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1. Introduction

Gas hydrates are preferentially formed over hexagonal ice during water’s liquid-to-solid phase change in the presence of

a gas molecule dissolved in the water. As the phase change begins, water molecules self-organize into a crystal lattice via

hydrogen bonds, creating cage structures that can trap gas molecules found in solution . The presence of the gas

molecule in the cage stabilizes the lattice energy by dispersing van der Waals forces . The gas hydrate crystallizes out

of the bulk water system forming a particle mass, which continuously grows while conditions favor hydrate formation and

gas molecules are available. First formally described in 1811 by Sir Humphrey Davy , increased research motivation

came from the occurrence of gas hydrates in oil and gas industry applications identified in the early-mid 20th century .

Much of the research that followed focused on the prevention of gas hydrate formation and gave rise to the flow

assurance engineering discipline .

Recently, several process technologies involving the formation of gas hydrates have been proposed. They take advantage

of the physical properties of gas hydrates to help accomplish a process. The high gas-to-liquid volume ratio and the gas

selectivity that occurs as gas species are trapped in hydrate cages are two important properties leveraged by the

proposed technologies. These include pre- and post-combustion carbon capture from flue gas , gas storage and

separations , water desalination  and treatment , or even fruit juice concentration . These new

research interests have motivated the study of new gas hydrate promoter additives such as carbon nanofluids .

Additionally, many of the new process technologies mentioned above involve batch and semi-batch flow systems that are

found in (and near) gas hydrate formation conditions. These technologies would benefit from the rheological

characterization of gas hydrate systems in the pre-nucleation stage and during hydrate formation. System viscosity

information is critical in the design and control of such processes. To this end, rheological phase diagrams of methane and

carbon dioxide gas hydrates in pure water have been recently developed .

The thermal, mechanical, and interfacial properties of gas hydrates are crucial in expanding the description of gas hydrate

formation, as they help describe the structure’s interaction with the environment. These properties of hydrates have been

studied for sI and sII hydrates primarily, with sH hydrate studies more recently . For example, the

mechanical properties are critical to determining the strength and flexibility of the structure, and critically understanding

the effect of guests on these can determine how suitable the structure is to the desired application . For example,

the Young’s modulus, which is used to describe a structure’s resistance to deformation, was found to be highest for

nitrogen-neohexane sH hydrates , helping guide further work into the strongest structure. Interfacial properties have

also been studied recently to help clarify what exactly is happening at the atomic scale during gas hydrate formation 

. By developing correlations for the surface tension as functions of temperature, physical changes in gas hydrate

systems can be predicted prior to an application’s implementation, providing a foundation to the critical applications .

Other literature has also examined the use of certain surfaces to manipulate the nucleation interface for desired behavior

.

Gas hydrate inhibitor research has previously focused on thermodynamic inhibitors such as ethylene glycol or methanol.

However, thermodynamic inhibitors require high volumetric fractions in solution for effective inhibition. This imposes

economic and operational constraints as large volumes of inhibitors lower the volumetric transport capacity of process

streams and incur high operational costs . Recent work on gas hydrates inhibitors has focused on kinetic hydrate

inhibitors (KHIs) as they are effective at lower concentrations (below 1 wt.%) compared to thermodynamics inhibitors .

Promising candidates for kinetic hydrate inhibition tend to have the ability to adsorb to the surface of polar hydrate crystal
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surfaces while also being soluble in water . This can be achieved by the activity of hydrophobic and hydrophilic

groups, respectively, which makes amphiphilic block copolymers an attractive choice for kinetic hydrate inhibition .

Some other breakthrough studies on promotion and inhibition include work on the effect of a magnetic field  on

formation, the use of anti-agglomerants , the mixed effects of metal nanoparticles on methane hydrate formation ,

and the impact of wax molecules on methane hydrate formation .

The rheological characterization of gas hydrates requires the use of highly specialized and costly experimental equipment

. This restricts the ability of such research to be conducted. Additionally, researcher group has reported

experimental limitations (kinetic, diffusion, and heat effect) to high-pressure rheology experiments of pure water gas

hydrates . Recent work on the inhibitory and promotional activities of gas hydrates has pointed toward molecular scale

phenomena, which can be difficult to describe through experimental methods alone fully . A variety of computational

research methods can be utilized to solve such problems, including density functional theory (DFT) and molecular

dynamics (MD).

