nucleation occurred on the periphery film; however, second nucleation took
place on the water’s edge. Em et al. [224] developed a special surface-active coating for
hydrate promotion via investigation on kinetic and gas storage capacity results of hydrate.
In this study, three distinct silanes with progressively longer carbon chains were explored.
The silane decreased the surface tension. Additionally, it created a gas-enriched layer that
promoted the production of hydrate. Em et al. [224] moreover demonstrated the formation
of methane hydrate in the presence of halloysite clay nanotubes. These results indicated
more hydrate formation in pores smaller than 10 nm than in their larger counterparts. In
addition, up to 70% water-to-hydrate conversion was observed within 3 h in the pores
smaller than 10 nm. Silica sand particles of 329 pm were used for hydrate formation, where
sand particles facilitated a 74-78.5% increase in water-to-hydrate ratio [225]. Esmail and
Beltran [226] demonstrated the impact of varying surface wettability on methane hydrate
propagation. Three surfaces e.g., glass, sapphire, and polyvinyl chloride, were used, and
the glass surface exhibited lower wettability as compared to both sapphire and polyvinyl

chloride during hydrate formation. The research findings of Arjang et al. [178] and
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Dongliang et al. [183] demonstrated that hydrate will form faster and quicker in the
presence of a suitable dispersant, such as silver nano-silica of 75 nm and carbon nanotubes
of 20 nm. Their presence in the hydrate scheme can considerably increase methane hydrate
yield and rate of heat transfer, respectively. The role of L-Arginine (as promoter) was
investigated in the hydrate scheme of methane-tetrahydrofuran system [227]. One of the
main conclusions from these research works pointed high surface energy of NPs as an
important trait in the promotion of gas hydrate. However, the use of solid NPs is always
associated with their tendency to agglomerate, followed by settlement after a certain period.
Therefore, it is important to keep NPs stable against agglomeration and settlement, which
is difficult to obtain when NPs are mixed externally [228,229]. Thus, the novelty of this
research work lies in the utilization of NPs, which originate within in aqueous phase
through the addition of suitable precursor and accelerator under adjusted pH, temperature,
and drying conditions. Single-step method facilitates the development of size-controlled,
independent, and agglomeration-free NPs, which will help in more heat and mass transfer.
On the other hand, the two-step method will require intensive energy to break agglomerated
NPs into smaller particles; thus, the single-step method simplifies the synthesis procedure.

As far as we are aware, the single-step method has not been investigated in
thermodynamic and kinetic studies of surfactant-based gas hydrates. Thus, we report the
role of single-step based silica nanofluids of different concentration (0.5-2 wt%) and size
(5-100 nm) on the kinetics of hydrate stabilized by conventional promoters such as CTAB.
The parameters, such as moles of gas consumption, storage capacity, and apparent rate
constant, were determined at two test temperatures (274.15 and 277.15 K) and 6 MPa and
the results are suitably compared to promote single-step nanotechnology in hydrate

formation for storage and transportation applications.
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4.2. Materials and methods

4.2.1. Materials

Chemicals viz., cetyltrimethylammonium bromide, tetraethylorthosilicate, ethanol,
and ammonium hydroxide, were supplied by Sisco Research Laboratories Pvt. Ltd., India.
Polyacrylamide (PAM) was supplied by Sigma Ltd., India, and it was used as received
during the synthesis of the nanofluid as a base solution. Ethanol was purchased from
Changshu Hongsheng Fine Chemical Ltd., China. Digital weighing balance (Mettler
Toledo, ME204/A04; repeatability approximately 0.01 mg) was used to measure the weight
of chemicals. The synthesis of all aqueous solutions and base solution for nanofluid was
done using deionized (DI) water, obtained from laboratory laboratory-installed Millipore®
Elix-10 water purification apparatus. For CH4 availability, a stainless steel cylinder
(Purushottam gas suppliers, India), equipped with a pressure regulator, was used.

4.2.2.Nanofluid preparation and characterization

A single-step silica nanofluid was used in this study, where NPs were prepared using
the standard sol-gel method. The details of nanofluid preparation using a single-step route
are also provided in our previous works [229]. However, some details are moreover
provided in this study for brevity. To prepare the nanofluid, a base solution of 1000 ppm
PAM was prepared after mixing 1 g of PAM powder in 1000 mL of DI water. Next, a certain
amount of 20mL of ethanol was taken in a beaker and kept on a magnetic stirrer (MS-H280-
Pro, procure from D-Lab) with a stirring speed of 800 rpm. PAM solution of the required
amount 80mL was added drop-wise with the help of a dropper while the stirring was kept
on for 200 min. Next, TOES of 3 mL was added drop-wise into the solution. After 500 min
of stirring, ammonium hydroxide was added and the solution was stirred for a further 200
min. The development of silica NPs was confirmed by the appearance of white precipitate

inside the beaker. In addition, an aqueous phase of 300 ppm was prepared by mixing 0.3
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wt% CTAB powder in 1000 mL of PAM solution. A CTAB solution was prepared to
compare its performance with surface-active nanofluid and establish single-step
nanotechnology as an effective promoter in hydrate development.
In addition, the development of NP was confirmed by the dynamic light scattering
(DLS) method, and for that, a zeta sizer (SZ-100, Horiba Scientific, Singapore) was used.
To visualize NP distribution in the bulk phase, scanning electron microscope (SEM) images
were captured using a JEOL-based instrument (JSM-7900F). For SEM images, a glass slide
was covered with a drop of nanofluid and dried in a lab oven at 70 °C for SEM
investigation. This was necessary to remove any liquid or moisture from the nanofluid,
which left a dry impression of solid NPs on the glass slide.
4.2.3. Experimental set-up and hydrate preparation
The syringe pump, water bath, and experimental setup of hydrate were procured from
an Indian manufacturer: D-CAM Engineering, Ahmedabad. Figure 4.1 shows a schematic
diagram of the entire setup used for the synthesis of hydrate and for the determination of
different kinetic parameters such as induction time, moles of gas consumption, apparent
gas constant, rate of gas consumption, and storage capacity. The system moreover includes
a temperature and pressure sensor, high high-pressure autoclave, and a data acquisition
system. The reactor of the equipment was made of SS316 with a volume of 250 mL, where
operating temperature and pressure of the reactor range from 260 to 375 K and 0.5 to 120
MPa, respectively. The autoclave was 12.75 cm in height and had a diameter of 5 cm with
a volume of 250 mL. The blade, used in this stirrer, was a pitched blade exhibiting four
blades with a diameter of 4 cm. The height of the stirrer was 9.75 cm. The volume of
aqueous solution was 130 mL (height = 6.63 cm), where the remaining volume (120 mL,
height = 6.12 cm) was occupied by methane gas. In literature, geometric studies on stirrers

have been explored by Filarsky et al. [230]. The geometry of the stirrer helps to explain the
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flow condition using a dimensionless parameter, the Reynolds number. Reynolds number
is calculated with the help of Eq. 4.1, where N is the rotation frequency (1/s), d is the
diameter of the stirrer (m), and v is the kinematic viscosity of water (m?/s)

N x d? _ 833 x 0.042
v  1.61 x 1076

Reynolds no. = = 8278 (4.1)

The rpm carried out in this experiment was 500. Hence, the Reynolds number for
turbulent flow in DI water was determined as 8278. In addition, Reynolds no of 94475 was
calculated for the gas phase at 274.15 K. Reynolds number is a dimensionless number and
it is used to understand the amplitude of turbulence. A higher value of the Reynolds number
is the result of an increase in the initial rate of hydrate development [205]. In addition, it is
difficult to calculate the Reynolds number with a hydrate in the system, as the viscosity of
aqueous media is not well-defined. Therefore, it is to be noted here that Reynolds no is
subjected to change during the hydrate experiment as viscosity varies with hydrate
formation [215]. The sensor, which was used to measure temperature, consisted of two
platinum (Pt100) resistance sensors with an accuracy of +/- 0.01 K. Similarly, the pressure

sensor model (HD20V4T, Delta Ohm, Italy) exhibited an accuracy of + 0.01 MPa.
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Figure 4.1: Experimental set-up of gas hydrate (actual and schematic), along with essential
accessories to record and monitor the progress of the process. The details of stirring
geometry are also shown, with important dimensions of the cell and the stirrer

Before each experiment, the reactor was first washed with DI water, followed by
thorough cleaning with solvent ethanol. For residual particles, we made sure to clean every
part of the reactor repetitively, followed by drying. The reactor was then sealed and checked
to envisage leaks by pressurizing it with nitrogen. Nitrogen was removed, and the required
amount of water with and without nanofluid was filled into the reactor. The initial
temperature was set to the desired temperature, and methane (also procured from
Purushottam Gas Suppliers, India) was charged into the reactor till 0.1 MPa was reached
on dial. Methane was released from the reactor after 5-6 min. The same process was
repeated 3-4 times that no atmospheric air was retained in the reactor. After purging,
methane was charged at the rate of 0.2 MPa/s till it reached the level of 6 MPa. The system
was ready to run once all the operating conditions of the experiment were set to the desired
values. For repeatability, the tests were performed at least three times. The induction was
calculated at the development of the first crystal structure of the hydrate in the reactor,

which was filled with the sample along with CH4. The development of the first crystal
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structure is determined by the pressure and temperature graph. All parameters, such as
induction time, rate of gas consumption, and moles of consumption, were calculated using
pressure and temperature readings from the SCADA software of the hydrate system.
4.3. Results and discussion
Hydrate formation involves three phases, e.g., dissolution, induction, and growth phase
[231]. The induction phase has significant importance in hydrate formation and thus,
different tests such as DLS/SEM, induction time trend, gas consumption in moles, apparent
rate constant, rate of gas consumption, and storage capacity were conducted to investigate
the role of nanofluid on hydrate formation and presented the results accordingly.
4.3.1.DLS and SEM analysis of nanofluid
DLS measurements were conducted as soon as white precipitate appeared in the
solution. DLS analysis provided the average NP size in the nanofluid, whose details are
provided in Table 4.1 for different NP concentrations. With increasing concentration,
particles tend to agglomerate and form larger clusters of size greater than the original NP
[232]. Thus, it increases the overall NP size in the nanofluid. Therefore, Si0O2 nanofluids of
higher concentration exhibited greater NP size than those of lower NP concentration. The
actual appearance images of synthesized nanofluids and the CTAB solution of 300 ppm are
provided in Figure 4.2. 0.5 wt% SiO; nanofluid exhibited NP size in the range of 5-10 nm,
while 10-20 nm NP size was found with 1 wt% SiO2 nanofluid (Table 4.1). Similarly, NP
sizes of 60-85 and 90-100 nm were associated with 1.5 and 2 wt% SiO2 nanofluids,
respectively. The nanofluids were stable colloidal suspensions as they exhibited zeta-
potential values greater than -30 mV [233] In addition, zeta-potential values did not
decrease much over the storage period of 15 d and their value sustained around -40 mV. All
nanofluids remained stable till a storage period of more than 4 months, before showing any

sign of phase separation and settlement.
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Table 4. 1: DLS measurements [size and zeta-potential] of synthesized nanofluids

Nanofluid and concentration Average size (nm) Zeta-potential (mV)
S102 (0.5 wt%) 5-10 -48
Si02 (1 wt%) 10-20 -42
Si02 (1.5 wt%) 60-85 -39
Si02 (2 wt%) 90-100 -36

For morphology validation, SEM images were purposefully captured after phase
separation in nanofluid so that morphological characteristics of both (1) NPs in dispersion
and (2) NPs settled can be shown. SEM image of SiO2 NPs in 0.5 wt% nanofluid is
produced in Figure 4.3 from top and bottom layers of phase separation and NP settlement,
respectively. It was observed that, even after settlement, some NPs stayed back in
suspension however, they were sparsely distributed than the densely ones settled in the
bottom (see Figure 4.3). Additionally, from images, it can be seen that NPs are irregular in
shape and size as evident from NP clusters of different size. It indicates that NPs tend to
agglomerate and develop clusters of different shape and size, which also supports the results
of varying rate of NP settlement and phase separation in synthesized nanofluids. This

observation is in accordance with DLS results of nanofluids.
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Figure 4.2: Visual appearance images of synthesized nanofluids of various concentrations

(0.5-2 wt%) in the base fluid of polymer PAM

Figure 4.3: SEM images of unsettled NPs and settled NPs from the top and bottom layers

of 0.5 wt% SiO2 nanofluid after witnessing clear phase separation and NP settlement
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Figure 4.4: Variation of pressure vs. temperature during hydrate experiment for sample
composition S5, consisting of CH4+DI water+1.5 wt% SiOz nanofluid
4.3.1.Effect of nanofluid on induction time

