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Abstract

Due to the rising atmospheric carbon dioxide levels driven by human activity, extensive sci-
entific efforts have been dedicated to developing methods aimed at reducing its concentra-
tion in the atmosphere. A novel approach involves using hydrates as a long-lasting reservoir
of CO2 sequestration. This review provides an initial overview of hydrate characteristics,
their formation mechanisms, and the experimental techniques commonly employed for
their characterization, including X-ray, Raman spectroscopy, cryoSEM, DSC, and molecular
dynamic simulation. One of the main challenges in CO2 sequestration via hydrates is the
requirement of high pressures and low temperatures to stabilize CO2 molecules within
the hydrate crystalline cavities. However, deviations from classical temperature-pressure
phase diagrams observed in natural and engineered environments can be explained by
considering that hydrate stability and formation are primarily governed by chemical po-
tentials, not just temperature and pressure. Activity, which reflects concentration and
non-ideal interactions, greatly influences chemical potentials, emphasizing the importance
of solution composition, salinity, and additives. In this context the role of promoters and
inhibitors in facilitating or hindering hydrate formation is discussed. Furthermore, the
review presents an overview of the impact of marine sediments and naturally occurring
compounds on CO2 hydrate formation, along with the sampling methodologies used in
sediments to determine the composition of these natural compounds. Special attention
is given to the effect and chemical characterization of dissolved organic matter (DOM)
in marine aquatic environments. The focus is placed on the key roles of various natural
occurring molecules, such as amino acids, protein derivatives, and humic substances, along
with the analytical techniques employed for their chemical characterization, highlighting
their central importance in the CO2 gas hydrates formation.

Keywords: CO2 gas hydrates; carbon capture and storage; promoters; inhibitors;
marine environment

1. Introduction
Since the onset of the first industrial revolution, atmospheric CO2 levels have increased

exponentially, driven by the continuous growth in energy demand. Prior to industrial-
ization, the concentration of carbon dioxide was approximately 280 ppmv; by 2020, it
had surpassed 400 ppmv and continues to rise, showing no signs of decline (Figure 1) [1].
According to the UN Intergovernmental Panel on Climate Change (IPCC), if no substantial
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measures are taken, a temperature increase of 1.5 ◦C above pre-industrial levels could
pose a severe threat to both the environment and human health [2]. As a response, many
industries and nations have intensified efforts to achieve Net Zero Greenhouse Gas (GHG)
emissions by 2050 [3–5]. Two main strategies are being involved to reduce atmospheric
CO2: one related to the adoption of renewable energy sources, while the other focuses
on harnessing natural sinks for long-term storage of greenhouse gases, primarily through
carbon capture and sequestration (CCS) technologies [5,6].

 

Figure 1. Graph reporting the increase in concentration of CO2 in ppmv (NOAA Global Monitoring
Laboratory); green line: monthly mean values; red line: monthly mean values corrected for the
average seasonal cycle [7].

While renewable energy sources are now well established, CCS still faces challenges,
particularly high costs, which require significant public and private investments to over-
come [8].

Absorption and adsorption are the main techniques for CO2 capture, with absorption
being the most widely used. Absorption involves CO2 dissolving in solvents, either physical
by weak van der Waals forces (like Rectisol and Selexol) or chemical (mainly amines like
30% monoethanolamine, MEA). Chemical solvents are effective but require high energy for
regeneration, causing about 65% of power plant energy use. Research continues on new
solvents like amine blends, ionic liquids, and nanofluids to improve efficiency. Despite good
performance, high costs and limited data restrict large-scale industrial use. Adsorption
captures CO2 by adhering it onto solid surfaces through physisorption or chemisorption,
depending on the surface properties. Inorganic solid sorbents like activated carbon, zeolites,
MOFs, silicates, polymers, and biochar are porous materials with large surface areas, where
pore size and functionalization impact CO2 capture capacity. Pressure increases generally
enhance CO2 loading. Current research aims to enhance the performance, cost-effectiveness,
and scalability of adsorption systems by developing novel materials suitable for industrial
CO2 mitigation. In this context, a recent review discusses progresses in CO2 capture
technologies, focusing on the two main methods: absorption and adsorption [9].

Other sequestration techniques of common use are geological sequestration and min-
eral sequestration. Geological sequestration works similarly to what happens for the
injection of hazardous wastes in subsurface; this technique, however, may cause leakage
phenomena and thus the characteristics of the different rocks must be carefully determined
prior to the process [10]. Also, in mineral sequestration, CO2 is directly injected into
soils and rocks; however, in this case, CO2 is fixed as carbonate through mineralization,
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which is facilitated by the presence of reactive rocks (such as mafic or ultramafic litholo-
gies). The main advantage of this technique is the negligible risk of returning CO2 to
the atmosphere [11]. Less common CCS techniques are marine sequestration (or marine
geological sequestration) and biological sequestration; the first method is analogous to
the terrestrial geological sequestration; however, the direct injection of CO2 can cause
acidification of the surrounding seawater, leading to perturbation in the ecosystem [12].
Biological sequestration also finds little application due to the threat of possible loss of
biodiversity; in addition to that carrying this process in marine ecosystem is not feasible, as
it has low carbon capture capacity [13]. Lastly sequestration of CO2 in hydrates represents
a promising alternative, however research for this topic is still scarce, especially regarding
large-scale applications [14–17]. Table 1 reports the aforementioned CCS methods, along
with their advantages, disadvantages, and costs of operation (the costs of some techniques
are not reported as they were not reported in any work).

The application of hydrates as reservoirs for atmospheric CO2 is still under active
investigation. Although hydrates were first discovered by Humphrey in 1810 and later
synthesized by Faraday in 1820 [18], the earliest study of hydrates in marine environments
dates back to 1934, when Hammerschmidt linked the blockage of oil and gas pipelines
to the formation of CH4 hydrates [19]. The first observation of CO2 hydrates can be
dated back to 1882, when Zygmunt Florenty Wróblewski [20], while studying carbonic
acid, noted the formation of a white material resembling snow while raising the pressure.
However, only recently the research on various aspects of hydrate formation has increased
exponentially with numerous studies exploring the roles of both naturally occurring and
synthetic molecules in promoting hydrate formation [21].

Owing to the greater thermodynamic stability of CO2 hydrates compared to other
typical industrial gas components such as nitrogen, hydrate-based processes have emerged
as a promising approach for CO2 capture. Additionally, the robust crystalline structure of
gas hydrates enables the secure storage of large volumes of CO2, making them a viable
option for long-term sequestration in geological formations. Consequently, gas hydrates
represent a potential technology for mitigating anthropogenic CO2 emissions. Thus, gas
hydrates can be suggested as a technology for mitigating CO2 emissions [22].

Nowadays, research on gas hydrates, particularly CO2 gas hydrates and their appli-
cations in carbon capture and storage (CCS), has been steadily increasing. This trend is
illustrated in Figure 2, which displays the number of manuscripts published over the past
20 years (keywords “CO2 hydrate” and “CO2 clathrate” on the SCOPUS database).

With growing global interest in CCS, research into hydrate-based technologies is
rapidly advancing. Several recent reviews have explored different aspects of CO2 cap-
ture and sequestration using gas hydrates. These include, for example, the advantages of
hydrate-based methods over conventional CCS technologies [23]; the state of the art in gas
hydrate research with a focus on sustainable chemistry and industrial applications [24];
the chemistry of gas hydrates and their relevance to CCS, emphasizing carbon manage-
ment and recent technological progress [22]; the potential of CO2 hydrates as future cold
energy storage materials and thermofluids [25]; and the current status of CO2 replacement
methods [26,27], etc.
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Figure 2. Results obtained from SCOPUS database using the keywords “CO2 hydrate” and “CO2

clathrate”, the results of 2025 are reported as of June.

Table 1. Most common CCS methods present in the literature.

Method Advantages Disadvantages Cost

Solvent-based absorption
(Propylene and amines) [28] Most consolidated technique

Energy intensive, corrosion
problems, solvent degradation

and high maintenance
cost [29]

between 40 and 100 USD/ton
CO2 [30]

Inorganic [31]
Polymeric Membrane [32–35]

Mixed matrix [36–40]

Better stability at different
conditions of temperature,

pressure and
mechanical strain

Possibility to modulate
physical properties

like porosity
Easy and

cost-effective synthesis
Both permeable and selective

Mechanical and
thermal stability

Fragile and expensive
Not possible to Low stability
(chemical and thermal) and
plasticization tendency [41]

Need for the right proportions
of fillers, to avoid lowering

mechanical strength

50 USD/m2 of
membrane [42,43]

USD/ton CO2 depends on
durability of the material

USD/ton CO2 depends on
durability of the material [28]

Geological sequestration [10] Usage of depleted oil and gas
reservoirs and coal seams

high leakage rate and
inadequate capacity N

otdeterm
ined

yet

Biological Sequestration [13] Nature-inspired process
Loss of biodiversity

In marine ecosystem CCS
too low

Mineral sequestration Formation of stable
carbonates [11]

Reactivity depends on the
mineral composition [44]

Ocean sequestration [12] Direct injection from
atmosphere

Ocean acidification and
perturbation of ecosystems

Storage in clathrates
Stable and with low leakage

of CO2 [27]
High storage capacity [45]

Still need research on
formation and dissociation

pathways

Following the current developments in the fields of CO2 gas hydrates, unlike earlier
reviews that focus narrowly on aspects such as formation kinetics or specific promoter
classes in CO2 hydrates, this review offers a broader and more integrated perspective.
It begins with a general overview of CO2 hydrate fundamentals and the most common



J. Mar. Sci. Eng. 2025, 13, 1908 5 of 44

techniques used for their characterization. To investigate gas hydrates, various analytical
techniques can be employed, including Raman spectroscopy, cryo-SEM, X-ray diffraction
(XRD), and nuclear magnetic resonance (NMR). Additionally, preliminary insights are
often gained through molecular dynamics simulations [46]. In addition, the effect of
promoters and inhibitors are discussed, then key factors influencing hydrate formation
in both laboratory and marine environments are explored. Special attention is given to
natural compounds, such as dissolved organic matter, amino acids, protein derivatives, and
humic substances, present in seawater, which can act as either promoters or inhibitors. The
review also examines the role of sediments in the hydrate formation process and discusses
sampling methodologies and analytical techniques used to characterize these natural
compounds. By addressing both synthetic and naturally occurring influences, the review
provides a comprehensive understanding of the variables affecting CO2 hydrate formation.