2. Effects of Additives on Hydrate Growth

2.1. Multi-Walled Carbon Nanotubes

Multi-walled carbon nanotubes are hydrophobic as produced. Once either oxygen or amine becomes functionalized

through a plasma process, as described above and detailed in Hordy et al.  and Legrand et al. , the material

becomes hydrophilic. The hydrophilicity affects the material’s ability to form hydrogen bonds in water. The effect of as-

produced hydrophobic MWCNT and functionalized hydrophilic MWCNT on the growth kinetics of methane and carbon

dioxide gas hydrates were explored. Oxygen functionalized MWCNT was used to examine their effects on methane

systems, while amine functionalized MWCNT was used for carbon dioxide systems. The groups found on the surface of

MWCNT after amine functionalization can form temporary bonds with carbon dioxide . This makes this type of

functionalization relevant to carbon dioxide gas hydrates systems.

The crystallizer system described above was used to measure system pressures and temperatures to study the growth

kinetics of MWCNT-loaded systems. In the case of methane hydrates systems, both the hydrophobic and hydrophilic

(oxygen functionalized) MWCNTs enhanced the growth rates of methane hydrates compared to pure water baselines.

Hydrophobic MWCNT enhanced growth rates by approximately 6% (5 and 10 ppm MWCNT), while hydrophilic MWCNT

enhanced growth rates by as high as 16.3% (0.1 and 10 ppm MWCNT) . Previous research has observed the increase

in gas mass uptake into aqueous solutions containing nanoparticles , and that the interfacial area between liquid

and gas phases increases in the presence of nanoparticles . This work pointed toward this same effect for the case of

MWCNT. The loading of nanoparticles in the system was also observed to affect the growth rate enhancement of

hydrates. Concentrations above 1 ppm of hydrophobic MWCNT were found to have enhancement effects, while

hydrophilic MWCNT was observed to have two regions of enhancement. At 0.1 ppm, the system experienced maximal

enhancement, followed by a decrease at 0.5 and 1 ppm. Finally, the growth rate enhancement continued linearly between

5 and 10 ppm . The two regions of enhancement were attributed to diffusivity enhancement from micro-scale liquid

volume displacement from Brownian motion at low loading followed by free mean path limitations overcoming this

diffusivity enhancement at high loading .

Identical experimental studies were performed to investigate the effects of amine-functionalized MWCNT in carbon dioxide

hydrate systems. Both as-produced hydrophobic MWCNT and hydrophilic amine functionalized MWCNT were found to

enhance carbon dioxide hydrate growth at lower concentrations, which was attributed to enhanced mass transfer effects

. However, for similar loading concentrations, the hydrophilic functionalized MWCNT was observed to enhance hydrate

growth to a greater extent than as-produced MWCNT due to its greater affinity to carbon dioxide molecules .

Decreases in growth rate enhancements at higher loading concentrations were attributed to heat effect limitations from

the nucleation of larger amounts of hydrates. The temperature increase from the exothermic crystallization reaction was

found to be high enough to self-limit further hydrate formation. Additionally, it was found that the presence of amine-

functionalized MWCNT did not have any considerable effect on the solubility or rate of dissolution of carbon dioxide in

water . Generally, the results from hydrophobic and hydrophilic MWCNT studies have pointed towards mass transfer

enhancements arising from molecular scale phenomena of nanoparticles on the systems, which can be overcome by

increased nanoparticle loading. Insight into the fundamental phenomena involved in these observations may be achieved

from computational methods such as molecular dynamics.
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2.2. Graphene Nanoflakes

The crystallizer experimental setup described above was also used to investigate the effect of as-produced (hydrophobic)

and oxygen functionalized (hydrophilic) graphene nanoflakes (O-GNF) on the growth rates of methane gas hydrates.

Similar to the results for the MWCNT studies described above, both hydrophobic and hydrophilic forms of GNF enhanced

the methane hydrate growth rates measured compared to measurements performed in pure water baselines .

However, the enhancements were much larger than those observed in the presence of MWCNT. Enhancements as great

as 101% for as-produced hydrophobic GNF (1 ppm GNF), and as high as 288% for hydrophilic oxygen functionalized

GNF (5 ppm O-GNF) were estimated . Both maximums in growth rate enhancements measured were followed by

decreased enhancements at higher loading. Nanoparticle loading effects on hydrate growth rate enhancements were

attributed to small and large-scale agglomeration effects combined with mean free path limitations. It was reported that

hydrophobic as-produced GNF could experience agglomeration at lower loading concentrations in solution and thus result

in limited enhancements to hydrate growth . As loading increases, agglomeration is overcome by the increased liquid–

gas interfacial area available for mass transfer, which causes gains in the hydrate growth enhancement achieved.