Induction time is a part of a kinetic study for gas hydrate, which is determined by the
temperature and pressure variations in the reactor. The time taken between the injection of
CHy into the cell and the production of the first hydrate nucleus is known as the induction
time [17]. Nanofluid samples of Table 4.1 were used to investigate the impact of NP on the
induction time of surfactant-based hydrate, prepared with CH4 and 300 ppm CTAB. The
details of different compositions along with nomenclature are provided in Table 4.2, where
induction times are provided for conventional (DI water and CTAB surfactant-based) and
nanofluid (concentration: 0.5-2 wt%) based hydrates. The variations of pressure and
temperature during a typical hydrate experiment are provided for CHs+water+1.5 wt% S102
nanofluid (S5) in Figure 4.4. The first peak (0-5 min) of rapid temperature increase and
pressure drop corresponds to initial gas dissolution in the aqueous phase, caused by the start
of the stirrer inside the reactor. The second peak refers to hydrate nucleation, which
continues till the pressure and temperature attain constant values. In addition, it can be
stated that rapid migration of gas molecules to hydrate cages usually causes a sharp

reduction in pressure at the induction time (first crystal formation) [234]. The temperature
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curve moreover showed supporting trends, and its value increased as soon as dissolution of
methane takes place in solution and reached to maximum level of 0.8 K. The temperature
drops from 274.8 K to 273.8 K (a difference of 1 K) till it reaches the induction time. Since
crystallization is an exothermic reaction, the temperature of the reactor rises substantially
by around 2-3 K. When the formation of the hydrate is over, the temperature starts to
decrease. In all hydrate formation tests, the induction time was measured using a similar
method. All experiments were performed three times to minimise the error, as pressure and
temperature kept changing till the formation of the hydrate. Once the hydrate is fully
formed, no change in pressure and temperature was observed however a constant value.
The results of induction time for all experiments are provided in both Table 4.2 and Figure
4.5, which clearly indicate that the induction time reduced with increasing NP
concentration, which might be credited to the NP. NP induced a greater rate of driving force
to form a hydrate. For DI water, the formation of hydrate was observed at an induction time
of 71 min (274.15 K, Figure 4.5) and 76.1 min (277.15 K, Table 4.2). With the DI water +
CTAB (300 ppm) system (S2), the induction time was found to be 51.4 and 52.7 min at
274.15 and 277.15 K, respectively. The induction time significantly reduced after the

inclusion of NP in the system (Table 4.2).
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Figure 4.5: Effect of nanofluid on induction time of DI water (S1), CTAB solution (S2)

different nanofluids (S3-S6) at 6 MPa and 274.15 K
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Table 4.2: The compositional details, nomenclature, and induction time of hydrates prepared with CTAB and different concentrations of

nanofluids
Polymer, Water to
Aqueous  Surfactant, PAM (ppm) SiO; nanofluid Pressure  Temperature  Induction time hydrate
Nomenclature . .
phase  CTAB (ppm) (Wt%) (MPa) (K) (min) conversion
(mole%)
---- -—-- -—-- S1 71 12.3
300 -—-- S2 51.4 14.1
0.5 S3 44.7 23.4
274.15
1000 1.0 S4 36.1 26.1
1.5 S5 30.8 38.1
-DI 2.0 S6 . 39.5 25.6
water - - - S1 76.1 11.6
300 -—-- S2 52.7 13.2
0.5 S3 47.6 214
277.15
1000 1.0 S4 39.0 23.8
1.5 S5 32.8 29.1
2.0 S6 40.4 224
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Therefore, the shortest induction time (30.8 min: 274.15 K and 32.8 min: 277.15 K)
occurred when NP concentration was 1.5 wt% (S5), ~56% lower than that of DI water. In
addition, as compared to DI water, the induction time was ~37% lower for 0.5 wt% SiO»
nanofluid (S3) (see Figure 4.5). Similarly, it was ~49% and ~44% lower for 1 (S4) and 2
wt% (S6) SiO> nanofluid, respectively. The high conductivity of SiO> NPs probably
enhanced the heat transfer ability of the fluid. Furthermore, the traits of Brownian motion
and high specific surface area increased the number of nucleation sites in the fluid, which
has increased the rate of heterogeneity and mass transfer in the system [235]. The
observations of these factors are in line with research findings in literature [235,236] and
therefore, they can be considered as possible reasons for significantly reducing the
induction time in NP based hydrates. It is moreover interesting to note that the value of
induction time did not decrease after a certain concentration of NP in the system, as shown
in Figure 4.5, which is 1.5 wt% in this study. It can be seen from Table 4.2 and Figure 4.5
that induction time reached to minimum level at 1.5 wt% for both the tested temperatures,
followed by an increase at 2 wt%. Thus, induction time was around 28% (274.15 K) and
23% (277.15 K) higher at 2 wt% than at 1.5 wt%. This indicates that saturation was
achieved at 1.5 wt%, resulting in further NP inclusion could not occupy enough space in
the aqueous phase and therefore, its impact on induction time and hydrate scheme was
unnoticeable. It is also to be noted here that induction has a has direct relation with the
temperature of the reactor. At higher temperature (277.15 K), it is expected that it took
more time to release the heat when the hydrate crystals form in the reactor. Therefore, a
delay in induction time was seen at 277.15 K than 274.15 K. For example, a delay of ~7%
was determined for induction time (76.1 min) when reactor temperature increased by 3 K

(see Table 4.2). Similarly, for nanofluid-based hydrate (S5: 1.5 wt% SiO.), the induction
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time delayed by 6.5% at 277.15 K. The actual image of S5 based hydrate sample (received

after opening of reactor cell) is moreover captured and shown in Figure 4.6.

Side view

Figure 4.6: Actual image of gas hydrate in reactor cell after the completion of experiment
for sample composition S5 at 274.15 K

4.3.2.Effect of nanofluid on gas consumption
Gas consumption is one of the important parameters and can be calculated by Eq. 4.2 [237]

! (M ﬂ) 42)

Angy, =~ -
tens = p\7, T, Z, T,

where, ncy,= methane gas consumption in mole, P = pressure of the reactor, T=
temperature of the reactor, V = volume of the reactor, R = universal gas constant, Z =
compressibility factor of methane. Subscript ‘0’ and ‘t’ represent initial and final time,
respectively. The compressibility factor of methane is calculated by following the Peng-

Robinson equation of state (Eq. 4.3) [238]

73— (1-B)Z?+ (A—3B?2—2B)Z— (AB— B2—B3) =0 (4.3)
(aca)P
= R (4.4)
bP
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B RT.\?
ac = 045724 (— (4.6)

c

RT,
b= 0.07780( - ) (4.7)

(o

P. and T, are the critical pressure and temperature of methane, respectively. a and m were
taken from literature [239].

a=(1+m@-T))’ (4.8)

m = 0.3746 + 1.5423w — 0.2669w? (4.9)

where, w is acentric factor = 0.0114
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Figure 4.7: The results of methane consumption vs. time for hydrates stabilized by DI water
(S1), CTAB solution (S2), and SiO2 nanofluids of varying NP concentration (S3-S6) at 6

MPa and 274.15 K
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Figure 4.8: The results of methane consumption vs. time for hydrates stabilized by DI water
(S1), CTAB solution (S2), and Si0O; nanofluids of varying NP concentration (S3-S6) at 6
MPa and 277.15 K

The results of methane consumption vs. time are shown in Figure 4.7 and Figure
4.8 for the following scenarios: DI water (S1), 300 ppm CTAB (S2), and SiO; nanofluids
of varying NP concentration (S3-S6) at 6 MPa and different temperatures (274.15 and
277.15 K). It was observed that the consumption of methane was larger when a nanofluid
was introduced in the system than that of DI water (S1) or 300 ppm CTAB (S2). It is also
to be noted here that the amount of consumed gas increases with increasing concentration
of NP till 1.5 wt% (S5) for both the tested temperatures (Figures 4.7 and 4.8). It is well
established that NP has a higher surface area, and with the combination of Brownian
motion, these nanofluids can reduce mass transfer that occurs at the liquid-gas interface
[240]. In addition, the increase in gas consumption may the inclusion of CTAB surfactant,
which helped to increase mass transfer from gas to liquid phase. Moreover, NPs can affect
hydrate equilibrium by increasing the driving force in hydrate development, which

ultimately leads to higher moles of methane consumption. However, the rate of gas
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consumption did not increase after a certain concentration of NP (1.5 wt%), and this can be
the saturation limit of the NP population in the system. It might be possible that NPs,
beyond 1.5 wt%, saturated the available space in the aqueous phase and at the liquid-gas
interface. Consequently, it left limited space for the consumption and transfer of gas
molecules in the aqueous phase. Therefore, gas consumption was found least for the S6
sample (NP concentration > 1.5 wt%) at both temperatures. From Figures 4.7 and 4.8, it is
moreover to be noted here that moles of consumption rapidly increased within a few
minutes (3-4 min) of the experiment, followed by a sustained increase till the induction
time was reached. Additionally, it is also clear from the images that the nanofluid worked
better at 274.15 K and a greater number of moles were consumed in the cages of nanofluid-
based hydrate samples (S3-S6). For example, mole consumption reduced by ~23% when
the temperature of the hydrate experiment increased by 3 K (from 277.15 K to 274.15 K).
Similar behaviour was shown by other nanofluid samples, and they exhibited 13.33% (S3),
11% (S4), and 17.85% (S6) reduction in mole consumption at 277.15 K.

In literature [241], it has been proven that NPs have higher thermal conductivity
than water and as a result, it facilitate heat dissipation more effectively when the hydrate
forms. Therefore, it can be expected that the inclusion of NP up to 1.5 wt% suggested faster
kinetics in hydrate formation. Mechanistically, there was an increase of 88.4% in mole
consumption with 1.5 wt% SiO» (S5) than DI water (S1) at 274.15 K (Figure 4.7). Similarly,
0.5 wt% (S3), 1 wt% (S4), and 2 wt% (S6) provided an increase of 30.4%, 45%, and 21.7%,
respectively, at 274.15 K (Figure 4.7). Figure 4.8 shows mole consumption data at 277.15
K, where results showed similar behaviour with 117.39% increase for 1.5 wt% SiO2 (S5).
S3, S4, and S6 suggested 69.56%, 93.47%, and 50%, respectively, increase in mole
consumption. A conclusion can also be drawn that the mole of gas consumption slightly

decreased with an increase in temperature. Overall, a reduction of 23% was determined
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with a temperature rise by 3 K. Even, it can be highlighted that the inclusion of surfactant
CTAB improved gas consumption of DI water and mole consumption of 0.0073 per mole
of water obtained with the S2 sample at 274.15 K, which was 5.8% greater than that of S1.
Moreover, these results suggested that a single-step TiO> nanofluid of a certain
concentration (1.5 wt%) and size (60-85 nm) should be designed to improve the gas
consumption value of conventional surfactant-based hydrates.
4.3.3. Effect of nanofluid on apparent rate constant of hydrate
Apparent rate constant can be calculated by following Eq. 4.9

Ngi-1 — Ngi+1

(tiv1 — tim1)Nwo
kopp = 4.9
o (fg - feq)ti (*9)

Where, k,,, is apparent rate constant, n,,q is mole of water, n; ;_;mole of CHs at time

1i-1), Ng,i+1 15 the mole of CH4 at time ¢;,4.
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Figure 4.9: Apparent rate constant for hydrates stabilized by DI water (S1), CTAB solution

(S2), and SiO2 nanofluids of varying NP concentration (S3-S6) at 6 MPa and 274.15 K
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Figure 4. 10: Apparent rate constant for hydrates stabilized by DI water (S1), CTAB
solution (S2), and SiO; nanofluids of varying NP concentration (S3-S6) at 6 MPa and
277.15 K