2. Fundamentals of CO2 Hydrates
2.1. Structural Characteristics of CO2 Hydrates

Gas hydrates are non-stoichiometric structures composed of water molecules con-
nected by hydrogen bonds. Their cavities are large enough to encapsulate small gas
molecules via van der Waals forces [47]. Three types of hydrate structures exist depending
on formation conditions and guest molecule size: structure I (sI), structure II (sII), and
structure H (sH) (see Figure 3). Structure I (sI) is the most common and can accommodate
small molecules such as carbon dioxide, methane, ethane, and nitrogen (0.4–0.55 nm) [48],
structure II (sII) hosts larger hydrocarbons (0.6–0.7 nm) as guest molecules [49] while
structure H (sH) requires both large and small guest molecules, such as methane and
cycloheptane, to remain stable [50].

Figure 3. Schematic representation of the main structures of gas hydrates.

The sI structure contains 46 water molecules, arranged as two pentagonal dodecahe-
dra (512) and six tetrakaidecahedra (51262). The sII structure, with 136 water molecules, is
composed of alternating layers of 16 face-sharing pentagonal dodecahedra (512) and eight
hexakaidecahedra (51264). The sH structure consists of 34 water molecules arranged as
three pentagonal dodecahedra (512), two irregular dodecahedra (435663), and one icosahe-
dron (51268) (see Figure 3). Not all cavities in these polyhedra are the same size. The sI
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structure has more large cavities compared to small ones, while sII contains mostly smaller
cavities. The sH structure has an almost equal number of large and small cavities. The types
of cavities and their average radii are detailed in Table 2. This distribution explains the
different stability behaviors of the three structures regarding their ability to accommodate
large and small guest molecules, as described earlier in this section [51,52].

Table 2. Parameter of cavities for different types of structures [51].

Structure sI sII sH

Cavity type Small Large Small Large Small Medium Large

Number of cavities 2 6 16 8 3 2 1

Average cavity radius (Å) 3.95 4.33 3.91 4.73 3.94 4.04 5.79

Lattice dimension (Å) 12 17.3 12.2

Number of water molecules 46 136 34

In particular, CO2 hydrates are formed in structure sI, in which eight carbon dioxide
molecules occupy pentagonal dodecahedral and tetrakaidecahedral cavities in a 1:3 ratio
with only a few CO2 molecules occupying small cages. However, it is difficult to differenti-
ate which cavities are occupied when using Raman spectroscopy, since the spectrum shows
only a single peak [52]. However, not every single cage is occupied by gas molecules, so
a functional parameter is represented by the hydration number n [53] (the molar ratio of
water to gas molecules), defined by Equation (1):

n =
Nw

∑i Niθi
(1)

where Nw is the number of water molecules (46 for CO2 hydrates), θi is the occupancy in i
cages, and Ni is the number of cages of the same kind.

2.2. Characterization of CO2 Hydrates

In this section the most common methods used for the study of hydrates are reported:
Raman spectroscopy is an essential technique that provides insight into the formation

and decomposition mechanisms of hydrates by analyzing their Raman spectra, which reflect
molecular structures based on vibrational and rotational motions of molecules. In the case
of hydrates, interactions between guest molecules and the water lattice affect the intensity,
position, and number of spectral bands. When examining water, the most intense bands
correspond to the symmetric and asymmetric OH stretching vibrations, located between
3000 and 4000 cm−1. Variations in temperature, phase, chemical environment, and the
nature of host molecules directly influence the intensity and position of these bands [54,55].
When CO2 is encapsulated within the hydrate structure, two peaks can be observed in the
1200–1400 cm−1 region of the Raman spectrum (as shown in Figure 4). These correspond
to the C–O stretching vibration (ν1) and the overtone of the bending modes O–C–O (2ν2),
known as the characteristic Fermi-diad peaks of CO2 in hydrate structures [56]. The data
obtained from Raman spectra, however, cannot be directly correlated to the quantity of
CO2 inside the hydrate structure; instead, it can be estimated from the ratio of the total
area of the two CO2 peaks to the area of the water peak [57]. In addition to that, Raman
spectroscopy can also be used to monitor the replacement of CO2 in hydrates by different
guest molecules.
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Figure 4. Raman spectra of CO2 hydrate at 213 K showing the CO2 Fermi-diad peaks and OH
stretching bands of water, adapted from [58].

Cryo-SEM provides valuable information about the morphology of hydrates and the
shape of their pores. This is crucial for understanding the physical and morphological
properties of gas hydrates. The technique requires refrigeration below −30 ◦C because the
hydrate structure of water is lost if the analysis is performed at room temperature. For
example, Figure 5 shows two SEM images of a CO2 hydrate, as reported by Giovannetti
et al. [58]. These are present as spherules with dimensions on the order of tens of microme-
ters, formed by CO2 diffusion during hydrate formation. At higher magnification of the
sample (Figure 5b), cavities can be observed containing holes. This is likely due to the loss
of CO2 from the cavities, possibly favored by the interaction with the electron beam of
the microscope. This technique can also be used to study the “self-preservation” of CO2

hydrates as reported by Falenty et al. [59] that used cryo-SEM, in combination with in situ
neutron diffraction; in this phenomenon hydrates show a slow decomposition even outside
of their stability range, successfully correlating the “self-preservation” to the permeability
of the ice film formed during the decay of the gas hydrate surface.

 

Figure 5. (a) SEM images showing the surface morphology of CO2 hydrates; (b) hydrate structure at
an higher magnification, adapted from [58].

Powder X-ray diffraction (pXRD) is another technique used to determine the structure
and composition of CO2 hydrates, including the location of guest molecules and cage
occupancies [60]. As with other analytical methods, XRD measurements on hydrates must
be performed under low temperature and high-pressure conditions to prevent hydrate
decomposition. One of the main advantages of XRD is its ability to distinguish ice from
hydrate, as well as to measure the rates of hydrate formation and decomposition directly
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in situ. This is typically achieved by calculating the intensity ratio of the diffraction peaks
corresponding to the hydrate phase [61].

NMR is one of the most common magnetic resonance techniques used for the analysis
of gas hydrates. The primary methods include NMR spectroscopy and MRI (magnetic
resonance imaging), which are typically employed to evaluate the presence of specific com-
ponents and their saturations with minimal influence from experimental conditions such
as temperature and pressure [62]. 1H and 13C NMR spectroscopy are used to study crystal
structures and cage occupancies of guest molecules or how CO2-encased molecules reori-
entate in the hydrate structure. Ratcliffe et al. [63] highlight the importance of temperature-
dependent dynamics in interpreting NMR data for CO2 hydrates. The study proposes
several motional models, including libration in one or two planes, to explain the observed
NMR spectra. In particular, the 13C NMR line shapes change with temperature, reflecting
different motional regimes. Furthermore, MRI provides information on gas hydrate forma-
tion and dissociation in porous media, as well as the replacement of guest molecules in the
hydrate structure [64]; that being said, some recent studies also used NMR for quantitative
analysis of the formation and dissociation of CO2 hydrates [65,66]. Additionally, some
studies have utilized NMR to investigate the replacement of methane by CO2 [67].

Differential Scanning Calorimetry (DSC) is a thermal analysis technique used to study
the thermodynamic properties of hydrates. DSC measures the difference in heat flow
between a sample and a reference during a controlled temperature program, providing
information about phase transitions and allowing prediction of hydrate stability under
specific conditions [68]. Additionally, DSC is employed to quantify the amounts of hydrate,
unreacted ice, and unreacted guest molecules [69]. Figure 6 shows an example of a heat
flow chart reported by Lee et al. [70], where the distinct heat flow changes corresponding
to different types of phase transitions can be clearly observed.

Figure 6. DSC analysis of a CO2 hydrate sample; adapted from [70].

Computational approaches can be used to predict the behavior of hydrates, especially
during preliminary studies. Molecular Dynamics (MD) simulations, in particular, offer
valuable insights into the formation–decomposition mechanisms and stability of hydrates.
The first MD simulations on hydrate growth can be dated back to the 1980s [71,72]; since
then, researchers have applied these simulations to evaluate various factors influencing
hydrate formation and dissociation. Figure 7 presents the most common MD models
applied to study CO2 hydrates, as collected by Zhang et al. [73].
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Figure 7. Diagram reporting different MD models applied to the study of CO2 hydrates [73].