However, at the highest loading, large-scale agglomeration becomes the dominant effect resulting in a reduction in the

enhancement effect. The use of hydrophilic O-GNF in solution was observed to dramatically increase hydrate growth rates

up to 288% in a linear fashion . In the case of hydrophilic O-GNF, agglomeration did not play a big role in the effects

observed. Instead, the enhancement was attributed to increased diffusivity and mass transfer at lower concentrations.

These effects were negated by reduced free mean paths at mid-range loading concentrations (5 ppm) . Finally, at the

highest loading concentration (10 ppm), the free mean path limitations were described to be overcome by the increased

O-GNF surface area available to methane.

The results reported for graphene nanoflakes point to similar load effects on hydrate growth rates as the ones described

for MWCNT. Hydrophobic and hydrophilic GNF and MWCNT were described to interact differently between themselves

and with the system, creating limitations to gas hydrate growth rate. For both types of nanoparticles, the enhancements

observed fell under different regions of nanoparticle load effect leading to an overall non-monotonic load effect. Different

molecular scale phenomena were used to explain the non-monotonic behavior. Agglomeration, diffusivity, free mean path,

and nanoparticle surface area were provided as possible contributors to the detected effect. Most, if not all, of these may

be further examined computationally. Due to their scale, molecular dynamics is a promising methodology for further

examination of these recently characterized effects.

2.3. Polymer Inhibitors

The initial consideration of kinetic hydrate inhibitors (KHIs) involved commercially available poly(vinylpyrrolidone) (PVP).

The efficacy of hydrophobic PVP as a gas hydrate inhibitor was quantified by its effect on methane hydrate growth rate

and on the concentration of methane in the liquid phase . PVP with different molecular weights were used—10,000

g/mol (PVP10), 40,000 g/mol (PVP40), and 360,000 g/mol (PVP360)—over a range of loading concentrations (0.07 to

20,000 ppmw). PVP was shown to lose inhibitory capacity with increased reactor pressure (increased hydrate pressure

driving force) and various molecular weights (polymer chain lengths) were shown to have little impact on the inhibitory

activity at a given loading concentration . It was determined that PVP had a negligible effect on methane solubility in

water and a significant effect on the supersaturation of methane during hydrate growth . The higher liquid

concentration was attributed to a reduction in surface area available for hydrate growth due to the uptake of methane by

PVP as it adsorbs to the hydrate crystal surface .

Amphiphilic molecules have both hydrophilic and hydrophobic subunits or groups and can act as surfactants in solvating a

hydrophobic species or material in a hydrophilic solvent. The use of amphiphilic block copolymers as KHIs were explored

in various forms. Three types of block copolymers were studied (1) poly(vinyl alcohol) (PVA), (2) poly(vinylpyrrolidone)

(PVP), and (3) poly(vinyl caprolactam) (PVCap) hydrophilic base units . These base units were combined using a

switchable RAFT chain transfer agent (CTA) to attach relatively short poly(styrene) (PS) or poly(pentaflourostyrene)

(PPFS) hydrophobic segments. The reduction in methane consumption during the hydrate growth phase was measured

for systems inhibited by each block copolymer and compared to base inhibition by commercially available homopolymers

PVP and PVA. Details on the experimental setup and procedures are found elsewhere . The key results are

summarized in Table 1, where columns contain hydrophilic segments while rows contain hydrophobic segments of the

copolymer. Values in Table 1 correspond to the block copolymer combination between the segments (e.g., 49% for PVA-

PS and 76% for PVP-PPFS). Additionally, Table 1 contains the reduction of methane consumption for hydrophilic PVA,

PVP, and PVCap KHIs on the first row.

[19]

[19]

[19]

[19]

[19]

[67][68]

[67]

[67][68]

[68]

[41][42]

[41][42]



Table 1. Reduction in methane gas mole consumption during hydrate growth phase for hydrophilic polymers PVA, PVP,

and PVCap, and amphiphilic block copolymer combinations of PVA, PVP, PVCap with PS and PPFS .