The apparent rate constant is an important parameter to compare rate of hydrate
growth at different conditions, which is based on Eq. 4.4. Figure 4.9 illustrates the impact
of nanofluid on apparent rate constant of DI water and CTAB based hydrates at 6 MPa and
274.15 K. It was observed that apparent rate decreased with increase in time for all samples,
which signifies the growth of hydrate inside reactor. The initial value of the apparent rate
constant for S1 and S2 was determined as 9x107 and 1.3x10° mole gas/mole
water.min.MPa, respectively, which decreased with time and reached to minimum level of
5.25x107 and 8.5x10”7 mole gas/mole water.min.MPa at 100 min. The inclusion of
nanofluid showed a remarkable jump in the apparent rate constant of S1/S2-based hydrates.
As a result, it reached to maximum level of 2.7x10 mole gas/mole water.min.MPa (t = 0)
for the S5 sample, which is consistent with the gas consumption result of this nanofluid. At
t =100 min, the value of the apparent rate constant for S5 was determined as 1.4x10 mole

gas/mole water.min.MPa, higher than the values associated with S3 (1x10°), S4 (1.3x10
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%), and S6 (1.15x10°) samples. Thus, it is evident that NP concentration ~1.5 wt% is the
optimum concentration to affect the rate of hydrate growth in this study. As expected, the
apparent rate constant of S1 increased by 184% in the presence of 1.5 wt% SiO,. Similarly,
with NP concentration of 0.5 wt% (S3), 1 wt% (S4), and 2 wt% (S6), the apparent rate
constant of S1 increased by 74.19%, 27.35%, and 50%, respectively. In addition, the reason
for the significant jump in the initial value of the apparent rate constant is the indication of
an exothermic reaction during hydrate formation and the decrease in driving force [242]. It
was moreover observed that the apparent rate constant decreased with an increase in
temperature and these results are provided in Table 4.2 and Figure 4.10 for 277.15 K. It was
observed that the apparent rate constant of S1 (DI water) was found to be 0.87 x 10" mole
gas/mole water.min.MPa. The subsequent level of apparent rate constant was determined
as 1.10 x 107" mole gas/mole water.min.MPa for S2. With increasing NP concentration, it
was observed that the apparent rate constant increased. Therefore, its value was determined
as 1.40 x 107, 1.97 x 1077, and 2.2 x 10”7 mole gas/mole water.min.MPa for S3, S4, and S5,
respectively. From Figures 4.9 and 4.10, it can be concluded that the apparent rate constant
decreased by ~9.5% with a 3 K increase in test temperature. Similarly, a decrease of 15.3%,
9.6%, 7%, 18.5%, 3.88% was reported for S2, S3, S4, S5 and S6 samples, respectively.
Even at high temperature, nanofluid-based hydrates exhibited a higher apparent rate
constant than S1/S2-based hydrates (Table 4.2). As explained earlier, NP inclusion is
advantageous for the increment in gas consumption and rate of heat transfer. Therefore, it
is expected that the peak value of the apparent rate constant will be achieved at the induction
time. Since the driving force is maximum at the beginning of hydrate growth, a higher

number of stable nuclei of gas hydrate is possible in the presence of NPs inside the reactor.
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Table 4.3: Apparent rate constant of hydrates stabilized by nanofluids of different

concentrations
Temperature Apparent rate constant Kapp at
Nomenclature Pressure (MPa)
(K) t=tind
S1 0.95 x 107
S2 1.30 x 1077
S3 1.55 x 107
274.15
S4 2.12 x 107
S5 2.70 x 107
S6 1.80 x 1077
6
S1 0.86 x 107
S2 1.10 x 1077
S3 1.40 x 1077
277.15
S4 1.97 x 107
S5 2.20 x 107
S6 1.73x 107

4.3.4.Determination of rate of gas consumption
The results of the rate of gas consumption vs. time for various samples (S1-S6) at
274.15 K are shown in Figure 4.11. It can be stated that a sharp decline in the rate of gas
consumption in the initial few minutes is an indication of the onset of reaction. As soon as
induction time is reached, a sharp increase in the rate of gas consumption occurs, which is
likely due to the formation of a hydrate crystal. It is to be noted here that the rate of gas
consumption was faster for S5 of 1.5 wt% NP: the rate of gas consumption was determined

as 0.016 ng/nyw.min, which was calculated as 0.014, 0.013, and 0.012 ng/nyw.min for S3, S4,
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and S6, respectively. With the growth of crystallisation, more methane gets entrapped
inside and as a result, the rate of gas consumption reached to further heights. No change in
the rate of gas consumption indicates full growth of the hydrate. From Figure 4.11, it can
moreover be noticed that gas consumption started early in between 28-55 minutes for S3-
S6 samples, which was significantly delayed (~ 70 min) in the case of DI water (S1) at
274.15 K. The credit is attributed to the inclusion of SiO2 nanofluid of 1.5 wt% (S5) which
increased the rate of gas consumption by 60%.
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Figure 4.11: Comparative performance to evaluate rate of gas consumed for different

hydrates stabilized by S1-S6 formulations at 274.15 K

Thus, the role of nanofluid on the rate of gas consumption is further explained as follows:

e NPs were independent and possessed more surface area than conventional two-step
nanofluid, and therefore, the high thermal conductivity of these nanofluids helped in

efficient heat removal during the formation of hydrate at induction time. With the
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increase in temperature, the driving force decreased, which resulted in a delay in
induction time.

e It is expected that NPs reduce the liquid-gas interface and make it a thinner interface.
As a result, the motion of NPs facilitated significant heat and mass transfer across the
interface of the hydrate.

e Nanofluid exhibited smaller particles that possess a smaller surface area, and
consequently, they developed tiny gas bubbles. These bubbles possessed better heat and
mass transfer characteristics than larger bubbles, usually the case with hydrates
stabilized by two-step nanofluids or commercial NPs. It can also be stated that these
smaller bubbles positively increased gas diffusivity at the liquid-gas interface.

4.3.5.Storage capacity of hydrate samples
Storage capacity can be determined as the volume of gas entrapped inside the solid
cage of the hydrate. It is estimated as per volume of gas entrapped at standard conditions.

Eq. 4.10 illustrates the expression for storage capacity [174]

AnRTgrp
Vsrp Psrp
SC = = 4.10
7 7 (4.10)

Where, STD stands for standard condition (273.15 K and 0.1MPa).
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Figure 4.12: Storage capacity of different hydrates stabilized by S1-S6 formulations at 6
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Figure 4.13: Storage capacity of different hydrates stabilized by S1-S6 formulations at 6

MPa and 277.15 K
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The results of storage capacity for all samples are provided in Figure 4.12, which was
prepared for methane hydrates at 6 MPa and 274.15 K. It is clear from Figure 4.12 that the
storage capacity of nanofluid-based hydrates was significantly higher than that of S1/S2
samples. The storage capacity of S1 and S2 samples was determined as 15 and 18.2 v/v,
respectively, which increased to 20.2(S3), 24.1(S4), 26.8(S5), and 22.3(S6) v/v when a
nanofluid of different concentrations was introduced in the system. Thus, the storage
capacity of hydrate, stabilized by NP concentration of 1.5 wt%, was superior to other
nanofluid-based hydrates, and it was measured that inclusion of 1.5 wt% enhanced the
storage capacity of DI water (S1) by 78.66%. Even low NP concentration suggested greater
storage capacity (than S1) for the application when high NP concentration is not
economical to use or nanofluid synthesis of 1.5 wt% is not feasible. Storage capacity greater
than 60% can be obtained with the inclusion of 1 wt% SiO; nanofluid (S4) in DI water,
which was determined to be 34.66% with 0.5 wt% (S3) and 49% with 2 wt% (S6). This is
remarkable for the storage and transportation applications, when a single unit of hydrate
can store more gas than that of conventional water-based hydrate. Figure 4.13 shows
storage capacity results at 277.15 K. The storage capacity of sample S1 was calculated as
13.4 v/vat 277.15 K. Similarly, S2, S3, S4, S5, and S6 exhibited storage capacities of 17.1,
18.7,22.1, 23.4, and 21 v/v, respectively. These results moreover suggest that an increase
in test temperature also reduced the amount of storage capacity, as evident from Figures
4.12 and 4.13. Mechanistically, storage capacity decreased by 12.9%, 14.5%, 3.6%, 10.5%,
13.3% and 4.5% for S1, S2, S3, S4, S5, and S6, respectively, when test temperature
increased from 274.15 to 277.15 K. Here, it is important to note that nanofluids of desired
size were synthesized than procuring them externally followed by extensive mixing in base
fluid. Thus, maintaining desired NP size becomes difficult when NPs are externally added,

and this challenge can be addressed if NPs are synthesized in single-step. This study
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moreover aims to highlight that NPs of other sizes can also be synthesized to make (1) a
single-step method applicable for greater applications and (2) a nanofluid a promoter in
hydrate formation on a global scale.

4.4. Conclusion and Summary

In this study, the effect of the single-step technique was explored through the
development of nanofluids of desired NP size and investigating their role as promoters in
the kinetics of the conventional hydrate of surfactant, CTAB. For the kinetic study, the
pressure was chosen as 6 MPa with two different test temperatures of 274.15 and 277.15
K. Four nanofluids of different NP concentration (0.5-2 wt%) and size (5-100 nm) were
synthesized. Nanofluids were stable colloidal suspensions with varying size distribution, as
confirmed by size and zeta-potential measurements; however, they exhibit time-dependent
NP agglomeration followed by settlement as demonstrated by SEM analysis. As compared
to CTAB, the inclusion of nanofluid was more advantageous, as confirmed by the increased
rate of gas consumption. Results moreover showed that NP concentration ~1.5 wt% was
the inversion point and had the greatest impact on the kinetics of methane hydrate. As a
result, a significant reduction of 56.6% was obtained in induction time at 274.15 K and 1.5
wt% was considered as the optimum NP concentration in hydrate formation. In addition,
the mole of gas consumption and apparent rate constant were found to be 88.4% and 184%
higher than those of DI water. All nanofluids (S3-S6) showed less induction time, mole
consumed, and apparent rate constant than DI water (S1) and CTAB solution (S2). It was
understood that NP concentration above a certain limit is affected by the saturation limit,
as NPs tend to saturate the liquid-gas interface, and further addition hardly affects the
kinetic properties of the hydrate. Similar was observed with NP concentration of 2 wt% as
induction time, rate of gas consumed, and apparent rate constant displayed a reverse effect

and therefore, 1.5 wt% was concluded as the best particle concentration for promoting the
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kinetics of a hydrate. Finally, it can be concluded that storing methane, after extraction from
hydrate, is vital for transportation followed by its subsequent usage. Since methane offers
a viable option for clean energy, its immediate utilization after extraction may not be
required or feasible, and thus, storage methods of superior efficiency are important.
However, conventional storage methods either demand considerable space or sophisticated
manufacturing. Synthesis of these nanofluids/nanoparticles does not consume any
expensive or rare chemicals; moreover, the method of manufacturing is simple (sol-gel),
available in literature, and a standard for large-scale implementation in industry. Thus, the
use of single-step silica nanofluids can provide better improvement in methane storage
efficiency than conventional nanoparticles (which are first procured and then mixed in a
base fluid), enabling greater quantities to be stored within the same constraints. These
nanoparticles can be recycled for approximately 80 days following decomposition, which

is of key importance in ensuring stability for reuse.
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Chapter 5: Examination of the effect of ethylene glycol on the dissociation of

hydrates (CH4 & CO2): A Molecular Dynamics Analysis

Abstract

Gas hydrates is a source of energy and causes pipeline flow assurance issue risking
shutdowns, equipment damage, and safety hazards in oil and gas operations due to its solid
crystalline structure. To mitigate these issues, flow assurance strategies often involve using
hydrate inhibitors (like ethylene glycol), insulation, and heating systems to maintain
conditions that prevent hydrate formation, ensuring safe and continuous gas transport. MD
simulations offer a powerful tool to investigate the behaviour of gas hydrates at the atomic
level, providing insights into their formation, stability, and interactions. This study explores
the impact of ethylene glycol (EG) on the dissociation and stability of CO. and methane
hydrates together in a system through MD simulations. While inhibitors are commonly used
in the industry to prevent hydrate formation and assist in dissociation, their precise role in
this gas exchange mechanism demands more detailed exploration. In this study, we
investigated the potential of ethylene glycol as a chemical additive to promote gas hydrate
dissociation, though its effects are not yet fully understood. Using MD simulations, we
explored parameters such as radial distribution function (RDF), mean square displacement
(MSD), and diffusion coefficients to examine the impact of ethylene glycol across various
temperatures (270.15 K to 300 K) and concentrations (0-15% V/V). The results indicate
that gas dissociation accelerates by 150 % with rising temperatures, allowing methane to
escape more rapidly into the simulation box, thereby enabling controlled gas production.
Additionally, a 10% increase in glycol concentration destabilizes the hydrate structure.
Based on these findings, we recommend using ethylene glycol at 10% V/V for gas hydrate

dissociation at 280 K.

113



5.1. Introduction

The rapidly increasing carbon dioxide (CO3) level in the atmosphere and the resultant
global climate change concerns have intensified the search for effective strategies to
mitigate anthropogenic emissions to achieve net-zero [243]. Net zero refers to the balance
between the amount of greenhouse gas emissions produced and the amount removed from
the atmosphere. Countries commit to net zero to mitigate climate change by reducing
emissions and enhancing carbon removal efforts. The commitment to net zero involves
technology such as carbon capture and storage, transitioning towards cleaner energy, and
improving energy efficiency to offset emissions [243]. Achieving net zero requires a
comprehensive approach, including policy changes, technological advancements, and
international collaboration [244]. One promising avenue involves capturing and storing
CO; within natural gas hydrates (NGH), which are crystalline structures formed by water
molecules encapsulating guest molecules such as methane under low temperature and high-
pressure conditions. Like methane, CO2 can moreover form hydrates under relatively low
pressure and high temperature, making it a viable option for CO> sequestration. The CO»-
CHa4 exchange in hydrate not only addresses environmental concerns however also offers a
potential source for natural gas production. It is worth noting that compared to NGH, CO»
hydrates have a more stable structure [245,246]. The hydrate reserves are plenty around the
world; generally found in permafrost, continental margin, and subsea sediments. One cubic
meter of NGH holds 170 cubic meters of methane under standard conditions [17]. It is
estimated that the methane available in these reserves is around 2500-20000 trillion cubic
meters [247]. The amount of methane present in the hydrate is twice the non-renewable

sources put together [248].
Hydrates are non-stoichiometric substances that primarily exist in three different

structures: sl, slI, and sH [5]. This structure depends on the shape and size of gas molecules
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[5]. sI is the smaller structure consisting of small gas molecules like methane, ethane, and
carbon dioxide [16]. Out of the three structures, sl is more frequently occurring in nature
[97]. The trapped gas inside the water cages is held by van der Waals forces, a very weak
intermolecular force. The formation and dissociation of various hydrates have been well
explored in the literature. CO; storage in hydrate is a well-researched topic. However, a
comprehensive understanding of the CH4-CO; exchange process remains elusive due to its
complex nature, particularly concerning the phase behavior and its interaction with other
reservoir gases [17]. The validity of this process has been established in several previous
works that have explored the kinetic and thermodynamic properties of the process, which
prove that the exchange can occur in certain temperature and pressure conditions [249—
252].