2.3. Thermodynamic and Kinetic Aspects
2.3.1. Thermodynamic Aspects

Thanks to advances in experimental and computational techniques, it is possible
to observe the various mechanisms involved in the formation of CO2 hydrates. The
thermodynamic properties of CO2 hydrates provide valuable information about their
formation, decomposition, and stability [74]. To identify the factors influencing CO2

hydrate formation, a proper understanding of the hydrate phase equilibrium is essential.
Most thermodynamic research relies on computational simulations. In recent years,

the focus has shifted towards mixed CO2 hydrate systems as opposed to pure CO2 hydrates,
resulting in a relatively limited amount of the literature available on the latter to date [16].

Usually, phase equilibrium is calculated by considering the system as composed of
two liquid phases separated by a thin hydrate layer. The hydrate–liquid water (H-Lw)
equilibrium is modeled based on the hydrate–water–CO2 system [75].

Figure 8 displays a representative phase diagram of the H2O–CO2 system, illustrating
the phase transitions of water and CO2 within the mixed system. The area shaded in gray
corresponds to the stability zone of CO2 hydrates when carbon dioxide is introduced in its
gaseous state. As will be discussed in the following chapters, it is important to note that
the temperature and pressure conditions governing hydrate stability can shift depending
on several factors, such as the nature of the additives employed and the characteristics of
the sediments in which the hydrates are formed.

From a thermodynamic perspective, the first law of thermodynamics ensures energy
conservation during hydrate formation, while the second law governs the direction of
processes, favoring spontaneous transformations that minimize Gibbs free energy (G).
When a system can reach thermodynamic equilibrium, the equilibrium conditions are
defined by this energy minimization across temperature, pressure, and component mass
distribution.

However, if thermodynamic equilibrium is not attainable, as is often the case in com-
plex natural environments, the system evolves according to the combined law, which
dictates alternative paths for development toward lower energy states. Under these circum-
stances, hydrate phase stability curves, such as those in Figure 8, represent only possible
boundaries, and may not reflect the actual phase behavior. Competing transitions or mass
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conservation constraints may result in more favorable thermodynamic outcomes, such as
alternative hydrate structures or dissolution dynamics.

 

Figure 8. Pressure-temperature phase diagram of a CO2–H2O system.

A rigorous thermodynamic analysis must account not only for temperature (T) and
pressure (P), but also for the chemical potentials of the guest molecules and water in both the
hydrate and surrounding phases. The stability of gas hydrates is fundamentally governed
by the equality of chemical potentials rather than by T and P alone. Specifically, hydrate
formation and stability result from the chemical potentials of both the guest molecule (e.g.,
CO2, CH4) and water in the hydrate and in the adjacent phases such as aqueous solution,
gas phase, or other host environments [76].

Chemical potentials depend on species’ activities, not merely concentrations (mole
fractions) or partial pressures. In aqueous or mixed phases, activity reflects interaction
effects such as non-ideal solution behavior, salinity influences, presence of additives (e.g.,
salts, inhibitors, promoters), or geological matrix effects. For gases like CO2 or CH4

dissolved in water, Henry’s law constants and activity coefficients modulate the activities,
influencing chemical potential; water activity itself can be altered by dissolved salts or
organic compounds. Thus, concentration effects in all phases influence the chemical
potentials and, ultimately, the hydrates’ stability. This explains why identical T-P conditions
can support or inhibit hydrate formation depending on phase composition [76,77].

In this contest, chemical potentials are essential; in fact, classical hydrate phase dia-
grams plot only equilibrium based on partial pressure of gas and temperature, implicitly
assuming ideal behavior and fixed composition. Natural systems (marine sediments,
pipelines, porous media) exhibit complex multi-component mixtures, gradients, and there-
fore non-idealities. In addition, transport phenomena (mass transfer limitations), presence
of multiple phases (e.g., gas pockets, saline pore water), and mineral interfaces create
heterogeneous chemical potential fields. Hence, chemical potential equality is the true
thermodynamic criterion for hydrate stability, while T and P are necessary but insufficient
descriptors [78].

Equilibrium conditions for hydrate formation or dissociation are established when
the chemical potential of the “building unit” (typically, guest molecule plus n(H2O)) in
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solution equals that within the hydrate phase. The driving force for hydrate growth or
decomposition is the difference in chemical potential (∆µ) between the surrounding phase
and the hydrate phase, which can be expressed as (i) ∆µ > 0: hydrate growth or nucleation
occurs; (ii) ∆µ = 0: phase equilibrium is established; (iii) ∆µ < 0: hydrate decomposition
occurs [79].

Concentrations, reflected in the activities, and therefore in the chemical potentials, of
guest and water molecules in all coexisting phases, are crucial to determine the system
equilibrium. Hence, considering only temperature and pressure is insufficient; the gas
composition, degree of saturation in water (or other host phases), and the presence of
solutes or additives significantly affect chemical potentials and thus stability [80].

This issue can be evaluated by considering the system’s degrees of freedom, using a
compressed form of the Gibbs phase rule: [F = C − P + 2] where F is the number of degrees
of freedom, C is the number of components, and P the number of phases. For example, in
a system forming CH4 hydrate with methane, water, and hydrate phases (C = 2, P = 3),
the system has F = 1, allowing one independent variable (temperature or pressure) to be
adjusted during equilibrium measurements [77].

Nevertheless, in natural settings, both temperature and pressure vary locally, and
more than one hydrate phase may be present, along with minor but thermodynamically
influential phases like adsorbed water layers, gas–liquid interfaces, and mineral surfaces. In
such cases, the system becomes mathematically overdetermined, and equilibrium modeling
must give way to non-equilibrium thermodynamic analysis. This explains why actual
hydrate formation and dissociation may diverge from theoretical models [78].

Even though microscale numerical simulations have managed in calculating inter-
actions between gas molecules and water cages, their reliability strongly depends on the
accuracy of the interaction potential energies and the models employed [16]. In real marine
environments, the complexity and variability of conditions, such as temperature, pressure,
salinity, and geological heterogeneity, significantly influence these parameters, making pre-
cise prediction of CO2 hydrate behavior challenging. Experimental and simulation studies
have also demonstrated deviations from classical trends—for example, although higher
pressures and lower temperatures generally enhance hydrate growth, exceptions underline
the need for further refinement of existing models. Some experimental approaches are
possible; for example, Yang et al. [81] measured the CO2 solubility in H–Lw equilibria using
an experimental apparatus and found a good agreement with the theoretical results for the
same system. Additionally, DSC is used to determine the values of enthalpy of dissociation
and heat capacity values of CO2 hydrate systems.

2.3.2. Kinetic Aspects

The formation kinetics of gas hydrates are governed by a complex interplay of ther-
modynamic and dynamic factors, including temperature, pressure, gas composition, and
the presence of nucleation sites such as interfaces or solid surfaces [82].

While classical thermodynamic models provide a framework for predicting hydrate
stability, experimental observations frequently reveal deviations from these predictions,
indicating the presence of kinetic anomalies.

A particularly illustrative example is found in mixed gas systems containing CO2

and methane CH4. Thermodynamically, CO2 forms more stable hydrate structures than
CH4 under comparable conditions. However, experimental studies have shown that CH4

can initiate hydrate nucleation preferentially, even in the presence of CO2. This behavior
suggests that kinetic factors may override thermodynamic stability in determining the
onset of hydrate formation [83].
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Several hypotheses have been proposed to explain this phenomenon: (i) molecular
diffusivity: CH4 exhibits higher diffusivity in aqueous media compared to CO2, potentially
allowing it to reach nucleation sites more rapidly [84]; (ii) hydrate cage formation dynamics:
CH4 may more readily form metastable hydrate-like clusters that serve as precursors to
full hydrate structures [76]; (iii) surface affinity: CH4 may interact more favorably with
available surfaces or interfaces, enhancing its nucleation potential [85]; (iv) competitive
adsorption and incorporation: in mixed gas environments, CH4 may dominate the initial
stages of hydrate formation due to its kinetic accessibility, despite its lower thermodynamic
driving force [86]. These findings have significant implications for the modeling and
optimization of hydrate-based technologies, including carbon capture and storage (CCS),
gas separation, and the exploitation of natural hydrate reservoirs. A deeper understanding
of kinetic behavior is essential for accurately predicting hydrate formation pathways and
designing efficient systems for industrial and environmental applications.

The hydrate formation process occurs in two stages: nucleation by creation of mi-
croscopic clusters and growth with rapid crystal expansion once nuclei exceed a critical
size. Growth mechanisms vary depending on whether nucleation occurs in bulk phase
(homogeneous) or at surfaces/pores (heterogeneous). Nucleation can be homogeneous,
rare in real conditions or more commonly heterogeneous, which depends on surfaces or im-
purities to reduce the energy barrier. Several models have been developed: Labile Cluster
Hypothesis [76], stochastic cluster collisions lead to nuclei. Local Structuring Theory [79],
locally ordered water–gas zones evolve into hydrate structures. Blob Hypothesis [80]
combines both theories. A key concept is that hydrate formation must overcome a Gibbs
free energy barrier. The critical nucleus size (typically 2–4 nm) marks the transition beyond
which growth becomes thermodynamically favorable. For CO2, this barrier is higher than
for CH4, leading to longer induction times (delay before detectable hydrate formation),
higher chance of nuclei dissociation before growth. This delay is especially relevant in
CH4–CO2 replacement processes, where the reformation of methane hydrates during early
stages can reduce efficiency [87].