PVA PVP PVCap

 % % %

- 27 51 53

PS 49 59 56

PPFS 63.5 76 73

Amphiphilic molecules tend to agglomerate and form micelles when above their critical micelle concentration (CMC) .

For instance, in a hydrophilic solvent, the hydrophobic groups in amphiphilic molecules agglomerate to form micelles

when above their CMC; likewise, the hydrophilic groups can initiate micelle formation in a hydrophobic solvent. The

formation of micelles can obstruct or limit the surfactant activity of amphiphilic molecules and thus reducing their inhibitory

capabilities in the context of gas hydrate growth. As such, the CMC is an important characteristic of amphiphilic block

copolymers and they were determined for the various block copolymers examined by Rajput et al. . There are

several methods adequate for measuring the CMC of polymer solutions, including density and viscosity, light scattering,

and surface potentials . In the work by Rajput et al. , the zeta surface potential was shown to be a viable

method for KHIs . Table 2 summarizes the CMCs for the copolymers considered. Block copolymers with lower

molecular weights and lower mole fractions of hydrophobic monomers were measured to have higher CMC . This is

an important consideration when designing new amphiphilic gas hydrate inhibitors.

Table 2. Critical micelle concentration (CMC) for all amphiphilic block copolymer gas hydrate inhibitors examined by

Rajput et al. .

Block Copolymer Molecular Weight CMC

 kg/mol ×104 M

PS-PVA-40(0.05) 42.8 2.0

PPFS-PVA-40(0.05) 44.1 1.5

PS-PVP-20(0.10) 21.6 5.0

PPFS-PVP-20(0.10) 23.1 4.5

PS-PVCap(0.05) 77.1 2.9

PS-PVCap(0.10) 42.6 4.0

PS-PVCap(0.15) 23.9 7.0

PPFS-PVCap(0.05) 90.5 1.3

PPFS-PVCap(0.10) 46.2 3.7

PPFS-PVCap(0.15) 30.0 4.9

PPFS-PVCap(0.20) 23.8 6.0

PVCap-PVP(0.10) 53.1 45.9

PVCap-PVP(0.20) 28.0 58.0

Note: Block copolymer identifier: AA-BBB-XX(Y.Y); AA: hydrophobic monomer, BBB: hydrophilic monomer, XX: molecular

weight of hydrophilic monomer in g/mol, Y.Y: mole fraction content of the hydrophobic monomer in the copolymer.

The mechanism of gas hydrate inhibition by polymers has not been completely characterized but remains best understood

as an adsorption process. The inhibitor’s hydrophilic groups adsorb on the surface of the growing hydrate crystal through

hydrogen bonding, limiting its surface area available for gas mass diffusion, or the inhibitor’s hydrophobic groups can

interact with hydrophobic gas to limit their availability at the hydrate–liquid interface . However, to further characterize

the behavior of the liquid–hydrate interface in the presence of inhibitors, molecular dynamics simulations can offer an
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insight into the molecular scale phenomena that occur. The initial efforts of researcher group to this end have been the

characterization of the gas hydrate interface in the absence of inhibitors. 

References

1. Ripmeester, J.A.; Alavi, S. Clathrate Hydrates: Molecular Science and Characterization; Wiley-VCH: Weinheim,
Germany, 2022; Available online: https://mcgill.on.worldcat.org/oclc/1301543108 (accessed on 15 June 2022).

2. Sloan, E.; Koh, C. Clathrate Hydrates of Natural Gases, 3rd ed.; Taylor and Francis: Boca Raton, FL, USA, 2008.

3. Carroll, J. Natural Gas Hydrates: A Guide for Engineers, 3rd ed.; Gulf Professional Publishing: Calgary, AB, Canada,
2014.

4. Davy, H. On some of the combinations of oxymuriatic gas andoxygene, and on the chemical relations of these
principles, to inflammable bodies. Philos. Trans. R. Soc. 1811, 37, 1–35.

5. Hammerschmidt, E. Formation of gas hydrates in natural gas transmission lines. Ind. Eng. Chem. 1934, 26, 851–855.

6. Kang, S.P.; Lee, H. Recovery of CO2 from flue gas using gas hydrate: Thermodynamic verification through phase
equilibrium measurements. Environ. Sci. Technol. 2000, 34, 4397–4400.

7. Aaron, D.; Tsouris, C. Separation of CO2 from Flue Gas: A Review. Sep. Sci. Technol. 2005, 40, 321–348.

8. Linga, P.; Adeyemo, A.; Englezos, P. Medium-Pressure Clathrate Hydrate/Membrane Hybrid Process for
Postcombustion Capture of Carbon Dioxide. Environ. Sci. Technol. 2007, 42, 315–320.