The fundamentals of CH4-CO; exchange mechanisms are essential to understanding
both thermodynamic and kinetic behavior for hydrates [253],[254]. The stability of these
hydrates was checked by Okano and Yasuoka et al. [125], who has explained that the
nucleation of gas hydrates does not depend on the potential energy of the hydrate structure.
In a separate study, Wei and Hong [127] calculated the thermodynamic property and the
density of the hydrate structure, which is essential to understand before leveraging NGH
for methane recovery and illustrated that Bernal Fowler ice rules satisfied the dissociation
of the hydrate structure. Tariq et al. [255] have illustrated the formation and dissociation of
the CO; hydrate at constant pressure, the result shows that hydrate formation depends on
several factors, like initial pressure, subcooling, cooling rate, and heating rate.

However, the practical application of gas hydrates for CO; storage and energy
production is fraught with challenges, primarily related to the controlled dissociation of
these structures [256]. Gas hydrates are known for their instability, making it essential to

develop methods for their targeted dissociation [257]. This work thus seeks to explore and
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address these challenges, focusing on the role of ethylene glycol as a dissociation agent.
Ethylene glycol is often considered a more useful chemical inhibitor for gas hydrate
dissociation compared to others due to its unique properties [258]. Ethylene glycol has a
high affinity for water molecules, disrupting the hydrogen bonding network crucial for gas
hydrate stability. Moreover, ethylene glycol as a hydrate inhibitor is commonly available,
cost-effective, and environmentally less harmful than some alternatives [259]. These
characteristics contribute to ethylene glycol's practicality and efficiency in mitigating gas
hydrate formation and promoting dissociation in various industrial applications. By
examining the interactions between ethylene glycol and gas hydrate structure, the objective
of this work is to elucidate the underlying mechanisms of the extraction of methane.

This study can be achieved by either high-end in-situ analytical instruments at hydrate
stable conditions (high pressure and low temperature). The designing and performing of
this experiment are highly challenging because of the extreme hydrate conditions. These
experiments are also time-consuming. So, another alternative to experiments is MD
simulation, a computational technique that simulates the motion of atoms and molecules
over time at a given pressure and temperature, which provides invaluable information in
unravelling the interactions that dictate gas hydrate behavior.

Previously, utilizing MD simulation [260] English et al. [134] performed a simulated
dissociation of methane hydrate and found that dissolution occurred within 400ps of the
simulation run and was due to the stochastic nature of hydrate structure, with initial decay
followed by plateaus [261]. Li et al. [111] elaborate on the formation of hydrate in the
presence/absence of kinetic inhibitors using MD simulation. They concluded that PVP-A
exhibits better inhibition than PVA and PVA-E. Bai et al. [262] illustrated CO; hydrate
formation by MD simulation, the results show hydrate formation takes place on the solid

surface i.e. at the interface of liquid and solid & it moreover gives the impression that
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nucleation occurs in three different stages. In the first stage, the ice-like structure formed
at the interface at nanoseconds. In the second stage, at the sub-microsecond time level a
thin layer of the structure formed around the ice-like layer, and the third stage of
microsecond level nucleation formed from the intermediate structure [263]. Bai et al. [264]
examined the MD simulation of CHs-CO; exchange, where the CH4 hydrate was in contact
with water, and then CO» gas was inserted in the system, and then checked the growth of
the CO» hydrate. Dashti et al. [265] illustrate the modelling of CO; capture in hydrate with
nucleation stage and induction time prediction. In literature, the memory effect of the gas
hydrate was studied for CO; capturing and CHj4 recovery [266]. Tian et al. [267] evaluated
the recovery potential of CH4 from the hydrate reservoir by injecting COz. In a different
study, Liang et al. [268] explored the diffusion of gas in carbon dioxide hydrate and
concluded that a vacant cage in the hydrate structure is necessary to store CO> gas in hydrate
form. Apart from mechanisms, plenty of studies were conducted to understand the CHs-
COz exchange process. Geng et al. [269] investigated the CH4-CO2 exchange process and
found that methane reoccupies its cage after dissociation and forms a mixed hydrate of both
CH4 and CO; that is more stable. Sun et al. [132] examine the dissociation of hydrate
structure using various alcohol additives by MD simulation. It concluded that adding
methanol promotes hydrate dissociation. Zhang et al. [136] calculated the water’s diffusion
coefficient using MD simulation. The findings demonstrated that the structure of water and
the creation of H-bonds between water molecules are mostly unaffected by the
concentration of methane [270].

Thus, given the intricacies of methane recovery by gas hydrate dissociation and CO>
sequestration, the integration of ethylene glycol and MD simulation offers a synergistic
approach. Hembram et al [271]. has performed a simulation on methane hydrate with

ethylene glycol. Although there are various studies of dissociation conducted in the
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literature, very few studies have been done in a system having both CH4 hydrate and CO»
hydrate. In this paper, we have used ethylene glycol as a hydrate inhibitor to dissociate both
structures. Simulations were performed at various temperatures from 270 K to 310 K and
with the concentration of ethylene glycol of 1% V/V to 15% V/V. Investigations were
performed for both the thermodynamics and structural properties in reported simulations
with Radial distribution function (RDF) and mean square displacement (MSD) data. This
parameter helps in exploring the dissociation of methane from hydrate structure, addressing
environmental challenges, and advancing toward sustainable energy solutions.

5.2. Simulation

The MD simulation was performed using GROMACS, an open-source software that
has been widely used in previous studies [138,272]. GROMACS is used in MD simulations
to study the interaction among atoms and molecules. The simulation was performed at the
High-Performance Computing (HPC) Cluster. The HPC cluster has nine (one master and
eight compute) nodes (Fujitsu PR3000), and each node has dual processors with 20
cores/processor (with a total of 180 cores).

5.2.1. Structure

To perform MD simulations, a well-defined system structure is essential. The system
under study comprises various molecules, including two different hydrate structures: CH4
hydrate and CO> hydrate. Each hydrate structure is prepared individually before being
combined into a unified system.

For both CH4 and CO; hydrates, unit cell structures of the sl hydrate type were
constructed separately. These unit cells were then used to form supercells with dimensions
of 3.7 nm x 3.7 nm x 3.7 nm, containing 1,248 water molecules and 216 methane or carbon
dioxide molecules, respectively. PACKMOL software was employed to integrate these

supercells into a larger superstructure with dimensions of 3.7 nm x 3.7 nm x 10.9 nm [273].
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In this arrangement, the methane hydrate is positioned at the top, while the carbon dioxide
hydrate is located at the bottom, separated by a distance of 37 A. The intervening space
within the structure is occupied by water and ethylene glycol. Figure 5.1 illustrates the
simulation box, showing the detailed arrangement of the methane and carbon dioxide

hydrates along with the separating water and ethylene glycol layers.

'W-' E':'S\ b “
N, Yed i 1”' 7 :&, s Vf.;‘-_
Hydrogen bond Water Co, CH, Ethylene
molecules molecules molecules Glycol
molecules

Figure 5.1: The visualization of the molecules inside the simulation box

5.2.2. MD simulation
A mixture of water and ethylene glycol molecules was inserted into the vacant space of
the superstructure (between CO2 and CH4 hydrate). Periodic boundary conditions were
applied during the run. While several water models are reported in the literature
[142,144]. This study used the TIP4P [141] model, as this model can help best replicate
experimental values. OPLS-AA (Optimized Potentials for Liquid Simulations — All
Atom) was used to model CO,. OPLS-UA (Optimized Potentials for Liquid Simulations
— United Atom) was used to model CHy4 [142]. The cut-off radius of short-range
interaction (Lennard-Jones potential action) is 1.5 nm. Long-range Coulomb
interactions were processed using the PME (Particle-mesh Ewald) method. The steepest
descent integrator was used in energy minimizations. The Leapfrog algorithm was used
for the simulation run (energy minimization and final simulation algorithm). The
Berendsen thermostat is used to regulate the temperature, while the Berendsen barostat

is used for pressure [144]. The initial configuration of the hydrate structure is relaxed
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using energy minimization at the start of the simulation. This is done to ensure that the
system does not have any steric clashes or inappropriate geometry. The steepest descent
algorithm is used in energy minimization. In the next step, to achieve the required
temperature of the system, NVT (constant-particle, constant-volume, constant-
temperature) ensemble was performed for 50 ps. The final step is to perform NPT
(constant-particle, constant-pressure, constant-temperature) ensemble, which is done to
achieve the required pressure and to study the whole dissociation process. NPT
ensemble was performed at 500 ps. The pressure is kept at 50 bar throughout the
experiment. Table 5.1 indicates the different molecules that are inside the simulation
box. The top of the superstructure consists of carbon dioxide hydrate, and the bottom
consists of methane structure. With each increase in ethylene glycol concentration, the
water concentration reduces. Mole concentration for 2.5%, 5%, 10% and 15% are
0.4485 M, 0.897 M, 1.79 M and 2.69 M.

Table 5.1: Observations of molecules used in the simulation

Concentration Number of Number of Number of Number of
(%) water ethylene glycol methane carbon dioxide
molecules
0 2610 0
2.5 2535 19
5 2455 37
216 216
10 2310 74
15 2036 148
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5.3. Results & Discussion

Hydrate dissociation is a phase change process from solid to liquid. The solid
structure dissociates from a rigid hydrate structure into a random disorder stage, and the
guest molecules are released to the fluid phase. To observe the dissociation of both CO>
and CHj4 hydrate in the presence of ethylene glycol, a dissociation study was performed for

500 ps. Figure 5.2 represents the different molecules used in this simulation.

Table 5.2: Values of the force field used in this investigation.

Molecules Atom q(e) o(A) g(KJ/mol)
H>0 ow 0.0 3.16557¢ 6.50170¢ !
HW 0.52 0.0000 0.00000
MW -1.04 0.0000 0.00000
CH4 CH 0.0 3.73000¢e ™! 1.23010e°
CH,OHCH>OH C 0.050 3.50000¢™! 2.34144e ™!
HC 0.090 2.38000e™! 1.14620e™!
O -0.650 3.14000¢e! 8.04280¢e!
HO 0.420 0.04000¢ 0.19200e
CO2 CC 0.700 2.8000e™! 2.244780e™!
oC -0.350 3.05000¢™! 6.56806¢™!
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Figure 5.2: The visual appearance of the simulation box of 10% ethylene glycol
concentration at 285.15K at (a) 0 ps and (b) 500 ps

These results provide insight into the dissociation of the hydrate structure. Figure 5.2
represents the final simulation system over 500ps at 50 bar and 285.15K. The system
consists of 10% V/V ethylene glycol with both methane hydrate and carbon dioxide
hydrate. Figure 5.2(a) shows the initial structure of the system at the beginning, and Figure
5.2(b) shows the system after the simulation completes (after 500ps). At the end of the
specified simulation time, the hydrate structure dissociated. Figure 5.2 observations
indicate that methane and carbon dioxide are released from the hydrate’s rigid structure as
time increases at 285.15K. The dissociation starts from the liquid-solid interface of the
hydrate structure. Over time, dissociation causes the solid phase to completely disappear.

Once dissociation is complete, the gases gather at the top and bottom of the simulation box,
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leading to a separation into two phases: liquid and gas. This accumulated gas can then be
extracted in a controlled manner and subsequently used as an alternative fuel. Table 5.2
displays the number of molecules present during the simulation. The results of the
dissociation were analysed by three major tools: Radial Distribution Function (RDF), total
energy, and diffusion coefficient.

5.3.1.Radial Distribution Function (RDF)

RDF [274] is a parameter to describe the molecular arrangement in a system by
calculating the probability of finding similar particles from a certain particle in a given
space system. RDF values can be used to understand the structural integrity of the hydrate
structure and help in characterizing the hydrate microstructure. It provides the interaction
between the guest molecules and host molecules [275]. When the RDF is observed, the
existence of a peak exists at a certain distance. The existence of this peak depends on the
type of molecules in the system and the distance between adjacent molecules in the hydrate
structure, plotted between average probability vs. distance. The result reveals information
in the form of heights and the shape of the peak [274]. The equation that calculates the RDF
is

Ng
Vs nB(r)
NgNg \ & 4nr2Ar

=1

gaﬁ(r) = (51)

Where, Nifi(r) is the number of fat distance r and r + Ar away from i th particle a. N
represents the number of particles inside the simulation box, and V is the box's volume.