Kinetic study can be approached in different ways to obtain both macrokinetics and
microkinetics information [16].

The macrokinetic approach focuses on the overall steps involved in hydrate formation,
which are similar for both mixed and pure CO2 hydrates. The initial phase, which goes
from the start of the reaction to the formation of critical nuclei, is called the induction
time. During this period, nuclei are stabilized by hydrogen bonds formed between water
molecules. Furthermore, induction time can be subdivided into microscopic induction time
(ending with the formation of the first nuclei) and macroscopic induction time (ending
when the first visible hydrate clusters appear), as illustrated in Figure 9 [88].

Figure 9. Schematic diagram illustrating the process of gas hydrate formation [88].
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After the formation of critical nuclei, these nuclei begin to grow into larger and more
stable clusters. This growth phase is typically accompanied by a pressure decrease [89],
as illustrated in Figure 10. Factors influencing the induction time and growth rate of
CO2 hydrates include pressure, temperature, stirring rate, and reaction vessel size, with
pressure and temperature being the most fundamental thermal parameters. Additionally,
due to the limited contact area between gaseous CO2 and the liquid phase, the use of
porous media [90] or stirring [91,92] can enhance mass transfer and thus promote hydrate
formation.

Figure 10. Graph showing pressure changes during the various stages of hydrate growth adapted
from [82].

Microkinetics, on the other hand, focuses on studying the interactions between water
cages and guest molecules through MD simulations, often incorporating quantum mechan-
ical methods such as semiempirical orbitals and Density Functional Theory (DFT), which is
based on the Schrödinger equation. This approach involves analyzing water–water and
CO2–water interaction potential energies [16] as well as employing ab initio techniques.
Among these methods, DFT is the most widely used, as it enables determination of hydrate
structure and identification of the cage occupancies of CO2 molecules that are thermody-
namically most stable [93]. Evaluating cage occupancies and guest molecule interactions
within the hydrate structure is essential to predict structural stability and provides insights
into the formation and dissociation mechanisms of CO2 hydrates through detailed analysis
of water arrangements [94]. These methods, however, give results based on single cages
and, as such, do not consider the periodic environment of the hydrate lattice [95].

3. Promoters and Inhibitors
3.1. Promoters of CO2 Hydrate Formation

Hydrate nucleation depends on several factors, including undercooling, pressure,
gas-to-water ratio, presence and concentration of promoters, agitation, and the type of gas.
Promoters can be classified as thermodynamic (THP) and kinetic (KHP).

THPs favor hydrate formation at lower pressures and higher temperatures by facili-
tating the organization of the hydrate structures, with the promoters remaining trapped
inside the hydrate cavities. If THPs promoters are present at less than the stoichiometric
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concentration, they fill the large cages favoring the formation of structure II as schematized
in Figure 11a that illustrates the difference in structure between pure CO2 hydrate and
binary THF + CO2 hydrate. This phenomenon is called “tuning phenomenon” [96].

Figure 11. (a) Schematic diagram illustrating the effect of THP on the transition from pure CO2

hydrate (sI) to THF + CO2 hydrate (sII), adapted from [96]. (b) Mechanism of gas hydrate formation
in presence of KHP, adapted from [97].

In addition, KHPs modify the interfacial tension and increase the surface area, en-
hancing the solubility of gases in water. This improves gas consumption and permeation
rate during hydrate formation. Due to their molecular characteristics, KHPs do not enter
the hydrate cages and thus do not affect the hydrate equilibrium curve of the hydrate
(Figure 11b) [97]. While THPs therefore stabilize the structure, KHPs accelerate hydrate
formation by shortening the induction time, without influencing structural transitions [98].

3.1.1. Role of Surfactants and Additives

The first and most used class of KHPs for CO2 hydrates is represented by surfactants,
which have been employed since 1985, initially to improve heat storage capacity [99]. Even
the addition of small amounts of surfactants significantly increases the rate of hydrate
formation and, for certain surfactants, the need for stirring can be eliminated [100]. As
previously noted, THPs therefore stabilize the hydrate structure, whereas KHPs enhance
the hydrate formation rate by shortening the induction time, without affecting structural
transitions [101,102].

The surfactant with the greatest impact on the kinetics of hydrate formation is sodium
dodecyl sulfate (SDS), making it the most used promoter for this purpose [103].

It is, in fact, known that, even at low concentration, SDS can act as a good promoter for
hydrate formation; however, when the concentration is increased drastically, a reduction in
the CO2 capture capacity is observed [104]. In addition, the efficiency of promotion was
also observed to depend on the form in which SDS is used; Wang et al. [105] found that,
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when adding SDS as micelle, a reduction in the formation rate of hydrates was observed.
In general, the effect of a particular surfactant on hydrate formation mainly depends on its
nature; considering the ionic properties, various studies related to the application of ionic
surfactants (SDS, for example) reported a higher hydrate formation rate [106–108].

Another parameter to consider is the length of the surfactant’s hydrophobic chain;
therefore, different studies have been conducted using various surfactants with the same
functional group but different chain length. In this case, it was observed that the presence of
a longer chain favors the nucleation of hydrates, but the effect on the subsequent formation
is heavily dependent on the type of hydrate [109–112]. It is important to note that only
surfactants containing 12 carbon atoms are effective in promoting hydrate formation with
pure CO2, whereas for CH4 and mixed hydrates, formation is also favored by the presence
of surfactants with chain length from 8 to 14 [113].

The second most common additive used as THPs is tetrahydrofuran (THF). A particu-
lar effect of THF relates to its ability to change the CO2 hydrate structure from sI to sII which
results in higher CO2 absorption [114]. As with many other promoters, this effect persists
only up to a specific concentration; for THF, a plateau was observed at concentration above
5.56 mol%. What happens is that, as the THF concentration increases, the molecules will
occupy sII cavities, thus reducing CO2 storing capacity in the hydrate structure [115].

Other additives commonly used for hydrates formation include cyclopentane, 1,3-
dioxalane [116], pyrrolidine, and aziridine [117]; all these compounds showed a promo-
tional effect on CO2 hydrate formation but a lower rate than SDS and THF. A particular
case can be mentioned for 2-methyl tetrahydrofuran, which showed no effect on hydrate
formation [116]. A novel field of study, mainly focused on promoting methane hydrate
formation, is the application of multi-chain surfactants, also called Gemini surfactants,
thanks to their better surface activity compared to single chain surfactants [118]. Gemini
surfactants lead to higher storage capacity than SDS even at lower concentrations [119].

3.1.2. Influence of Nanoparticles

Nanoparticles, thanks to their unique surface properties and ability to influence
transport phenomena, can act as KHPs, improving the rate of hydrate formation, gas storage
capacity, and reducing induction times [120–122]. Among all the different nanoparticles,
considerations will be given to alumina NPs, silver NPs, zinc oxide NPs, copper oxide NPs,
iron oxide NPs, silica NPs, graphene oxide nanosheets, and graphite nanoplates.

The effect of alumina nanoparticles has been investigated when they are added to-
gether with surfactants like alkyl polyglucosides (APG) or SDS, showing only a slight
improvement in storage density [123], but a synergistic effect in the reduction in induction
time, favoring nucleation, when added as a porous powder [124]. Although the influence is
positive, it has been found that, regarding the storage density, the improvement is mainly
related to the surfactants and their concentration [120].

Silver NPs have a strong influence on methane hydrate formation [125], but regard-
ing CO2 hydrates, they are not as effective in affecting induction time and storage den-
sity [126,127]. Nevertheless, molecular dynamics simulations have demonstrated that
nanoparticles decrease CO2 agglomeration, increase diffusion and migration to interfaces,
and enhance the hydrate growth rate, thanks to their high thermal conductivity, but only at
an appropriate concentration of AgNPs; otherwise, they could cause the opposite effect,
due to physical blockage of carbon dioxide migration [128].

Other interesting compounds are graphene oxide nanosheets (GO), which are used
together with tetra-n-butyl ammonium bromide (TBAB). They act by bonding TBAB ions
through the carboxyl groups, delaying TBAB occupation of cavities, improving gas storage,
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heterogeneous nucleation and water conversion [129]. A similar result is obtained using
graphite powder in addition to SDS [120,129,130].

Although zinc oxide nanoparticles are intensively studied, they find a substantial
application only with methane hydrates, where they are applied together with surfactants
like SDS [131]. They still have a positive influence on the formation of CO2 hydrates, but
their performance is lower than that of other nanoparticles [120]. Relevant studies of zinc
oxide nanoparticles are focused on their combined effect with different kinetic promoters
such as CTAB and TBAF [132] and thermodynamic promoters like THF, which has a strong
influence on CO2 hydrates stability [133].

Copper oxide nanoparticles present behavior like that of alumina ones, showing
a relevant positive influence only in the reduction in induction time [120]. A peculiar
behavior is exhibited by Fe3O4 nanoparticles, which increase the conversion of water into
hydrate yield; this phenomenon is further enhanced by the application of a magnetic field,
thanks to magnetic properties of iron [120,134].

Another example of nanoparticles on which different studies have been conducted is
silica ones. In fact, they can be functionalized with a variety of compounds, similarly to
other nanoparticles, like SiO2-NPs, and good results in terms of induction time and gas
consumption are obtained with an amino group containing functionalization [121].