9. Fan, S.; Li, S.; Wang, J.; Lang, X.; Wang, Y. Efficient capture of CO2 from simulated flue gas by formation of TBAB or
TBAF semiclathrate hydrates. Energy Fuels 2009, 23, 4202–4208.

10. Eslamimanesh, A.; Mohammadi, A.H.; Richon, D.; Naidoo, P.; Ramjugernath, D. Application of gas hydrate formation in
separation processes: A review of experimental studies. J. Chem. Thermodyn. 2012, 46, 62–71.

11. Gudmundsson, J.; Parlaktuna, M.; Khokhar, A. Storage of natural gas as frozen hydrate. SPE Prod. Facil. 1994, 9, 69–
73.

12. Mimachi, H.; Takahashi, M.; Takeya, S.; Gotoh, Y.; Yoneyama, A.; Hyodo, K.; Takeda, T.; Murayama, T. Effect of Long-
Term Storage and Thermal History on the Gas Content of Natural Gas Hydrate Pellets under Ambient Pressure. Energy
Fuels 2015, 29, 4827–4834.

13. Lu, Y.; Lv, X.; Li, Q.; Yang, L.; Zhang, L.; Zhao, J.; Song, Y. Molecular Behavior of Hybrid Gas Hydrate Nucleation:
Separation of Soluble H2S from Mixed Gas. Phys. Chem. Chem. Phys. 2022, 24, 9509–9520.

14. Gaikwad, N.; Sangwai, J.; Linga, P.; Kumar, R. Separation of Coal Mine Methane Gas Mixture via sII and sH Hydrate
Formation. Fuel 2021, 305, 121467.

15. Molaghan, P.; Jahanshahi, M.; Ahangari, M.G. H2 and H2S Separation by Adsorption Using Graphene and Zinc Oxide
Sheets: Molecular Dynamic Simulations. Phys. B Condens. Matter 2021, 619, 413175.

16. Park, K.n.; Hong, S.Y.; Lee, J.W.; Kang, K.C.; Lee, Y.C.; Ha, M.G.; Lee, J.D. A new apparatus for seawater desalination
by gas hydrate process and removal characteristics of dissolved minerals (Na+, Mg2+, Ca2+, K+, B3+). Desalination
2011, 274, 91–96.

17. Nallakukkala, S.; ur Rehman, A.; Zaini, D.B.; Lal, B. Gas Hydrate-Based Heavy Metal Ion Removal from Industrial
Wastewater: A Review. Water 2022, 14, 1171.

18. Loekman, S.; Claßen, T.; Seidl, P.; Luzi, G.; Gatternig, B.; Rauh, C.; Delgado, A. Potential Application of Innovative
Gas-Hydrate Technology in Fruit Juices Concentration Process. In Proceedings of the 2019 World Congress on
Advances in Nano, Bio, Robotics, and Energy (ANBRE19), Jeju Island, Korea, 17–21 September 2019.

19. McElligott, A.; Uddin, H.; Meunier, J.L.; Servio, P. Effects of Hydrophobic and Hydrophilic Graphene Nanoflakes on
Methane Hydrate Kinetics. Energy Fuels 2019, 33, 11705–11711.

20. McElligott, A.; Meunier, J.L.; Servio, P. Effects of Hydrophobic and Hydrophilic Graphene Nanoflakes on Methane
Dissolution Rates in Water under Vapor–Liquid–Hydrate Equilibrium Conditions. Ind. Eng. Chem. Res. 2021, 60, 2677–
2685.

21. Guerra, A.; McElligott, A.; Yang Du, C.; Marić, M.; Rey, A.D.; Servio, P. Dynamic viscosity of methane and carbon
dioxide hydrate systems from pure water at high-pressure driving forces. Chem. Eng. Sci. 2022, 252, 117282.

22. Vlasic, T.M.; Servio, P.D.; Rey, A.D. THF Hydrates as Model Systems for Natural Gas Hydrates: Comparing Their
Mechanical and Vibrational Properties. Ind. Eng. Chem. Res. 2019, 58, 16588–16596.