In RDF, the first peak between carbon-carbon in methane represents the distance
between two different carbon atoms present in the nearest cage structure. Similarly, RDF's
first peak in oxygen atoms represents the average distance between the nearest oxygen
molecules of water [276], and RDF second peak shows the crystal structure of hydrate sl

with hydrogen bonding.
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5.3.1.1. Effect of Temperature on Hydrate Structure

The RDF of oxygen-oxygen of water in the simulation is shown in Figure 5.3(a).
There are three peaks at 2.76 A, which donate the distance between oxygen-oxygen to the
nearest water molecules that form hydrogen bonds. At lower temperatures, the peak is
higher, indicating the hydrate structure expansion [276]. This is due to the guest molecules
occupying the lattice of the hydrate, which increases the average distance between the two
molecules. However, at higher temperatures, the peak reduction indicates the dissociation
of the hydrate structure due to an increase in thermal energy in the molecules. As the
temperature increases, molecules vibrate by gaining energy, and this elevated energy
facilitates the dissociation of hydrates. This directly affects the stability of the structure.
The lower peak indicates that both guest and host molecules leave the original position to
form two separate phases. The second and third peaks at 4.57 and 6.56 A. almost disappear,
respectively indicating the complete dissociation of the hydrate structure. Due to

dissociation, there is an increase in water disorder, from solid to liquid.
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Figure 5.3: Plots of RDF at 10% concentration of ethylene glycol. (a) oxygen-oxygen of

hydrate (b) carbon-carbon of methane
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Figure 5. 4: RDF at 10% concentration of ethylene glycol (a) carbon-carbon of CO> (b)
carbon (COz)-oxygen of water
The RDF of carbon-carbon of methane molecules is shown in Figure 5.3(b). The
graph shows the highest peak at 300K indicates more water dispersed i.e. due to the
dissociation of the hydrate structure at higher temperature, more molecules escape from the
rigid structure to two different phases. As the temperature increases, the molecules vibrate,
gaining kinetic energy. Hence, dissociation of NGH takes place. Figure 5.4(a) shows the
RDF of carbon of carbon-carbon of carbon dioxide. The primary peak can be seen at 4 A.
This indicates the distance between two carbon molecules of CO». In this graph, the RDF
peak reduces as the temperature increases. This indicates there is 4 A is the distance
between two carbon molecules of CO». As the temperature rises, dissociation occurs. This
indicates that at higher temperatures, the probability of finding methane and water
molecules becomes less, hence it can be said that at higher temperatures, the hydrate
structure is not stable, and hence dissociation of the hydrate takes place. This indicates that
more methane molecules are escaping from the lattice of the hydrate structure. The lower
the temperature, the higher the probability of methane being found. This verifies that at
lower temperatures, the structure is stable and is thus too tough to dissociate [246].
In Figure 5.4(b) c-o RDF of carbon of CO; and oxygen of hydrate, it can be

observed that there is a rapid increment in the RDF values with the temperature. This
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denotes that at higher temperatures, there is a probability of the CO, molecules forming
clusters once they escape from the hydrate cage, making hydrate dissociation rapid. The
second peak is around 6.61 A, which is the distance between two CO2 molecules in the
nearest cage. On temperature increase, the second peak moreover increases, portending the
escape of CO; from the structure. These escaped CO2 molecules form a cluster at 4.1 A.
From these results, it can be observed that as temperature increases, the first peak increases
and the second peak decreases (almost disappears) for C-O, indicating the complete hydrate
dissociation in the system [152].

5.3.1.2. Effect of ethylene glycol concentration on Hydrate structure

Figure 5.5 illustrates the RDF at 285.15K with the variation of concentration. Figure
5.5(a) is the carbon-carbon RDF of methane. There is a decrease in the peak of RDF as the
concentration increases. Since the concentration of the ethylene glycol increases, it breaks
the hydrogen bond of the hydrate, making its structure weak. The guest molecules escape
as the structures weaken. Hence, at 15% fewer water molecules will be found as compared
to 10% or less. With 0%, the RDF was 8.14. Since 15% ethylene glycol injection reduces
the RDF value to 4.7, observations indicate that hydrate dissociation increases with an

increase in concentration, something which is also observed in previous studies [152].
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Figure 5. 5: Plots of RDF at 285.15K. (a) carbon-carbon of methane (b) oxygen-oxygen of

water
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Figure 5.5(b) indicates the RDF of oxygen-oxygen of water molecules. Since the
concentration increases, more water molecules are found forming a cluster. This happens

because of the structural failure of the hydrate. This also verifies that as the concentration

increases, the hydrate dissociates rapidly.

Figure 5.6: Final configuration of simulation box of 10% ethylene glycol at (a) 270.15 K,
(b) 275.15 K, (c) 280.15 K, (d) 285.15 K, and (c) 300 K

5.3.2.  Mean Square Displacement (MSD)

MSD is another parameter that analyses the dynamic property of molecules present
in the system. It determines the average displacement of an atom, which is a function of
time. It also explains the diffusion of molecules [152]. In MSD, each molecule’s motions
are separately modelled within the structure. It is defined as the average square
displacement of a molecule from its original position over a given time. MSD moreover
provides information about the diffusivity of the guest molecules within the hydrate [152].
It is essential to understand the behavior of these gases to develop the technology to extract

them from hydrate reservoirs. The MSD can be expressed by the following equation [277]
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N
MSD = %Z(IRi(t) — R(t,)) (5.2)

Where N is the total number of particles, R;(t) is the position of the particle at time

t, R;(ty) is the initial position of the particles.
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Figure 5.7: Plot of MSD of 10% concentration for (a) methane (b) CO>
5.3.2.1. Effect of temperature

Figure 5.7 (a) shows the MSD of methane gas in the system; it is evident that at
lower temperatures, the MSD changes very little. This means that the methane is still
trapped inside the clathrate, and hence the hydrate structure is stable. At lower
temperatures, initial MSD is very low, indicating the host molecules are still trapped inside
the lattice of the hydrate. At lower temperatures, the molecules vibrate at their original
position as they do not get enough energy to dissociate, making the structure stable. The
order of MSD 1is 300K>285.15K>280.15K>275.15K>270.15K. As the temperature
increases, the first breakage of the hydrate structure occurs around the phase
boundary/interface between the solid and liquid. Then it extends toward the simulation box.
It is seen from the graph that 300K has a higher MSD. The higher the temperature, the more
the MSD, as the dissociation is faster.

Figure 5.7(b) shows the carbon dioxide MSD, which is in line with previous results.

Here, the MSD of the system rises slowly initially, however after a period, it rises sharply
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with an increase in simulation time. This indicates that the carbon dioxide entrapped inside
the confined state changes to the free state, as the hydrate dissociates. MSD at higher
temperatures is higher; it is easier for the carbon dioxide molecules to escape from the rigid
hydrate structure. The movement of the molecules is due to the mass transfer in the gas
hydrate; this happens due to the diffusion mechanism [152]. The diffusion coefficient of
hydrate is a complex phenomenon mainly depending on the composition and condition of
the hydrate. Temperature is also an important factor, as the temperature rises, the mobility
of the guest molecules increases (Figure 5.6).

5.3.2.2. Effect of concentration
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Figure 5.8: Plot of MSD of 285.15 K for (a) methane, (b) CO> at various concentrations

The MSD of methane is shown in Figure 5.8(a), which moreover indicates that as
the simulation time increases, MSD rises slowly and then rises very sharply. The MSD of
the 10% system was the highest. Figure 5.8(b) shows the MSD of CO2 molecules for
different concentrations. The graph clearly shows that as the concentration increases, the
MSD in addition increases. With the increase in simulation time, the MSD initially rises
slowly till 100 ps, then the rise is quick. The reason for less MSD in the initial stage is that
the carbon dioxide molecules are still vibrating and trapped inside the lattice of the hydrate.
As the dissociation happens, these molecules escape, giving the higher MSD into the

simulation box (Also evident in Figure 5.2). The MSD is higher at 10% V/V, which means
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that the solution having 10% EGY in the system dissociates the hydrate faster. It is evident
from Figs 5.8(a) and (b) that the 10% ethylene glycol system was higher, indicating the
decomposition of the hydrate in that system was faster. The conclusion obtained from this
is that 10% of the ethylene glycol system had more impact on the dissociation of the
hydrates. From these observations, it can be observed that ethylene glycol helps in breaking
the hydrogen bond of the hydrates and affects the mass transfer of the carbon dioxide
molecules.
5.3.3. Total Energy

Total energy analysis of the hydrate structure during the phase change transition of
the hydrate stability, and how the gas and liquid interaction takes place. The total energy is
simulated as a function of time [152]. Hydrate dissociation is an energy-absorbing process
because it is an endothermic reaction. As the methane and carbon dioxide escape from the
hydrate, the structure completely dissociates. Hence, the total energy tends to stabilize with
time. The faster the scale of dissociation, the peak will be reached faster, as moreover
observed in previous works [152]. The speed of these dissociations can be tracked by the
total energy throughout the simulation time. Figure 5.9(a) and (b) show the total energy
with various concentrations and temperatures, respectively. Figure 5.9(a) shows the total
energy at 10% concentration at various temperatures. Here, figures suggest that as the
concentration increases, total energy also rises with simulation time, indicating the
dissociation of the hydrate. As the ethylene glycol concentration increases, the hydroxyl
group present in it breaks the hydrogen bonds of the hydrate to destabilize the structure.
This destabilization helps in faster dissociation [278]. Moreover, some of the hydroxyl
groups form hydrogen bonds with water molecules [152]. This ultimately helps in
completely dissolving the hydrate structure. Increased concentration helps more rapid

dissociation. This results in faster braking of the hydrate structure. Once the structure is
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unstable, the guest molecules escape from the lattice, forming clusters of guest molecules.

Hence, it can be said that the presence of ethylene glycol influences the dissociation rate.
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Figure 5.9: Observations of the total energy of the simulation box (a) at 10% concentration
(b) at 285.15 K

Figure 5.9(b) illustrates the effect of temperature. As the temperature increases, the
total energy takes very little time to reach the maximum value. This is due to the kinetic
energy of the molecules increasing as the temperature increases [152]. This makes the
structure vulnerable to dissociation and releases the guest molecules. The graph indicates
that the total energy increased rapidly from 0.04ps to 1ps. As the energy increases, this
helps the breaking of the hydrogen bonding in the hydrate, starting the dissociation process
instantly. The structure remains stable approximately till 0.04ps. Between 0.04ps to 1ps,
the total energy increases rapidly. During this time, the hydrate structure breaks and forms
two distinct phases (liquid and gas). As the structure dissociates, the total energy becomes
stable. After 1ps, there is no change in total energy, indicating the system is stable; no
further hydrate structure is left for dissociation. From the values of total energy, it can be
understood that as the temperature rises, dissociation occurs rapidly. The total energy

increases and becomes constant, which shows that the system has reached equilibrium

[152].
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5.3.4.Diffusion Coefficient

The diffusion coefficient is defined as the average MSD at a certain point in the
simulation box at a certain temperature and/or concentration, and is a measure of the pace
of amolecule’s diffusion in a medium [ 152]. Hydrate dissociation can be quantified through

the diffusion coefficient; the equation for the same is provided by [147]
6Dt = MSD (5.3)
Where D is the diffusion coefficient, is the simulation time and means squared
displacement. Table 5.2 summarizes the diffusion coefficient of water and carbon dioxide
at various temperatures and concentrations. The table indicates that the diffusion coefficient
of 270.15K & 275.15K is a deficient value of diffusion coefficient, this is due to the guest
molecules moving and vibrating inside the hydrate cage structure without dissociating at
this temperature. As the temperature increases, the hydrate structure breaks and hence rises
in the diffusion coefficient. The dissociation takes place at the interface of solid and liquid.
A liquid film will form near the interface. The higher the concentration, the more will be
the thickness of the layer. This will affect the diffusion of the guest molecules. It is to be
noted that the dissociation happens more in 10% V/V ethylene glycol solution as compared
to 15% V/V solution. The diffusion coefficient is a function of time; thus, it needs to be a
simulation decomposition process. The dissociation hydrate structure can be explained by
the diffusion coefficient of methane and carbon dioxide at different points in the simulation

box. Diffusion coefficient obtained from the velocity auto-correlation function.
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Table 5.3: Diffusion coefficients of methane and carbon dioxide molecules

Concentration of T (K) Methane diffusion Carbon dioxide
ethylene glycol coefficient (x107° cm?/s) coefficient (107 cm?/s)

(o)