To improve hydrate-based CO2 capture, additives composed of SiO2/Al2O3 nanopar-
ticles (NPs) and tetrabutylammonium bromide (TBAB) were proposed by Z. Cheng
et al. [135] demonstrating an improvement in kinetic performance due to the presence of
NPs. In this case, the uniform dispersion of NPs during the nucleation step provides a large
number of sites for heterogeneous hydrate nucleation (Figure 12), enhancing the ability to
break hydrogen bonds between water molecules, thus accelerating hydrate nucleation. In
addition, the study of the peaks corresponding to the O–H vibration detected between 3000
and 4000 cm−1 by Raman spectroscopy, demonstrated that the presence of NPs increases
the destruction of hydrogen bonds between water molecules.

 

Figure 12. Schematic diagram of hydrate formation in the presence of NPs adapted from [135].

However, the specific effect of each nanoparticle depends on its concentration, mor-
phology, surface properties, and the possible presence of other additives such as surfactants,
highlighting the complexity of the interactions in these multiphase systems.

3.1.3. Memory Effect on Gas Hydrates

Among all the different factors affecting carbon dioxide hydrates or gas hydrates
in general, there is one that still lacks a precise explanation: the memory effect. It is a
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phenomenon whereby gas hydrates tend to reform more readily in solutions where they
have previously formed. The induction times are reduced and the temperatures at which
they form are higher [136]. Several attempts to develop theories have been made and they
can be resumed in four main theories.

The first proposed mechanism for the memory effect was related to the residual
structure hypothesis according to which different retained structures after decomposition,
can provide better nucleation sites for the formation of gas hydrates during subsequent
synthesis [137]. In fact, the altered residual structure can act as a kinetic promoter and
influence the nucleation and growth kinetics of CO2 hydrate in the subsequent hydrate
formation cycle.

The first one states that it is due to remaining gas hydrate structures residual in so-
lution, acting as seeds for the subsequent nucleation [137–141], however, it is the least
likely to be true among the theories, both due to thermodynamic factors and the ob-
servation that using different reactors, under the same conditions, affects the degree of
the memory effect [136,142]. The guest gas supersaturation theory hypothesizes that the
diffusion of the gas is slowed, and it is considered the most probable to occur, since it
does not contradict thermodynamic laws [136,143]. According to the impurity imprinting
hypothesis, impurities on the surfaces of the container become conditioned during the
initial hydrate formation, enhancing their effectiveness as nucleation sites in subsequent
formation cycles [136,139,144,145].

The most recent theory (the nanobubble hypothesis) proposes that nanobubbles gener-
ated during hydrate decomposition serve as nucleation sites. These interfacial nanobubbles,
particularly those adhering to solid surfaces, enhance the gas–liquid interfacial area, pro-
moting heterogeneous nucleation [145,146]. The CO2–water interfaces of the nanobubbles
can act as nucleation sites and thus can influence the distribution, accumulation, and
growth of CO2 hydrates. Furthermore, the induction time can be influenced by the water
memory effect with a time delay for the onset of hydrate nucleation that can be altered due
to past interactions of water with the surrounding environment [147] (Figure 13a). Another
hypothesis for the water memory effect is the reduction in water salinity with each cycle
of hydrate formation and dissociation, which, by influencing both CO2 dissolution and
the phase diagram, enhances hydrate formation in the subsequent cycles as illustrated in
Figure 13b [146]. To date, no single hypothesis has been able to comprehensively account
for the memory effect completely. This suggests that multiple contributing mechanisms
may be acting together, or that the true origin of the phenomenon lies beyond the scope of
current theoretical models [136].

Figure 13. (a) Representation of the memory effect in the CO2 hydrate formation process during
dissolution, induction, and growth. (b) Impact of the memory effect on brine salinity and CO2

hydrate formation/dissociation at the pore scale adapted from [146].
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3.1.4. Synergistic Effects with Other Gases

Another factor influencing the formation of CO2 hydrate is the presence of other gases
either in the air or in the hydrate structure. The substitution of methane with CO2 in the
hydrate’s structure was proposed as an efficient way to recover CH4 from reservoirs that
are naturally present in cold regions [148], this is made possible thanks to the fact that CO2

hydrate are stable at lower pressure than methane hydrates (i.e., the heat of CO2 hydrate
formation is higher than the heat of dissociation of CH4) [149]. Given that CO2 occupies
the cavities where CH4 was previously present, in this case, there is also the advantage of
maintaining the stability of the structure, avoiding slope failures [150]. Another factor to
consider is the exothermic nature of CO2 hydrate formation which should be controlled
in order to avoid raising the temperature above 10.5 ◦C to prevent CO2 dissociation.
Theoretical limit for CO2 is 64% [151], but an experimental study by Lee et al. [152] showed
that no more than 50% of methane can be recovered [153,154]; however, it is still possible to
change this value by the addition of other additives [155]. One important aspect to consider
when replacing CH4 with CO2 is that methane has a global warming potential 20–30 times
greater than that of carbon dioxide. Therefore, the environmental implications of such
substitution must be carefully assessed [156]. CO2/CH4 swapping in gas hydrates occurs
through fundamentally different mechanisms depending on whether the system is in the
liquid water regime (near or above 0 ◦C) or in the ice regime (well below 0 ◦C, with no
liquid water present).

In the first case, the mechanism is primarily interface-driven, dominated by processes
at the gas–liquid interface. The swapping process is limited by a mass transport barrier
created by the formation of a hydrate film, which restricts the diffusion of CO2 through the
hydrate surface. This pathway involves the partial dissociation of CH4 hydrate, followed
by the formation of a CO2-rich outer shell. A concentration gradient then drives the
diffusion of CH4 out of the hydrate structure. The presence of liquid water facilitates this
process; however, as water is depleted, the process slows down and the ice regime becomes
dominant [157–161].

In the ice regime, where no liquid water is present, swapping occurs via solid-state
exchange. In this case, CO2 slowly penetrates the hydrate matrix, and CH4 is released
without the need for a gas–liquid interface. Defects in the crystalline structure of the hydrate
facilitate the formation of porous CO2 hydrate. This process occurs without dissociation,
so the overall structure remains intact. This phenomenon can also occur at temperatures
above 0 ◦C, but with a lower impact compared to interface-driven swapping [152,162–164].

Another example is mixed CO2-N2 hydrates, these are also being studied because both
CO2 and N2 are the main constituents of flue gas and so many studies have proposed the
formation of hydrates for their capture as a suitable option [151,165]. Lee et al. [70] through
DSC, pXRD, and Raman spectroscopy tested the stability of a mixture of mixed CO2-N2

hydrates, with a 90% to 10% ratio, respectively, for N2 and CO2.
Yao et al. [166] studied the mixed hydrate CO2/N2 under marine CO2 sequestration

conditions to evaluate phase equilibrium and cage occupancy through the analysis of the
thermodynamic characteristics of the mixed hydrate. Among the environmental effects,
the study analyzes the influence of gas–liquid ratios, pressure–temperature gradients and
the degree of hydrate formation on the phase equilibrium, kinetics, and thermodynamic
stability of hydrates. In this case, excess water enhanced CO2 dissolution, increasing
the thermodynamic barrier for hydrate formation and reducing their total composition.
Furthermore, hydrate heterogeneity affects the efficiency of CO2 capture and the stability
of sequestration under variable environmental conditions. CO2/N2 injection into marine
sediments to form gas hydrates significantly reduces costs and improves environmental
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persistence. In Figure 14a a schematic representation is reported for CO2 rich-hydrates and
N2 rich-hydrates referred to thermodynamic stability.

Figure 14. Schematic representation for (a) CO2-rich hydrates and N2-rich hydrates in marine
sediments referred to thermodynamic stability adapted from [166]; (b) the impact of N2 concentration
on ternary gas hydrate formation for CH4 production and CO2 sequestration adapted from [167].

Recently Mok et al. [167] investigated the formation behavior of CH4 + CO2 + N2 gas
hydrates, analyzing the impact of N2 concentration kinetically and thermodynamically
by measuring the three-phase equilibrium of the hydrates and analyzing the selectivity
of guest molecules within the hydrate structure (Figure 14b). The results demonstrated
that the inclusion of N2 reduces the gas consumption and the conversion to hydrate due to
a thermodynamic inhibitory effect. Furthermore, the amount of N2 trapped in hydrates
increased with its initial concentration in the vapor phase but did not significantly affect the
encapsulation behavior of CO2 and CH4. Indeed, the ratio of CO2 to CH4 remained stable
both in the vapor phase and in hydrates, regardless of the N2 concentration. These results
provide useful insights for CO2 sequestration via hydrates and natural gas production,
suggesting that N2 addition could have strategic benefits for CH4 recovery efficiency and
gas transport.

3.2. Inhibitors of CO2 Hydrate Formation

Depending on their main effects, the inhibitors can be divided in three different groups:
thermodynamic inhibitors (THIs), kinetic inhibitors (KHIs), and antiagglomerants (AA).