23. Sloan, E.D. Gas Hydrates: Review of Physical/Chemical Properties. Energy Fuels 1998, 12, 191–196.

24. Vlasic, T.M.; Servio, P.D.; Rey, A.D. Effect of Guest Size on the Mechanical Properties and Molecular Structure of Gas
Hydrates from First-Principles. Cryst. Growth Des. 2017, 17, 6407–6416.

25. Daghash, S.M.; Servio, P.; Rey, A.D. Structural Properties of sH Hydrate: A DFT Study of Anisotropy and Equation of
State. Mol. Simul. 2019, 45, 1524–1537.

26. Ghafari, H.; Mohammadi-Manesh, H. The Thermal Properties of Binary Structure sI Clathrate Hydrate from Molecular
Dynamics Simulation. Mol. Simul. 2019, 45, 614–622.

27. Mirzaeifard, S.; Servio, P.; Rey, A.D. Multiscale Modeling and Simulation of Water and Methane Hydrate Crystal
Interface. Cryst. Growth Des. 2019, 19, 5142–5151.

28. Schicks, J.M. Gas Hydrates in Nature and in the Laboratory: Necessary Requirements for Formation and Properties of
the Resulting Hydrate Phase. ChemTexts 2022, 8, 13.

29. Xie, Y.; Zheng, T.; Zhu, Y.J.; Zhong, J.R.; Feng, J.C.; Sun, C.Y.; Chen, G.J. Effects of H2/N2 on CO2 Hydrate Film
Growth: Morphology and Microstructure. Chem. Eng. J. 2022, 431, 134004.

30. Daghash, S.M.; Servio, P.; Rey, A.D. Elastic Properties and Anisotropic Behavior of Structure-H (sH) Gas Hydrate from
First Principles. Chem. Eng. Sci. 2020, 227, 115948.

31. Bagherzadeh, S.A.; Englezos, P.; Alavi, S.; Ripmeester, J.A. Influence of Hydrated Silica Surfaces on Interfacial Water
in the Presence of Clathrate Hydrate Forming Gases. J. Phys. Chem. C 2012, 116, 24907–24915.

32. Naeiji, P.; Woo, T.K.; Alavi, S.; Varaminian, F.; Ohmura, R. Interfacial Properties of Hydrocarbon/Water Systems
Predicted by Molecular Dynamic Simulations. J. Chem. Phys. 2019, 150, 114703.

33. Naeiji, P.; Woo, T.K.; Alavi, S.; Ohmura, R. Molecular Dynamics Simulations of Interfacial Properties of the CO2–Water
and CO2–CH4–Water Systems. J. Chem. Phys. 2020, 153, 044701.

34. Algaba, J.; Acuña, E.; Míguez, J.M.; Mendiboure, B.; Zerón, I.M.; Blas, F.J. Simulation of the Carbon Dioxide Hydrate-
Water Interfacial Energy. J. Colloid Interface Sci. 2022, 623, 354–367.

35. Chi, Y.; Xu, Y.; Zhao, C.; Zhang, Y.; Song, Y. In-Situ Measurement of Interfacial Tension: Further Insights into Effect of
Interfacial Tension on the Kinetics of CO2 Hydrate Formation. Energy 2022, 239, 122143.

36. Hu, P.; Ke, W.; Chen, D. Molecular Mechanism for Methane Hydrate Nucleation on Corroded Iron Surface. Chem. Eng.
Sci. 2022, 249, 117303.

37. He, Z.; Mi, F.; Ning, F. Molecular Insights into CO2 Hydrate Formation in the Presence of Hydrophilic and Hydrophobic
Solid Surfaces. Energy 2021, 234, 121260.

38. Koh, C.A. Towards a fundamental understanding of natural gas hydrates. Chem. Soc. Rev. 2002, 31, 157–167.

39. Anderson, B.J.; Tester, J.W.; Borghi, G.P.; Trout, B.L. Properties of inhibitors of methane hydrate formation via
molecular dynamics simulations. J. Am. Chem. Soc. 2005, 127, 17852–17862.

40. Perrin, A.; Musa, O.M.; Steed, J.W. The chemistry of low dosage clathrate hydrate inhibitors. Chem. Soc. Rev. 2013,
42, 1996–2015.

41. Rajput, F.; Colantuoni, A.; Bayahya, S.; Dhane, R.; Servio, P.; Maric, M. Poly(styrene/pentafluorostyrene)-block-
poly(vinyl alcohol/vinylpyrrolidone) amphiphilic block copolymers for kinetic gas hydrate inhibitors: Synthesis,
micellization behavior, and methane hydrate kinetic inhibition. J. Polym. Sci. Part A Polym. Chem. 2018, 56, 2445–
2457.