2.5 270.15 0.593 0.587
5 0.632 0.586
10 0.683 0.687
15 0.662 0.427

2.5 275.15 1.165 0.565
5 1.225 0.830
10 1.242 0.907
15 0.775 0.775

2.5 280.15 1.234 0.900
5 1.359 0.964
10 1.355 1.024
15 0.950 0.944

2.5 285.15 1.294 1.147
5 1.360 1.210
10 1.711 1.299
15 1.175 1.282

2.5 300 3.947 1.901
5 4.392 2.916
10 4.506 3.290
15 4.358 3.013

5.4. Conclusion and Summary
In this study, MD simulations were explored to quantify the dissociation of both CO»-
CHj4 hydrate cages in the presence of ethylene glycol. Uniquely, these investigations were

performed for a system that contains both methane and carbon dioxide gas hydrates, to
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better mimic a natural hydrate accumulation undergoing carbon sequestration and methane
recovery. These simulations were performed using Gromacs. The NPT (isobaric
isothermal) ensemble was performed to understand the hydrate stability and dissociation
process. The simulations were run at different concentrations (0%, 2.5%, 5%, 10% & 15%)
and temperature (270.156K, 275.15K, 280.15K & 285.15K) to better mimic the field
conditions. The RDF and MSD were used to study the dissociation process, as these help
in quantifying the dissociation of the hydrate structure. Next, the Diffusion coefficient was
analyzed to understand the molecular diffusion in the system. From the results of the RDF,
it was observed that the methane curve decreases as the temperature increases, indicating
the unstable structure of the hydrate. The RDF of carbon dioxide with water shows an
increase in peak, indicating the dissociation of the structure [279]. Similarly, the peak of
methane in water reduces with an increase in temperature, which shows that the methane
gas has escaped from the lattice of the hydrate structure. RDF curve of carbon-carbon
shows a change in peaks, indicating an unstable structure and pointing to the dissociation
of the hydrate structure. It is also to be noted that the width of the curve increases. This
verifies the dissociation process. The MSD and diffusion coefficient also increase with
time, indicating the dissociation process [279]. The results illustrate that the optimum
concentration of ethylene glycol in this simulation system is 10% V/V for both CO; and
CH4 hydrate dissociation when they coexist in the simulation system. The findings provide
a very excellent knowledge of how ethylene glycol interacts with both CO> hydrate and
CHg hydrate at the molecular level. It will aid in the creation of new hydrate inhibitors and
their optimization for use in flow assurance applications and the extraction of methane gas

from hydrate reservoirs.
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Chapter 6: Impact of single-step SiO2 nanofluid on the kinetics of CO2 Hydrate

formation Relevant for Carbon Capture and Storage

Abstract

Increased greenhouse gases (GHGs) emissions have led to global warming, and the
adverse effects of increased atmospheric CO> concentration on the entire ecosystem
necessitates the rapid development of carbon capture and storage (CCS) solutions. Out of
many initiatives, capturing and storing CO; in hydrate form seems attractive as it can ensure
long-term storage. The process kinetics are, however, slow, necessitating the development
of additives/methods to accelerate the hydrate formation. Metallic nanoparticles (NPs)
stand out as promising due to increased surface area, enhanced heat, and mass transfer.
Literature regarding the effect of the single-step nanoparticles on the hydrate formation
kinetics is scarce. This study investigates the impact of nanofluid solutions containing
single-step SiO2 NPs on the CO> hydrate formation kinetics and the storage capacity, crucial
for CCS applications. Single-step SiO2> NPs (~5 to 150 nm) were synthesized through the
sol-gel process, and stability studies were conducted. Different nanofluid solutions were
considered in this study (20, 40, and 100 % v/v in the aqueous phase, each with three
different NPs concentrations of 0.5, 1.0, and 1.5 wt% SiOa. It was observed that increased
NPs concentration in the nanofluid up to 1 wt% resulted in an enhanced CO> capture
capacity due to a higher available surface area for CO; absorption, and interfacial area for
mass transfer through the gas-liquid interface. Additionally, at the same NPs concentration,
the CO; hydrate formation kinetics is enhanced due to heat-mass transfer, surface area and
system homogeneity. Further increase in the NPs concentration (> 1 wt%), hindered the
hydrate formation kinetics due to nanoparticles agglomeration and development of

heterogeneity in the system. It can be concluded that a nanofluid with a higher (optimum)

135



concentration of single-step SiO> NPs is more effective (as promoters) for CO; hydrate
formation kinetics and the storage potential

6.1. Introduction

Climate change is one of the most significant concerns in the 21st century. Increased
fossil fuel consumption has led to a significant rise in greenhouse gas (GHG) emissions,
raising the earth’s average surface temperature and endangering the lives of all living
beings. Of all the greenhouse gases, CO» is the major contributor [280]. Based on the annual
National increasing carbon dioxide (CO.) level in the atmosphere and the resultant global
climate change concerns have intensified the search for effective al the Oceanic and
Atmospheric Administration (NOAA) report, the average annual atmospheric CO;
concentration rose to ~419.3 ppm in 2023 [281] due to ~36.6 billion tonnes CO> emission.
The oil and gas industry is a major contributor to the GHG emissions, with up to ~5.1
billion tonnes (gigatonnes or Gt) COz-eq in 2022 (~66.7% through crude oil and the rest
through natural gas), which is just below ~15% of the total energy-related GHG emissions
[282]. The annual rate of rise in CO2 concentration in the past 60 years has been more than
~100 times the previous natural causes [281]. With the current rate, the threshold of ~1.5°C
is likely to be crossed by 2030 [283]. This will lead to rising sea levels and unpredictable
weather, disturbing the entire ecosystem [284]. Ocean acidification is seen as the major
culprit behind the disruption in the ecosystem. Oceans have absorbed enough CO2, resulting
in a reduction of pH by 0.1 (equivalent to 30% increase in acidity) [281].

As evident from the above discussion, reducing the atmospheric CO; level is a
pressing issue that would ultimately help improve environmental, social, and economic
aspects in the long run. Climate change was first addressed in 1992 at the UN Conference
on Environment and Development by adopting the “United Nations Framework

Convention on Climate Change (UNFCCC)” [285]. Since then, mitigation strategies for
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the increased anthropogenic CO, concentration have drawn wide attention from the
research and industry communities. Another crucial initiative in this regard is the “Paris
Agreement” or the UN Climate Change Conference (COP 21) in 2015, which aims to limit
the global temperature below ~2°C, compared with the pre-industrialization level [286].
India’s cumulative CO2 emissions (1850 - 2019) amount to less than 4 % of the world from
the pre-industrial era. India launched the National Action Plan for Climate Change
(NAPCC) in 2008 to mitigate and adapt to climate change, consisting of various missions,
some of which focus on renewables, sustainable habitat and agriculture, and enhanced
energy efficiency. In addition, India has adopted a net-zero emissions target by 2070. Even
the aggressive COz reduction measures could take ~ 80 or more years to limit to 1.5°C
[287], highlighting the severity of the issue.

One of the ways to mitigate the increased atmospheric CO> level is carbon capture
and storage [280], which essentially aims to reduce CO> discharge into the environment.
The approach involves three stages: a) CO: capture from a large point source; b) Treatment
and transportation to a long-term storage location; c¢) injecting it into the site for long-term
sequestration. The geological storage of CO: can be realised through various trapping
mechanisms, including structural, mineral, residual, and solubility trapping [288,289]. For
facilitating carbon capture and storage, various materials (absorbents) have been used by
industrial processes, including amines [290], zeolites [291], metal-organic frameworks
[292], and solid absorbents [293]. Compared to solid absorbents, storage of this CO> can
be maximized if it is injected in the sub-surface geological formations, which include
depleted oil and gas reservoirs, saline aquifers, deep coal seams, and hydrate deposits [294—
297] Worldwide efforts have been encouraged in recent years by the sequestration of CO».

A promising way of storing COz is through solid clathrate hydrates in subsurface

environments (discussed previously), where it can be stored for a longer period, resulting
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in less greenhouse gas emission [298]. A cubic meter of gas hydrate can hold ~160-180
cubic meters of gas at standard temperature and pressure [106,299]. CO> hydrate
CO2-nH>O0 consists of 46 H>O molecules and up to 8 CO2 molecules (assuming a complete
cage occupancy, which has been hypothesized at sufficiently high pressure) [300,301]. The
formation of CO; hydrate has been studied by NMR spectroscopy [302,303], Neutron
diffraction [304,305], and X-ray diffraction [306]. The complicated mechanism involving
heat and mass transfer at low temperatures and high pressure limits the creation of CO»
hydrate. As a result, a significant amount of energy is used in the cooling and pressurization
process, apart from other challenges, such as low rates and low gas consumption. Hence,
developing efficient and low-energy capture is necessary to overcome these challenges
[307].

Various methods have been used to facilitate hydrate formation, viz. agitation,
spraying, and bubbling [208-210,308]. These processes are relatively expensive on an
industrial scale. So, various additives (thermodynamics and kinetics) have been explored
as a possible CO; hydrate storage solution [309]. In literature, thermodynamics additives
like tetrahydrofuran (THF) [310], tetrabutylammonium-bromide (TBAB) [311],
cyclopentane (CP) [312] were used to form hydrate at increased temperature and reduced
pressure. Kang et al. [211] investigated the impact of 1-3 mol% THF on the phase
equilibrium of CO2/N2 gas. The results concluded a shift in the phase equilibrium to higher
temperature and lower pressure. It is also noted that introducing 5.56 mole% of THF
inhibits the hydrate formation. Li et al. [313] and Fan et al. [314] examined the effect of
TBAB and CP on CO> hydrate, respectively, and both reports reduced energy consumption
and enhanced hydrate formation kinetics. Kinetic additives such as sodium dodecyl sulfa
te (SDS) [176,315] decrease induction time with an increase in gas storage capacity by 14

times. Nahri et al. [220], explores SDS with an increase in 70% of induction time and 160%
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mole consumption during hydrate formation. Cetrimonium bromide CTAB [174,186,316]
moreover increases the hydrate promotion. Chemical additives lower the gas-liquid surface
tension and quicken the guest molecule's dissolution, thus increasing gas consumption.
Ganji et al. [216] have examined CTAB, and their results conclude that 1000 ppm works
better than other concentrations. The impact of CTAB along cooper NPs was investigated
by Pahlavanzadeh et al. [186], who found that higher concentrations of CTAB had a greater
effect on the process of hydrate formation. Using larger quantities of this surfactant is toxic
[219]. As a result, their use should be kept to a minimum, with any remaining impact being
offset by the employment of another qualified promoter.

Adding nanoparticles (NPs) is a new trend in hydrate-based CO; capture. NPs have
a large surface-to-volume ratio, aiding in the COz absorption. Moreover, these NPs are
metallic and conductive. Since these NPs are in a metallic form, they enhance the hydrate
formation kinetics due to enhanced heat and mass transfer, for example, Cu NPs [181].
Sloan and Koh [17] and Zhou et al. [185] have examined the effect of graphite NP in gas
hydrate formation and observed an enhanced hydrate formation tendency (~81 % reduction
in induction time). Park et al. [177] highlight the impact of carbon nanotubes on the volume
of hydrate storage and induction time. The results indicate a ~300% increase in the volume
of stored gas. Arjang et al. [178] and Dongliang et al. [183] have used silver nanoparticles
(75nm size) and carbon nanotubes (20nm size) for faster hydrate formation, respectively.
Najibi et al. [ 180] noted that the heat transfer rate is increased by introducing 40 nm copper
NPs into the system, which ultimately results in more gas consumption and storage
capacity. Kumar et al. [227] explored the L-arginine as a promoter in the methane hydrate
system. The primary finding indicates that NPs' high surface energy was a crucial
characteristic in the promotion of gas hydrate. Apart from all these advantages, there is one

major disadvantage of using these NPs: they tend to agglomerate and settle when mixed
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externally [228,317], thus necessitating their synthesis. These NPs are aqueous phase by
adding the precursor and accelerator while adjusting the pH and temperature. These are
called single-step NPs, which have a more controlled particle size distribution and are
agglomeration-free, resulting in enhanced heat and mass transfer, crucial for hydrate
formation. However, the data regarding the effect of single-step nanoparticles on the
hydrate formation is scarce, which is the focus of this investigation.

In this research paper, we have studied the impact of different nanofluid solutions
containing single-step silica NPs on the CO2 absorption and the hydrate formation kinetics.
Single-step SiO2> NPs (varying sizes of 5 to 150 nm) were synthesized through a sol-gel
process, and stability studies were conducted. Different nanofluid solutions (20, 40, and
100 % v/v nanofluid) were synthesized with three different NPs concentrations of 0.5, 1.0,
and 1.5 wt% of SiO;. The parameters, such as moles of gas consumption and storage
capacity were determined at ~275.15 K temperatures and ~3.5 MPa, and the results were
compared for hydrate storage applications.

6.2. Materials and Methods

6.2.1. Materials

Ammonium hydroxide and tetraethylorthosilicate (TEOS) were sourced from Sisco
Research Laboratories Pvt. Ltd., while Sigma Ltd. (India) provided Polyacrylamide (PAM),
the base solution for the preparation of nanofluid. Ethanol was procured from Changshu
Hongsheng Fine Chemical Ltd., China. The DI water for nanofluid preparation was
obtained from Millipore® Elix-10. For CO,, a stainless-steel cylinder 47.6 litres
(Purushottam gas suppliers, India), equipped with a pressure regulator, was used. D-Lab
magnetic stirrer (model no MS-H280-Pro) was used for mixing and preparation of NPs.