Thermodynamic inhibitors were the first class to be applied to avoid the obstruction
of pipelines caused by the formation of CH4 hydrates [141]; THIs consist of either highly
polar molecules (like methanol or ethylene glycol) [168,169] or ions (salts, which will be
discussed more in depth in Section 4.1.3) [170]. These compounds can bind with water
either via hydrogen bonding (for polar molecules) or electrostatic interaction (for salts),
thus reducing the water able to form a hydrate with the gas molecules and so causing
a shift in the phase boundary away from the formation operating condition [171]. The
inhibition effect is highly dependent on the ability of the THI to bind with water [169];
for ionic species there is a stronger inhibitor effect for multivalent ions than monovalent
ones, a similar effect is seen for polar molecules (it can be taken as an example the fact that
ethylene glycol, a molecule with two -OH groups is a better inhibitor than ethanol) [172].
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That said some thermodynamic inhibitors, when present at low concentrations can act
as promoters [173]. Considering the mechanism in which THIs act to give an efficient
inhibition they need to be added in high concentrations [174].

The two other types of inhibitors are also defined as low dosage hydrate inhibitors; in
contrast to THIs they can be used in concentrations less than 1% (mass/mass) [175]. Kinetic
inhibitors are mainly polymers or copolymers that are water soluble, the most common
ones are polyvinylpyrrolidone (PVP) and polyvinylcaprolactam (PVCap) [176]. KHIs, in
this case, act as hydrate antinucleators, by binding to the surface of the hydrate nuclei [177].
The binding mechanism remains unclear to this day unclear, as some studies report that the
inhibition efficiency is dependent on the presence of amino groups on the KHI [178]; in other
studies, it was suggested that the inhibition is molecule dependent [179]. An interesting
category of KHI are antifreeze proteins (AFPs), produced by some microorganisms. These
proteins are of particular interest because they can be used as a green approach in the
inhibition of the CO2 hydrate formation, while maintaining an efficiency comparable to the
other KHIs [112,180]; the effect of AFPs will be discussed more in detail in Section 4.4.

Antiagglomerants are surface active materials that prevent hydrates from further
agglomeration [168]. The operating mechanisms change depending on the AA structure:
for quaternary antiagglomerants (with hydrophilic head groups and hydrophobic tail
groups), the hydrophilic part binds to the hydrate surface and the hydrophobic tail keeps
the hydrates nuclei away from each other and increases the dispersion of the particles in
the hydrocarbon phase [181]. The other class of AAs is able to form an emulsion with water
(water in oil emulsion) [182] and, considering the hydrate formation is carried on the liquid
phase, a reduction in the formation rate can be observed.

4. Effects of Naturally Occurring Compounds on CO2 Hydrate Formation
Seawater is considered as one of the most interesting media for the formation and

subsequent stocking of hydrates in general, primarily because of the relatively low temper-
ature and high pressure of the seabed. It is important, however, to consider the composition
of the seawater environment, as many of the compounds present in seawater can act either
as promoters or inhibitors [183].

In the following paragraphs, in addition to the various additives mentioned above,
the effect that some constituents of seawater (both organic and inorganic), as well as the
characteristics of sediments, on the formation of CO2 hydrates are described. In addition,
some of the most common methods for their determination are reported.

4.1. Inorganic Fraction
4.1.1. Natural Hydrate-Bearing Sediments

To introduce the role of sediments in the stability and formation of gas hydrates, it is
essential to first understand the characteristics of natural hydrate-bearing sediments. As
previously discussed, gas hydrates occur naturally in cold environments such as deep-sea
regions and permafrost zones, where they contribute significantly to sediment stability. It is
estimated that the vast majority of natural hydrates are located in deep marine sediments,
while less than 1% are found in permafrost zones [184]. However, some studies suggest that
this percentage may be slightly higher, approaching 1%. In addition, gas hydrates beneath
the Antarctic ice sheet may further increase global estimates of gas stored in hydrate form
by approximately 4–24% [185].

Hydrate reservoirs are typically categorized into two types of sediments: fine-grained
sediments (median particle size < 62.5 µm) and coarse-grained sediments (median particle
size > 62.5 µm). Most research has focused on the latter, as coarse-grained sediments
exhibit higher permeability, facilitating methane extraction and making recovery more
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economically viable [186]. However, over 90% of natural gas hydrates globally are found
in fine-grained sediments, which have significantly lower permeability, posing substantial
challenges to recovery operations [186,187]. Particle size also affects hydrate saturation:
coarse sediments can reach saturation levels up to approximately 70%, depending on the
encapsulated gas type, while fine-grained sediments typically exhibit lower saturation
values, ranging from 10 to 25% [184].

The morphology of gas hydrates varies significantly depending on the type of sed-
iment. In coarse-grained sediments, hydrates typically occur as pore-filling structures,
dispersed throughout the sediment matrix. In contrast, hydrates in fine-grained sediments
tend to manifest as veins, nodules, chunks, or cementing layers between particles. In
shallow seabed environments, hydrate morphology is further influenced by the migration
of accumulating fluids. In permafrost regions, hydrate structures are generally classified
as either pore-filling, dispersed within small pores and not visible to the naked eye, or
fracture-filling, which form clusters that can be observed macroscopically [188]. To inves-
tigate hydrates in smaller pores, seismic velocity measurements and electrical resistivity
logging are commonly used, as hydrate distribution notably affects these parameters [186].
The presence and saturation of hydrates contribute to increased skeletal stiffness of the host
sediments, resulting in elevated elastic wave velocities [189]. Additionally, the bulk specific
heat of a sediment formation depends on the mass fractions and specific heat capacities
of the mineral matrix, pore water, and gas hydrate. These properties significantly affect
transient heat flow behavior, raising important safety considerations—particularly during
drilling operations.

An interesting characteristic of gas hydrates is their intrinsic thermal conductivity,
which is nearly four times lower than that of ice. Additionally, clay-rich sediments exhibit
thermal conductivities in the range of 0.72–0.83 W/(m·K), significantly higher than those
of sandy sediments, a property that may facilitate the dissipation of heat generated during
hydrate formation [190]. However, it is also essential to consider that hydrate dissocia-
tion can substantially alter the physical properties of the host sediment, particularly its
geothermal and mechanical behavior, potentially leading to severe geohazards such as
sediment deformation.

Changes in ocean and atmospheric temperatures can destabilize gas hydrate forma-
tions, triggering dissociation processes and methane release. This not only exacerbates
greenhouse gas concentrations but also significantly alters the geomechanical properties of
the host sediments. As a consequence, several geohazards may arise, including wellbore in-
stability, submarine landslides, seabed collapse, and compromised reservoir integrity [191].
In permafrost regions, where ice and hydrates coexist, dissociation induced by global
warming can occur simultaneously at both the top and base of the hydrate stability zone,
zones which tend to be relatively narrow. Conversely, in marine environments, dissociation
is generally restricted to the base of the hydrate layer [191]. In addition, CH4 exerts a
significant influence on global warming, with a radiative forcing potential approximately
20–30 times higher than that of CO2. Consequently, it is essential to monitor variations in
bottom water temperature and to identify the environmental parameters that may induce
CH4 release from gas hydrates. To date, however, there is no conclusive evidence indicating
that methane released from hydrates has reached the atmosphere [156].

4.1.2. Influence of Sediments

Most naturally occurring gas hydrates are found as solid deposits within porous
sediments on the ocean floor. These porous environments exhibit a high specific surface
area and are notably influenced by interfacial phenomena, such as strong surface tension
and capillary-driven coalescence. Over time, research into the behavior of gas hydrates
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has developed to include studies using synthetic porous materials like porous silica and
glass [56,192–196]. Although the effect of porous media is generally considered to facil-
itate milder formation conditions, some studies claim the opposite, claiming that using
reproduced porous sand samples, gas hydrates need higher pressure and lower tempera-
ture [197]. This contradiction is related to the fact that the variation in the dimensions of
sediment and its pores strongly influence the results, showing the need to find the optimum
granulation for each type of sand. Generally, it has been found that finer particles favor the
kinetics of water conversion into hydrates [198–201] and CO2 conversion to hydrate [202].

In addition to pore size and number, the composition of the sediment also affects the
phase equilibria of gas hydrates thanks to the secondary interaction between water and
sand. Most research studies have demonstrated that the addition of natural sediments
positively influences the formation of gas hydrates, proving that the usage of heterogeneous
and difficult-to-reproduce samples is fundamental to avoid bias [203,204]. In particular,
it has been found that talc and montmorillonite inhibit the formation of hydrates due to
the release of cations (Na+, K+, Ca2+) [201]. Silica, which is generally the most abundant
component of natural sediments, regardless of the particle size, instead shows a positive
influence [201,203].

Giovannetti et al. [56] used Raman spectroscopy to monitor the effects of salt, sediment
and temperature on the OH vibrations of liquid and frozen water. Experiments demon-
strated that porous sand promoted the formation of hydrates, counteracting the inhibitory
effect of salt and facilitating heat transfer. Furthermore, the presence of sand altered the
equilibrium conditions of hydrates, facilitating their formation at milder temperatures than
those reported in the literature. Comparison of experimental data confirmed the role of
sand as a promoter of the process.

Gurjar et al. [205] investigated the impact of clay content, salinity, and water saturation
in clay−sand sediments on the kinetics of CO2 hydrate formation and sequestration capac-
ity. By considering the potential chemical difference in water to be the driving force and
the effective surface area of porous materials as the interface area for hydrate formation,
the scholars proposed a new kinetics model. The calculated results accurately predicted
the formation rates of CO2 hydrates under various conditions.