42. Rajput, F.; Maric, M.; Servio, P. Amphiphilic Block Copolymers with Vinyl Caprolactam as Kinetic Gas Hydrate
Inhibitors. Energies 2021, 14, 341.

43. Sun, S.; Li, Y.; Gu, L.; Yang, Z.; Zhao, J. Experimental Study on Carbon Dioxide Hydrate Formation in the Presence of
Static Magnetic Field. J. Chem. Thermodyn. 2022, 170, 106764.

44. Bazvand, M.; Madani Tehrani, D. Effect of Magnetic Field on Gas Hydrate Formation. Nat. Gas Ind. B 2022.

45. Ning, F.; Guo, D.; Din, S.U.; Zhang, H.; Ou, W.; Fang, B.; Liang, Y.; Zhang, L.; Lee, K.; Koh, C.A. The Kinetic Effects of
Hydrate Anti-Agglomerants/Surfactants. Fuel 2022, 318, 123566.

46. Liu, N.; Li, T.; Liu, T.; Yang, L. Molecular Dynamics Simulations of the Effects of Metal Nanoparticles on Methane
Hydrate Formation. J. Mol. Liq. 2022, 356, 118962.

47. Liao, Q.; Shi, B.; Li, S.; Song, S.; Chen, Y.; Zhang, J.; Yao, H.; Li, Q.; Gong, J. Molecular Dynamics Simulation of the
Effect of Wax Molecules on Methane Hydrate Formation. Fuel 2021, 297, 120778.



48. Guo, P.; Song, G.; Ning, Y.; Li, Y.; Wang, W. Investigation on Hydrate Growth at Oil–Water Interface: In the Presence of
Wax. Energy Fuels 2021, 35, 11884–11895.

49. Song, G.; Ning, Y.; Li, Y.; Wang, W. Investigation on Hydrate Growth at the Oil–Water Interface: In the Presence of Wax
and Kinetic Hydrate Inhibitor. Langmuir 2020, 36, 14881–14891.

50. Song, G.; Ning, Y.; Guo, P.; Li, Y.; Wang, W. Investigation on Hydrate Growth at the Oil–Water Interface: In the
Presence of Wax and Surfactant. Langmuir 2021, 37, 6838–6845.

51. Zhang, D.; Huang, Q.; Wang, W.; Li, H.; Zheng, H.; Li, R.; Li, W.; Kong, W. Effects of Waxes and Asphaltenes on CO2
Hydrate Nucleation and Decomposition in Oil-Dominated Systems. J. Nat. Gas Sci. Eng. 2021, 88, 103799.

52. Webb, E.B.; Rensing, P.J.; Koh, C.A.; Sloan, E.D.; Sum, A.K.; Liberatore, M.W. High-Pressure Rheology of Hydrate
Slurries Formed from Water-in-Oil Emulsions. Energy Fuels 2012, 26, 3504–3509.

53. Webb, E.B.; Koh, C.A.; Liberatore, M.W. Rheological Properties of Methane Hydrate Slurries Formed From AOT +
Water + Oil Microemulsions. Langmuir 2013, 29, 10997–11004.

54. Webb, E.B.; Koh, C.A.; Liberatore, M.W. High Pressure Rheology of Hydrate Slurries Formed from Water-in-Mineral Oil
Emulsions. Ind. Eng. Chem. Res. 2014, 53, 6998–7007.

55. Pandey, G.; Linga, P.; Sangwai, J.S. High pressure rheology of gas hydrate formed from multiphase systems using
modified Couette rheometer. Rev. Sci. Instrum. 2017, 88, 025102.

56. Pandey, G.; Sangwai, J.S. High pressure rheological studies of methane hydrate slurries formed from water-hexane,
water-heptane, and water-decane multiphase systems. J. Nat. Gas Sci. Eng. 2020, 81, 103365.

57. Hordy, N.; Coulombe, S.; Meunier, J.L. Plasma Functionalization of Carbon Nanotubes for the Synthesis of Stable
Aqueous Nanofluids and Poly(vinyl alcohol) Nanocomposites. Plasma Process. Polym. 2013, 10, 110–118.