Table 6.1 provides the list of chemicals use in this experiment.

140



Table 6.1: Chemical details used in the experiment

Chemical Name Name of the company CAS number Purity
Ammonium hydroxide SRL chemical 1336-21-6 99.9%
Tetraethylorthosilicate SRL chemical 78-10-4 98%

(TEOS)

Ethanol Changshu China 64-17-5 99.9%
Polyacrylamide (PAM) Sigma-Aldrich 9003-05-8 98%

CO, gas Sigma 75-21-8 99.9%

6.2.2. Nanoparticle preparation and characterization

Sol-gel method was used for NPs preparation. The first step was the base fluid
preparation (1000 ppm of PAM in 1000 mL of DI water). In the second step, 80 mL of PAM
solution was added to 20 mL of Ethanol in a dropwise manner at 800 rpm for 100 min.
Next, 3mL TEOS was added to the solution dropwise for another 250 min. In the final step,
a certain amount of ammonium hydroxide was added to the solution and further stirred for
100 min. The appearance of white precipitates confirmed the NPs formation. NPs zeta
potential measurement and particle size distribution were obtained from DLS measurement
(SZ-100, Horiba Scientific, Singapore).

6.2.3. Hydrate formation studies

6.2.3.1. Experimental setup for hydrate studies

The hydrate setup (shown in Figure 6.1) consists of a SS-316 stainless steel stirred
reactor with ~250 mL volume, a syringe pump, and a water bath (D-cam Engineering,
Ahmedabad). The reactor is made of SS316. The reactor is equipped with a pressure
(HD20VA4T, Delta Ohm, Italy, £0.01 MPa accuracy) and two PT-100 temperature sensors

(£0.01 MPa accuracy) with an operating range of 0.05-120 MPa and 250-400 K,
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respectively. The experimental temperature is maintained by circulating a glycol-water

mixture through the reactor water jacket (with the help of a water bath).

N

4
oe ==9==1 Water bath
Syringe -0 —%
pump ==/

€O, eylinder Hydrate reactor
Figure 6.1: Schematic diagram of the hydrate system

6.2.3.2. Experimental procedure for hydrate studies

Before every experiment, the reactor is rinsed clean with DI water. The required
amount of aqueous solution is then injected into the reactor, and it is closed tightly,
followed by a leakage test. The reactor is purged 3-4 times with the hydrate former gas
(COy) at a low pressure of 0.1 MPa. After injecting CO; at the desired pressure (~3.5 MPa),
the stirrer is switched on and set at 500 rpm (maintained throughout all experiments),
ensuring minimum possible heat and mass-transfer resistance through the hydrate
formation. The hydrate nucleation was indicated by a temperature increase (exothermic
nature of hydrate formation) and a corresponding sudden pressure decrease (CO»
consumption during hydrate formation). The data logger records the data every 10 sec. All

the experiments are performed three times for repeatability. The fresh sample is introduced
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in each experiment into the autoclave for repeatability. This was done to eliminate the
memory effect of the gas hydrate. The obtained temperature and pressure data through
SCADA software are used to calculate all the necessary parameters, like induction time,
rate of gas consumption, and moles of consumption.

6.2.4.CO; absorption experiment

CO» gets trapped inside the nanofluids, which have been investigated by the same
setup as used in hydrate formation experiments (Figure 6.1). After injecting the required
solution and applying the pressure at 3.5 MPa (with the help of a syringe pump), the stirrer
is switched on. As the CO> gets absorbed into the solution, pressure reduction ensues, which
continues till the equilibrium pressure indicating no further absorption. This CO»-entrapped
solution is taken out of the autoclave for further analysis. The molality is calculated by

following the equation [318]

_Pngc
nabs = hco: __ Zeo R (6.1)
2 nby PeVeen — Vi)
Z¢o,RT;

When i and frepresent the initial and final value corresponding value. P is pressure, T
is temperature, R is the gas constant, and Z is the compressibility factor. nggz 1s the COz
moles absorbed. Ve, Vyr and Vg is the volume of the gas, the volume of the nanofluid,
and the volume of the cell, respectively.

6.3. Results and discussion

The kinetic effect of single-step silica nanofluid on carbon dioxide hydrate formation
was studied in the research paper. Hydrate was synthesized with varying nanofluid
concentrations to find the gas consumption, gas consumption rate, induction time, and

storage capacity. Moreover, the nanofluid's stability and size were explored in this study.
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6.3.1.Stability and DLS measurements

Upon preparation, each sample of nanofluids was kept in a transparent cell culture
tube undisturbed for 45 days (see Figure 6.2). It is clear from the figure that with time, there
is a slight settlement of NPs at the bottom of the cell culture tube. It can be observed that
the sample S3 has a higher settlement than S| and S,. Table 6.2 illustrates the zeta potential

and particle sizes of the synthesized nanofluids.

Figure 6.2: Actual image of synthesized nanofluids in the lab (a) 0 day (b) 30 days

Table 6. 2: DLS measurements of synthesized nanofluids at room temperature

Sample name Nomenclature Zeta Potential (mV) Particle size (nm)

0 days 30 days 0 days 30 days

DI water So NA NA
0.5 wt% (Si02) Si -56.1 -42.4 21 38
1.0 wt% (Si0») Sy -41.3 -31.6 46 61
1.5 wt% (Si0») Ss3 -64.1 -47.7 86 104
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The measured zeta potential for S; (0.5 wt% of SiO2 NPs) is around 56.1 mV on the
day of preparation, and for samples S, and S3, itis ~ 41.3 mV and ~64.1 mV, respectively.
This value is well above the unstable value between 30 mV to -30 mV [319]. As time goes
by, the zeta potential changes. This is due to NPs present inside the sample getting
agglomerated, forming a large cluster of NPs, reducing the overall stability. Experiment
data indicate small changes in the zeta potential after 30 days. Si has ~42.4 mV, whereas
S> and S3 have ~31.6 mV and ~47.7 mV, respectively. The particle size distribution is an
indicative of sample stability. NPs in Si, Sz, and S3 have an average particle size of 21 nm,
46 nm, and 86 nm, respectively. After 30 days, the particle size increases, indicating the
NPs inside the system agglomerate and increase its size to 38 nm (S1), 61 nm(S2), and 104
nm(S3).

6.3.2. CO> absorption results with NPs
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Equlibrium pressure (MPa)
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Figure 6.3: Molality results of CO; for all synthesized nanofluids (S1, Sz and S3) at room
temperature different equilibrium pressure

CO; absorption results (equilibrium pressure vs molality) for the three nanofluids
(S1, S2, and S3) are shown in Figure 6.3. It is observed that as the concentration of NPs

increases (from S; to S3), CO; absorption increases significantly (19.6% and 44.1% for S»
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and S3, respectively, compared to Si. Nanofluid exhibits higher CO, absorption than pure
water [320], due to factors such as higher surface area, enhanced mass transfer, etc. Higher
surface area leads to more contact of CO, with the aqueous phase, leading to faster
absorption [321]. Nanoparticles moreover enhance the mass transfer properties [235],
leading to more CO> molecules being transferred from the gas phase to the liquid phase.
These NPs act as surfactants and can also prevent the agglomeration of gas bubbles, helping
to maintain a high interfacial area between two phases and promoting CO> absorption
[322]. Combining all the parameters, it can be said that CO» absorption is better compared
to pure water.

6.3.3.COz hydrate formation kinetics in the presence of NPs
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Figure 6.4: Pressure vs Temperature profile of the 0.5 wt% (S7) Nanofluid

Figure 6.4 indicates the pressure and temperature variation through the hydrate
formation experiment (3.5 MPa and 275.15 K), starting from injection to steady-state
pressure and temperature with 0.5 wt% concentration S7 (40% Nanofluids + 60% DI water)
along with time at 3.5 MPa pressure and 275.15 K temperature. As observed in the figure,

the CO» hydrate system is divided into three stages: dissolution, growth, and stabilization.
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In the Dissolution stage, the CO» gas is absorbed into the aqueous solution as indicated by
the reduced pressure (~1 MPa within ~139 min). However, the temperature remains almost
constant throughout the first stage. Hydrate nucleation theory [90] states that during the
first stage, recurrent formation and dissolution of unstable water clusters happen
simultaneously, which does not affect the system’s temperature. In the next phase (~139
min), a sudden spike is observed in temperature (exothermic hydrate formation nature)
along with a corresponding pressure reduction (gas consumed in hydrate formation) due to
hydrate induction. As soon as the induction time is achieved, rapid hydrate formation and
gas consumption take place, resulting in a decrease in the pressure profile. As the hydrate
formation proceeds, the driving force as well as mass transfer between gas-liquid reduces
due to a decrease in the pressure (~0.15 MPa). After ~179 min, pressure and temperature
have been observed to reach a steady state, indicating a hydrate saturation in the system.

Table 6.3: Induction time for at 3.5MPa and 275.15K

Average Induction

Aqueous phase Nomenclature Induction time
time
197.5
DI Water So 166.3 175.4
162.4
63.8
S1(0.5 wt%) 48.2 51.1
100% Nanofluids
41.3
Sa2(1.0 wt%) 40.4 36.3
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20% Nanofluids +

80% DI water

40% Nanofluids +

60% DI water

S3(1.5 wt%)

S4(0.5 Wt%)

Ss(1.0 wt%)

Se(1.5 wt%)

$7(0.5 wt%)

Se(1.0 wt%)

30.8

38.6

46.2

45.8

42.4

154.6

141.3

143.0

124.4

117.1

93.9
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120.1

139.5
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103.7

83.0
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Figure 6.5: Induction time for synthesizing NPs concentration-wise

Figure 6.5 and Table 6.3 show the average CO> hydrate induction time for all systems.
It is evident that as the concentration of the NPs increases, the average induction time first
reduces for systems with 1 wt% NPs before an observed slight increase for 1.5 wt% case.
From Table 6.3, there is an observed decrease in the induction time of ~70.9%, ~79.3%,
and ~74.4% for Si, S, and S; samples, respectively, compared to pure water. A decrease in
induction time indicates fast heat and mass transfer within the system. As explained earlier,
metallic NPs have higher thermal conductivity which enhances the heat transfer during
hydrate formation. Additionally, an increased surface area enhances the hydrate nucleation.
They moreover enhance the mass transfer required for forming hydrate [235]. The reason

for the increase in the induction time from 1 to 1.5 wt% is due to the fact that after the
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optimum concentration of the NPs, there is a particle agglomeration tendency which
hinders the formation of the hydrate in the system by making the system heterogeneous
[323]. So, it can be said that the optimum concentration is ~1.0 wt% for the temperature
~275.15 K. To verify the effect of NPs, several more experiments have been conducted.
The samples S4, Ss, and Se, have 20% (v/v) Nanofluid and 80% (v/v) DI water whereas S7,
Sg, and S¢ have 40% nanofluid and 60% DI water. Sample S4 has an average hydrate
induction time of ~146.3 min, Ss shows 111.8 min, and S¢ gives 129.6 min. For S7, Sg, and
S9, the average induction time varies from ~121.3 to ~84.6 and ~101.3 min. From Table
6.3, it can be concluded that as the NPs concentration increases, the average CO> hydrate
induction time decreases up to 1 wt%, followed by an increase for 1.5 wt%, probably due
to a less homogeneous solution of nanofluid in the system.
6.3.4.COz gas consumption during hydrate formation
The temperature and pressure were maintained at 275.15K and 3.5 MPa at 500 rpm.

The following equation is used to calculate the mol of CO; consumed in hydrate formation

A —1V( Fo Pt) (6.2)
eo: =RV \Z,T, T Z,T, '

where R is the universal gas constant, P and T are reactor pressure and temperature, Z
is the CO; compressibility (calculated by Peng-Robinson equation), and V represents the
gas phase volume above the solution. Subscripts ‘0’ and ‘t’ represent initial and elapsed

time from the hydrate induction.
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Figure 6.7: Final amount of CO> consumption for during 120 mins of hydrate growth
Figure 6.6 represents the mol of CO; consumption during the hydrate formation

(mol for all the systems. It is visible from the figure that the presence of NPs in the system
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has a positive effect on the amount of CO; consumption in the hydrate formation (reasons
explained in the previous section). The amount of CO> consumption for the initial time is
found to be approximately 0.041 mol for pure water. Figure 6.7 indicates the cumulative
gas consumption at the end of hydrate formation. The maximum gas consumption is
observed in the presence of 1.0 wt% (S2) concentration. This indicates as the NPs
concentration increases, more CO» gets absorbed inside the system, thereby enhancing the
chances of hydrate nucleation sites. Additionally, compared to pure water, Si, Sz, and S3
have an increased gas consumption by ~26.8 %, 48.8 %, and 36.5%, respectively. For other
samples like S4, it is found to be 0.043 mole. Similarly, for Ss and Se, the consumption was
0.441 moles and 0.435 moles of COz in the system. The mole consumption was 0.0464
moles, 0.0485 moles, and 0.474 moles for samples S7, Sg, and S, respectively. Heat and
mass transfer are crucial for hydrate growth. It is well established that NPs have a higher
surface area, resulting in increased mass transfer occurring between liquid and gas inside
the system. NPs increase the driving force during hydrate formation and hence lead to
higher mole consumption. Moreover, hydrate formation is an exothermic reaction. This
exothermic reaction can also affect the growth process of hydrate. The presence of NPs in
the system enhances heat transfer by extracting heat from the hydrate system effectively,

which enhances the exothermic reaction.
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6.3.5.Rate of hydrate formation
The equation used to calculate the rate of hydrate formation r(t) is given by

Mohammadi [198]

CHyi—1 — MCHy,i+1

r(t) =
t
(tis1 — tic1) Ny,

(6.3)

where n¢y, ;—1 is the amount of moles of carbon dioxide in the gas phase at t;_4
time. ncy, ;4118 the mole number of carbon dioxide in the gas phase at t;,; time. The
number of carbon dioxide moles is calculated by the real gas equation. ny,is the initial
mole of water.