Clay minerals (e.g., montmorillonite, kaolinite, illite) exhibit dual roles in gas hydrate
systems, acting as thermodynamic inhibitors while simultaneously promoting hydrate nu-
cleation kinetics. Key factors affecting their behavior include the nature of functional surface
groups, the composition of interlayer cations, and the extent of organically coated material.

The inhibitory effect of clay minerals on gas hydrate formation is primarily attributed
to the reduction in water activity resulting from capillary forces within clay pores and
interactions between interlayer cations and water molecules. Conversely, the promotion
effect is associated with the presence of Si–O rings, which facilitate gas hydrate nucleation.
This kinetic enhancement is further amplified through synergistic interactions between
clay minerals and associated organic matter, leading to a reduction in the induction time
for hydrate formation. Recent research has explored hybrid materials combining clay
minerals with engineered nanostructures, offering promising potential for improving
hydrate formation efficiency under complex environmental conditions, such as those found
in seawater systems [190].

Pore-scale models are used to simulate the movement, reactivity, and formation of
CO2 hydrates within the intricate architecture of porous media. These models consider
key factors such as pore geometry, capillary effects, and multiphase flow, offering valuable
insights into gas migration, hydrate nucleation, and the influence of sediment properties
on storage efficiency. Advanced simulations often incorporate thermal, hydraulic, and
mechanical interactions, and can be further enhanced through machine learning techniques
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to predict hydrate behavior under variable environmental conditions. Nevertheless, natural
porous media exhibit highly complex and heterogeneous pore structures, and many existing
models, despite their sophistication—struggle to fully capture the intricacies of hydrate
behavior in such systems [206].

Research in this area encompasses experimental investigations into hydrate nucleation,
growth, and dissociation at the pore scale. Moreover, several studies have examined how
different variables affect hydrate kinetics, storage potential, and the long-term stability of
the reservoirs.

4.1.3. Influence of Salts

Water (either pure or seawater) is essential in hydrate formation, and its chemical
composition and salinity significantly impact the conditions at which hydrates are stable.
Seawater contains various dissolved salts, with the most common ions being Na+, Cl−,
Mg2+, Ca2+, and SO4

2−. Numerous studies have examined how these electrolytes influence
the formation and dissociation of hydrates [207,208]. Dissolved salts act as thermodynamic
inhibitors, shifting the hydrate equilibrium by raising the pressure or lowering the tem-
perature required for hydrate stability. Furthermore, it is well established that these salts
do not incorporate into the hydrate lattice, which opens the possibility of using hydrate
formation and decomposition processes as a basis for desalination technologies [209,210].

Various computational and experimental research studies have confirmed that salts,
especially sodium chloride (NaCl), serve as thermodynamic inhibitors by decreasing water
activity and forcing hydrate equilibrium conditions towards lower temperature and higher-
pressure conditions, making hydrate formation less likely under normal conditions. For
example, using a combination of experiments involving a mixture of quantum mechanical
(QM) calculations and molecular dynamics (MD) simulations, it was indicated that Na+

and Cl− ion hydration shells interfere with water, inhibiting gas hydrate nucleation [211].
In addition to that, sodium chloride has a dual influence on hydrate formation kinetics.
Low NaCl concentration is seen to increase the driving force for gas dissolution and hence
accelerate hydrate formation to a small extent, while high strengths significantly inhibit
hydrate formation by reducing the number of free water molecules [212].

From a mechanical point of view, the presence of salts plays a role in altering hydrate-
bearing sediments’ integrity as well. It was illustrated that an increase in salinity decreases
sediments bearing hydrates’ mechanical strength and hence their geomechanical stability
in nature, especially in marine environments [213]. In a more extended thermodynamic
context, investigations utilized Debye–Hückel theory and virial coefficient corrections to
calculate the solubility of gases in salty systems and its influence on hydrate formation [214].
These results reaffirm that salt concentration changes both water structure and gas solubility
and decreases hydrate formation rates.

4.2. Organic Compounds and Their Impact on Hydrate Stability

The second class of natural compounds discussed in this review consists of organic
molecules; the organic composition of seawater is very complex and remains only partially
characterized [215], due to the low concentration of the single species. The most common
analytical techniques applied for determination of organic matter are HPLC and GC
coupled with MS-spectrometry, voltammetry, fluorescence, and UV-analysis [216]. These
techniques, especially HPLC-MS and GC-MS, can identify up to very low concentration
of analytes, but in some cases pretreatment of the sample is necessary. Dittmar et al. [217]
developed a method for the extraction of DOM (dissolved organic matter) from seawater
by carrying out solid phase extraction using sorbents with different hydrocarbon chains
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and acquired the extraction of more than 60% and 40% organic matter for coastal seawater
and deep seawater, respectively.

Liu et al. [218] characterized the organic compounds of pore water via Fourier-
Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR-MS) and determined
that the most abundant organics were lignin, proteins, amino-sugars, lipids, unsaturated
hydrocarbons, and carbohydrates; the same sample of water was then tested for CO2

hydrates formation attributed the promoting effect to the elevated number of S-containing
compounds in the organic matter. Other studies report lignin, amides, amine-based com-
pounds and humus to behave as KHP, while lipids and unsaturated hydrocarbons showed
an inhibitory effect [219,220]. Park et al. [221] suggested the mechanism of interaction be-
tween organic anions and sediments to be of electrostatic nature; when CO2 is added to the
water the pH would change, making the effect of organics difficult to predict. Considering
that, as was stated in the previous section, the formation of hydrates happens mostly on the
interface of sediments, this may result in a serious issue when determining the formation
and stability of hydrates in water.

4.3. Influence of Amino Acids: Hydrophobic vs. Hydrophilic Effects

Amino acids (AAs) have gained discrete interest in the last decade for their application
in the production of hydrates, either as promoters or inhibitors. The increasing number
of studies regarding the application of AAs can be related to their non-toxic nature and
biodegradability in the environment, as they do not cause pollution; amino acids, in fact, do
not form foam, unlike surfactants [222]. They are the building blocks of proteins, composed
of carboxyl group (-COOH), an amino group (-NH2) and a side chain forming. The
differences in the structure of the side chain determine the function of the AA. Amino acids
can be classified either as non-polar or polar depending on the nature of the side chain [223];
Table 3 reports a list of the amino acids treated in this review, with their proprieties.

Table 3. List of natural amino acids discussed in this review, with their relative isoelectric points (IPs),
hydropathy index (HI) reported according to the Kyte–Doolittle scale, and classification according to
the side chain [224].

AA Formula IP HI Polarity

Lysine H2N-[CH2]4-CH(NH2)-COOH 9.74 −3.9 basic polar
Methionine CH3S-[CH2]2-CH(NH2)-COOH 5.74 1.9 nonpolar

Valine (CH3)2CH-CH(NH2)-COOH 5.96 4.2 nonpolar

Tryptophan 5.89 −0.9 aromatic

Isoleucine C2H5-(CH3)HC-CH(NH2)-COOH 6.02 4.5 nonpolar

Histidine 7.59 −3.2 basic polar

Phenylalanine 5.48 2.8 aromatic

Threonine CH3CH(OH)-CH(NH2)-COOH 5.6 −0.7 polar (no charge)
Leucine CH2CH(CH3)-CH(NH2)-COOH 5.98 3.8 nonpolar
Arginine H2N-C(=NH)-NH-[CH2]3-CH(NH2)-COOH 10.76 −4.5 basic polar
Cysteine HS-CH2-CH(NH2)-COOH 5.07 2.5 polar (no charge)
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Table 3. Cont.

AA Formula IP HI Polarity

Tyrosine 5.66 −1.3 aromatic

Serine HO-CH2-CH(NH2)-COOH 5.68 −0.8 polar (no charge)
Alanine CH3-CH(NH2)-COOH 6 1.8 nonpolar

Asparagine H2N-CO-CH2-CH(NH2)-COOH 5.41 −3.5 polar (no charge)
Aspartic acid HOOC-CH2-CH(NH2)-COOH 2.77 −3.5 acidic polar
Glutamic acid HOOC-[CH2]2-CH(NH2)-COOH 3.22 −3.5 acidic polar

Glycine H-CH(NH2)-COOH 5.97 −0.4 nonpolar

Proline

 

6.3 −1.6 nonpolar

Like many other additives, AAs were first introduced as inhibitors for the methane
hydrate formation in pipelines. However, only recently have they been found to also have
a promoting effect depending on two main factors: concentration of the AA and nature of
the side chain [225]. The first study on the application of AAs as promoters was conducted
recently by Liu et al. [226], where they used various amino acids at low concentration to
promote the formation of CH4 hydrates.

The mechanism of interaction between amino acids and water for the hydrate forma-
tion remains unclear to this day; it was theorized that the acting mechanism is similar to the
one of CH4 hydrates, as with the addition of surfactants (in fact AAs are also amphiphilic in
nature): the polar groups make the molecule soluble in water, while the hydrophobic chain
adsorbs at the hydrate interface reducing the surface tension facilitating the nucleation; if
the side chains are long enough, there is an additional promoting effect that can be associ-
ated with an increase in the contact surface between water and the gas molecules [227,228].
The promoting effect is however limited, above a certain concentration, which varies de-
pending on the AA; the hydrate accumulates on the surface boundary and forms a layer
that hinders the hydrate formation by lowering the mass transfer [225].

The behavior of AAs in hydrate formation varies depending on the gas guest molecule.
For example, Kumar et al. [229] used L-histidine as a kinetic promoter for the formation of
CH4 hydrates; on the contrary, Roosta et al. [230] found the same AA to act as an inhibitor
in the production of CO2 hydrates.