58. Legrand, U.; Mendoza Gonzalez, N.Y.; Pascone, P.; Meunier, J.L.; Berk, D. Synthesis and in-situ oxygen
functionalization of deposited graphene nanoflakes for nanofluid generation. Carbon 2016, 102, 216–223.

59. Yu, C.H.; Huang, C.H.; Tan, C.S. A Review of CO2 Capture by Absorption and Adsorption. Aerosol Air Qual. Res. 2012,
12, 745–769.

60. Dai, N.; Mitch, W.A. Influence of Amine Structural Characteristics on N-Nitrosamine Formation Potential Relevant to
Postcombustion CO2 Capture Systems. Environ. Sci. Technol. 2013, 47, 13175–13183.

61. Chowdhury, F.A.; Yamada, H.; Higashii, T.; Goto, K.; Onoda, M. CO2 Capture by Tertiary Amine Absorbents: A
Performance Comparison Study. Ind. Eng. Chem. Res. 2013, 52, 8323–8331.

62. Pasieka, J.; Coulombe, S.; Servio, P. Investigating the effects of hydrophobic and hydrophilic multi-wall carbon
nanotubes on methane hydrate growth kinetics. Chem. Eng. Sci. 2013, 104, 998–1002.

63. Komati, S.; Suresh, A.K. Anomalous enhancement of interphase transport rates by nanoparticles: Effect of magnetic
iron oxide on gas-liquid mass transfer. Ind. Eng. Chem. Res. 2010, 49, 390–405.

64. Zhu, H.; Shanks, B.H.; Heindel, T.J. Enhancing CO-water mass transfer by functionalized MCM41 nanoparticles. Ind.
Eng. Chem. Res. 2008, 47, 7881–7887.

65. Olle, B.; Bucak, S.; Holmes, T.C.; Bromberg, L.; Hatton, T.A.; Wang, D.I. Enhancement of oxygen mass transfer using
functionalized magnetic nanoparticles. Ind. Eng. Chem. Res. 2006, 45, 4355–4363.

66. Pasieka, J.; Jorge, L.; Coulombe, S.; Servio, P. Effects of As-Produced and Amine-Functionalized Multi-Wall Carbon
Nanotubes on Carbon Dioxide Hydrate Formation. Energy Fuels 2015, 29, 5259–5266.

67. Posteraro, D.; Verrett, J.; Maric, M.; Servio, P. New insights into the effect of polyvinylpyrrolidone (PVP) concentration
on methane hydrate growth. 1. Growth rate. Chem. Eng. Sci. 2015, 126, 99–105.

68. Posteraro, D.; Ivall, J.; Maric, M.; Servio, P. New insights into the effect of polyvinylpyrrolidone (PVP) concentration on
methane hydrate growth. 2. Liquid phase methane mole fraction. Chem. Eng. Sci. 2015, 126, 91–98.

69. Evans, D.F.; Wennerström, H. The Colloidal Domain: Where Physics, Chemistry, Biology, and Technology Meet;
Advances in Interfacial Engineering; Wiley: New York, NY, USA, 1999.

70. Carpena, P.; Aguiar, J.; Bernaola-Galván, P.; Carnero Ruiz, C. Problems Associated with the Treatment of Conductivity
Concentration Data in Surfactant Solutions Simulations and Experiments. Langmuir 2002, 18, 6054–6058.

71. Bielawska, M.; Jańczuk, B.; Zdziennicka, A. Adhesion work and wettability of polytetrafluorethylene and poly(methyl
methacrylate) by aqueous solutions of cetyltrimethylammonium bromide and Triton X-100 mixture with ethanol. J.
Colloid Interface Sci. 2013, 404, 201–206.

72. Piera, E.; Erra, P.; Infante, M.R. Analysis of cationic surfactants by capillary electrophoresis. J. Chromatogr. A 1997,
757, 275–280.



73. Topel, Ö.; Çakır, B.A.; Budama, L.; Hoda, N. Determination of critical micelle concentration of polybutadiene-block-
poly(ethyleneoxide) diblock copolymer by fluorescence spectroscopy and dynamic light scattering. J. Mol. Liq. 2013,
177, 40–43.

74. Zhang, J.S.; Lo, C.; Couzis, A.; Somasundaran, P.; Wu, J.; Lee, J.W. Adsorption of Kinetic Inhibitors on Clathrate
Hydrates. J. Phys. Chem. C 2009, 113, 17418–17420.

Retrieved from https://encyclopedia.pub/entry/history/show/63413