Figure 6.8 shows the CO» hydrate formation rate of up to ~30 minutes (starting from
the induction point) for various systems. The main concentration of the formation is the
initial 30 minutes. The gas is rapidly trapped inside the hydrate crystal structure cavity as
the nucleation forms. Due to more nuclei formation, sudden nucleation occurs, resulting in
rapid gas consumption during this period [184]. As the hydrate continues to form, it gets
stable, and the rate of hydrate starts to reduce. The rate of hydrate changes faster initially,
then slowly within 30 minutes of the nucleation, thus accelerating the hydrate formation.
The same has been verified in the literature [324]. This promotes gas consumption. As the
NPs introduce the system, the gas consumption is higher than DI water. The rate of
consumption for pure water was found to be 0.089 mol/mol/min (fig 6.8 (a)). For example,
the initial rate of Si (0.5 wt%) of NPs was found to be 0.145 mol/mol/min. 0.187
mol/mol/min (fig 6.8(b)) and 0.161 mol/mol/min for S, (fig 6.8(c)) and S3 (fig 6.8(d))
respectively. Si, So, and S3 have increments of 62.9 %, 110.1%, and 80.9% than DI water’s
hydrate formation rate. It is also noted that as the concentration increases from 20 % to
40% to 100% the rate of hydrate formation increases. There is increase of 59.3%, 94.7%

and 73.1% of Si, Sz, and Sz than S4, Ss, and Se (fig 6.8(e-g)) respectively. Moreover,
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increment of 20.1%, 32.6% and 21.8% of Si, Sz, and S; than S7, Sg, and Sy (fig 8(h-j)).
Thus, an increase in the concentration helps in the faster formation of the hydrate.
Due to their nano size, these NPs are well dispersed inside the aqueous solution.
They are well dispersed and cover more surface area for nucleation formation. Fast heat
and mass transfer occur because of the high thermal conductivity of these NPs. This results
in a faster induction time and the formation kinetics. These NPs in addition reduce the gas-
liquid interface inside the reactor. This moreover helps increase the heat and mass transfer
across the interface, forming hydrate faster. Because of the nano size of the NPs, tiny gas
bubbles develop throughout the aqueous solution. These bubbles also help increase the gas
diffusivity at the interface. As gas diffusivity increases, gas consumption occurs faster.
6.3.6.COz storage capacity
The storage capacity of gas in the hydrate phase is the volume stored inside the solid

hydrate structure and is governed by the following equation [174,199]
AnRTgrp

SC = Pf}% (6.4)
STD is the standard condition (273.15 K and 0.1 MPa). Vy is the volume of gas hydrate.
Storage capacity is defined as the volume of the gas entrapped under standard conditions.
The results are described in Figure 6.9. It is clear from Figure 6.9 that, as the NPs
concentration in the system increases, the SC increases. The CO; storage capacity, as
calculated in the present study for pure water, is 12.8 v/v. For example, Si, Sz, and S; have
CO2 SC values 18.6, 21.3, and 19.1 v/v, respectively, giving an increase of 45.3%, 66.4 %,
and 49.2 %, compared to pure water. The general trend has been that within each aqueous
phase, NPs concentration of 1.0 wt% provides an enhanced COz storage capacity, compared

to the rest of the samples. The optimum concentration of maximum storage capacity is 1.0

wt%. The optimum. This result verifies that the nanoparticle contained in the aqueous
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solution stores more gas as compared to pure water. Hence, it can be said that NPs improve

the kinetic parameters of the gas hydrate.

24 75

| Storage capacity e
| —B— Percentage change in storage capacity P
22 -
]
— el
2
g

o~
S 20 . {50 &
3 : &
~

-
=18 Vn 5
= -
3 / &
g / \r 5
16 _ &l
) 25 o
. =
I =
= D)
© 14 1)
]
b =
[
o
12 A 0 s

S0 S1 S2 53 54 S5 S6 S7 S8 59

Samples

Figure 6.9: Storage capacity of different hydrates promoter formulations at 3.5 MPa and
275.15 K
6.3.7. Dissociation kinetics of the hydrate in the presence of NPs

The following equation is used to calculate the moles of CO2 dissociated in hydrate

formation

A —1V( Fo Pt) (6.5)
nco: TR \Z, T, Z,T, '

All symbols have usual meaning.
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Figure 6.10: Gas released during methane hydrate dissociation for (a) So, Si1, Sz, S3 and (b)
Sa, Ss, Se, S7, Sg and So samples

The hydrate was dissociated from 275.15 K to 290 K. The ramping rate was kept at
10 + 0.5 K/hr. Figure 6.10 shows the number of gas moles released per water mole. It is
clear from the figure that the maximum gas is released from the S, system. The figure
illustrates that as the concentration of the nanofluids increases, more moles of gas are
released from the hydrate. Figure 6.10 (a) explains the moles of gas released for So, S1, Sz,
and Ss. For pure water (So), it has slower dissociation among all the samples around 20
mins. Due to the presence of the nanofluid, the complete dissociation of hydrate in all these
samples are similar around 45-50 mins. As the temperature increases the system gets heat,
and the hydrate starts to dissociate. The nanoparticle present in the sample helps in faster
heat transfer within the system. Sample S> dissociation starts around 15 mins, and it
continues till 45 mins. Since more gas consumption takes place for the S, sample, it has
higher gas release during dissociation. Sz was followed by Si and Ss. For both S; and Ss,
the dissociation starts ~19 mins and 14 mins respectively. And dissociation for both ends at
50 mins. Figure 6.10 (b) illustrates for samples S4, Ss, S¢, S7,Sg and Se. The figure indicates
that the dissociation rate is faster than the previous corresponding sample when the
nanofluid concentration increases. Due to the presence of the nanoparticle in the system,

the dissociation occurs faster than in pure water. For Ss, the dissociation occurs between 15
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to 45 minutes. Dissociation starts around 20 mins both S4and S¢ & ends at approximately
50 mins. For, S7, Sg, and So the total dissociation occurs near 45 minutes. Hydrate
dissociates at a given temperature and pressure. Before that, the hydrate structure remains
stable. This is the reason why hydrate does not dissociate initial 15 mins. Once sufficient
temperature and pressure are reached, the hydrate structure starts to disintegrate. Hence,
the gas that is entrapped inside the solid structure escapes. This results in an increase of the
gas mole after 15 minutes. The gas escapes from the solid structure exponentially
throughout the next 50 minutes. Meanwhile, the gas release has not changed after 50
minutes, suggesting that the structure has dissociated completely.

6.4. Mechanism for the effect of NPs on the hydrate formation
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Figure 6.11: Schematic diagram mechanism of NP hydrate formation.

As discussed in previous sections, the system containing a single-step SiO2 nanofluid
enhances the CO; hydrate formation kinetics. As the nanofluid concentration increases up
to a certain optimum concentration, these NPs are uniformly dispersed in the aqueous
solution, making a heterogeneous solution. A uniform distribution allows for a larger

number of hydrate nucleation sites and reduced barrier energy for hydrate formation
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[325,326][326]. Figure 6.11 explains the mechanism of gas hydrate formation in the
presence of nanofluids. As the pressure and temperature for the hydrate condition are
achieved, the motor starts. Due to the motion, the pressure reduces inside the reactor as the
gas adsorbs inside the liquid NPs solution. This absorption happens because of the mass
transfer of gas into an aqueous solution. The presence of NPs drastically improves the heat
transfer, enhancing the hydrate formation kinetics. These NPs make for a heterogeneous
solution, forming more nuclei sites to start the nucleation process of hydrate growth. More
nucleation means faster hydrate growth. As the hydrate grows, CO> gets entrapped inside
the hollow cavity. Hence, the gas hydrate has wider applications from storage to
transportation and helps in carbon capture.
6.5. Conclusion and summary
The present study investigates the impact of single-step nano-fluids on the CO> hydrate
formation kinetics and the storage capacity, which are crucial for CO; capture and storage
applications. Nanofluids with NPs concentrations of 0.5, 1.0, and 1.5 wt% and varying sizes
between 5 to 150 nm were synthesized stability of the NPs was studied. The fresh sample
of nanofluids has more stability (time-dependent parameter) whereas with time, they
become less stable due to nanoparticle agglomeration. The kinetic parameters, such as
moles of gas consumed, rate of hydrate formation and storage capacity were determined at
~275.15 K temperatures and ~3.5 MPa. The following are the salient conclusions.
a) As the NPs concentration in the nanofluid increases up to a certain optimum
concentration (1 wt% for the present study), the enhanced CO: capture capacity
of the nanofluid is due to the high available surface area for CO2 absorption,

higher interfacial area for mass transfer through the gas-liquid interface.
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b) At the same optimum NPs concentration, the CO; hydrate formation kinetics is
enhanced due to enhanced heat-mass transfer, surface area and homogeneity in
the system.

c) As the concentration of NPs increases further (> 1 wt%), agglomeration of
nanoparticles hinders the further enhancement in hydrate formation kinetics due
to the development of heterogeneity in the system.

It can be concluded from this study that nanofluids with a higher (optimum)
concentration of single-step SiOz are more effective, concerning CO hydrate formation
kinetics and storage potential. They can be used as effective promoters for enhancing CO>
hydrate growth and storage applications. Developed and synthesized a new type of
nanoparticle that can promote hydrate more effectively. This includes exploring different
oxide and their surface modification to enhance hydrate formation and storage. Moreover,

combine this nanoparticle with a surfactant to improve nanoparticle effectiveness.
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Chapter 7: Conclusion and Summary

7.1. Conclusion and Summary

This chapter concludes the thesis by reporting both experimental and simulation results

of hydrate formation and dissociation. The conclusion is summarized below:

MD simulation is an excellent tool to explain the molecular-level interaction. MD
simulation helps in quantitative analysis using RDF and, diffusion coefficient. The
increase in concentration decreases the RDF value of carbon of methane, and
oxygen of water, indicating faster dissociation. Increasing the concentration of EGY
from Owt% to Swt% increases RDF of carbon of methane, and oxygen of ethylene
glycol. Similarly, the diffusion coefficient also increases from 0.2532 x 10 m?/s to
2.9031 x 10 m?/s for 5 wt%, 0.2396 x 10 m?/s to 2.8675 x 10 m?/s for 3.5 wt%
and 0.1570 x 10 m?/s to 2.8049 x 10” m?/s for 2.5 wt%. The total energy increases
as the concentration increases, showing a similar trend when the temperature.
When both CO; and CH4 hydrate as present in a system along with EGY, the
dissociation of both hydrate takes place faster at 1.0 wt% of concentration. This is
the optimum concentration for the given system. RDF and MSD follow the trends
that is given in the literature.

Hydrate formation is an exothermic reaction i.e. release energy during the
nucleation formation. Hence, heat and mass transfer is an important parameter in
formation and dissociation. Here, Nps comes into picture. NPs are a good thermal
conductor; size of the nanoparticles is nano (<100mn). Due to the presence of these
nanoparticles in the system, the system becomes heterogeneous, that helps in more
nucleation sites for hydrate growth. Hence, faster hydrate growth. Therefore, these
Nps can be used as a hydrate promoter. As the concentration of these nanoparticles
increases, it promotes faster hydrate formation. So, the concentration of these
nanoparticles plays an important role in hydrate growth.

The Nps (S102) used in this study are synthesized in the lab, with average size of
35nm to 150 nm. As the concentration increases form 0.5 wt% to 1.5 wt%, the
induction time increase and then decreases, indicating that 1.0 wt% is the optimum
concentration in the given system (100 mins lesser than DI water). 1.0 wt% is the
optimum concentration for storage capacity, CO2 consumption, rate of hydrate

formation.
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7.2. Future Direction
The experimental and simulation work for gas hydrate can be used for other gas
storage like hydrogen. As the experiments are not cost-effective, simulation can be
performed for various promoters and inhibitors. The simulation will give a better
understanding of the role of various promotors and inhibitors. Further, more studies can be
based on hydrate formation in porous media. Various low-cost alternative chemicals can be
used on an industry scale to maximize CO» capture and storage. This way, a wider scale

applicability can be explored
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