Sa et al. [231] studied the inhibiting properties of some hydrophobic amino acids
(L-glycine, L-alanine, L-valine, L-leucine and L-isoleucine) with the concentration going
from 0.1 to 1 mol%. It was determined that there is no change in the inhibition effect as the
concentration of AA increases; however, they found glycine and L-alanine to be effective in
reducing the memory effect. They also determined a correlation between the increasing
hydrophobicity of the AA and a higher kinetic inhibiting effect, which is opposite to the
trend that can be observed when using AAs as THIs [232].

Sa et al. [233] in a subsequent study evaluated the inhibition effect of five amino acids
(asparagine, alanine, aspartic acid, phenylalanine, and histidine) on CO2 hydrate formation
at concentrations between 0.01 and 0.1 mol%. They determined asparagine and aspartic
acid as the most efficient inhibitors, with histidine followed by alanine and phenylalanine
in order of inhibition effect. They also noted that histidine was able to delay CO2 hydrate
nucleation time and growth better than alanine. Phenylalanine had no significant impact
on the hydrate nucleation process.
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The role of leucine in the formation of CO2 hydrates is however unclear. Some studies
reported the leucine to possess promoting abilities, probably because of the leucine favoring
the growth of the hydrate on the wall of the reaction vessel [227]. However, it was also
reported that at a concentration of leucine above 1% wt., the hydrate formation is hindered
due to the amino acid precipitation, due to CO2 hydrate formation [234].

Yodpetch et al. [235] investigated the effect of three amino acids, leucine, valine, and
methionine, on CO2 hydrate formation. The one with the highest hydrate formation rate
was methionine; leucine had a slower rate due to a delayed growth in the first 15 min; for
what regards gas uptake no significant increase was observed for the amino acids tested.
The promoting effect of methionine and leucine was also confirmed by Srivastava et al. [236];
in the same article, an increase in the uptake of CO2 in the presence of a mixed solution of
methionine, leucine, and lecithin was also observed. Additionally, Prasad et al. [237] studied
the effect of methionine and phenylalanine at low concentration (0.5 wt%), confirming the
promoting effect of methionine. However, phenylalanine showed a significant reduction
in gas uptake. Khandelwal et al. [238] tested tryptophan at different concentrations for
CO2 capture and storage; with 300 ppm of said amino acid, the conversion rate of water
to hydrate was 78%, with the shortest induction time among the tested concentrations.
Contrasting results were also found for isoleucine. Sa et al. [231], while testing different
amino acids as THIs, determined that both leucine and isoleucine have a weak promotion
effect on CO2 hydrates formation. On the contrary, Liu et al. [239], while still using
isoleucine, observed a significant increase in the CO2 hydrate formation when adding low
concentrations of the amino acid (0.2 wt%).

Prasad et al. [240] tested 5 amino acids (valine, cysteine, threonine, methionine, and
phenylalanine) at a concentration of 0.5 wt%; only valine, cysteine, and methionine were
determined to have a significant effect on CO2 uptake (around a 20% increase), while
phenylalanine and threonine had negligible influence. In a subsequent study [241], the
same authors evaluated the effect of L-methionine and L-phenylalanine (0.5 wt%) on CO2

capture, providing further confirmation of the low impact of phenylalanine on hydrate
promotion and the strong promoting effect of methionine. In this case, the combination of
both methionine and phenylalanine further increased the hydrate formation, reaching up
to 90% gas to hydrate conversion rate and above 85% water to hydrate conversion after
one hour.

The promotion/inhibition effect of amino acids is highly dependent on the guest
molecule present; this offers interesting opportunities for mixed gases separation and CO2

capture applications. Another factor that may contribute to the promotion/inhibition
effect of amino acids is their side chain length; however, the correlation between the
length of the side chain and the inhibition effect of AAs is not well understood. Authors
suggest there is an optimum side chain length of hydrophobic amino acid in hydrate kinetic
promotion/inhibition [230]. Amino acids with polar side chains usually show better CO2

hydrate inhibition compared to non-polar ones. According to Sa et al. [233], the hydrate
nucleation and growth inhibition is also dependent on the hydropathy index, a numerical
value of the hydrophobicity/hydrophilicity of the amino acids side chain, commonly used
to identify hydrophobic and hydrophilic regions within a protein’s structure [242].

Determination of Amino Acids in Seawater

Amino acids are commonly found in seawater at very low concentrations [243] in
combination with the high amount of different substances present, which means that, to
detect AAs, water samples require thorough sample treatment prior to analysis.

Early methodologies reported in the literature predominantly rely on chromatographic
techniques, including ion exchange for sample concentration [244] and thin-layer chro-
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matography (TLC), which enables sensitive detection (Riley et al. [245] reported a detection
limit of 0.1 µg/L); furthermore, freeze-drying and evaporation have often been employed
to pre-concentrate amino acids prior to ion exchange chromatography applied to seawater
matrices [246–248]. Another study by Litchfield et al. [249] involved the separation by
TLC-made dansyl derivatives of amino acids, from both seawater and freshwater samples,
to improve the efficiency of the method.

Currently, the most widely used method for detecting amino acids in seawater is
fluorimetric analysis of derivatized AAs; derivatization is necessary, since the only flu-
orescent amino acids are tryptophan, tyrosine, and phenylalanine. Functionalization is
usually carried out with a variety of molecules, most notably o-phthaldehyde (OPA) and
ninhydrin. Gentle filtration is always recommended to prevent the release of amino acids
after sampling.

The OPA method is the simplest and most widely used, as free amino acids can be
determined with easy sample preparation while still retaining good sensitivity. Since its
introduction, the method has been substantially improved through much research; the most
notable improvements include higher stability of the derivatives, reduction/elimination of
many interferences, resolution of certain pairs of amino acids, improved detection limit of
the AAs, and determination AAs enantiomers present at trace levels [250].

A recent study also reports on the application of metal complexes as fluorescent and
colorimetric chemosensors for the detection of amino acids [251].

4.4. Peptides and Protein-Based Modulation of Hydrate Growth

Regarding proteins, their role is well established as KHIs in the formation of hydrates
in general [252]. Proteins are rich in polar functional groups and so can form hydrogen
bonds with water molecules, thus causing an inhibition in the hydrate nucleation. In
addition, protein derivatives can promote hydrate formation by changing the surface
tension of the aqueous solution, allowing more water to be converted into hydrate within a
shorter time period [253]. Kelland et al. [254] tested various peptones (intermediates formed
during the hydrolysis of proteins) as KHIs for the formation of THF hydrates and related
the inhibiting properties to three main factors analogous to commonly used polymers:
molecular weight, molecular weight distribution, and the ratio of amino acid residues.

Antifreeze proteins (AFPs) are a group of proteins of particular interest, not only for
their application as thermodynamic hydrate inhibitors, but also for their high biodegrad-
ability and non-toxic nature [255]. Since commercially prepared AFPs are expensive, the
use of organisms capable of producing them in situ presents an appealing prospect [256].

AFPs were isolated for the first time by Scholander from Arctic fish [257]. These
proteins are produced by various organisms such as fish, insects, plants, bacteria, and fungi
as a mechanism to survive low temperatures in cold environments [258–260]. AFPs exhibit
thermal hysteresis activity, which creates a difference between the freezing and melting
points of ice crystals; the magnitude of this effect varies depending on the efficiency of
the AFPs [261]. By binding to ice crystals, AFP enhances the resistance of the organism to
freezing [262]. Because of this property, AFPs have been extracted and their effect on ice
crystals was extensively studied in multiple works [263]. MD simulations are commonly
used to investigate the mechanisms by which these proteins bind to ice crystals [264,265].

Hudait et al. [265] used antifreeze proteins extracted from insects to investigate the
role of hydroxyl and hydrophobic groups in binding to the ice surface. They determined
that both hydrogen bonds and hydrophobic interactions are essential for the AFPs to attach
to the ice. An interesting type of AFP is Winter flounder AFP (wf-AFP), found in fish; it is
a protein with low molecular mass and high flexibility/deformability. According to the
study conducted by Zeng et al. [266], wf-AFP has an inhibiting effect on propane and THF
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hydrate. Maxy et al. [267] expanded the research by comparing the hydrate formation times
with wf-AFP to those with type I AFPs, finding the former to be five times longer than the
latter. Furthermore Al-Adel et al. [268] tested wf-AFP on methane hydrate and found it
to be a more effective inhibitor than PVP and PVcap. AFPs from different species exhibit
different values of thermal hysteresis activity; consequently, their effects on hydrates may
also vary [269].

The inhibition properties of AFPs on hydrates formation have not been deeply studied.
Zhou et al. [270], for example, showed that the addition of low concentration of type-III
AFPs was able to significantly decrease the dissolution rate of gas into the solution, resulting
in a reduction in the formation of CO2 hydrate by about 35%. Zhang et al. [271] carried
out MD simulations to calculate the inhibition effect of a mixture composed of methanol
and wf-AFP; the results indicate that the combined effect of the two inhibitors was able to
significantly reduce dissolved CO2 as the gas source, thus prominently inhibiting hydrate
growth to near stagnation.

Determination of Proteins and Peptides in Seawater

The older methods for the measurement of protein in natural waters are usually based
on the presence of aromatic amino acids in the protein. The total protein count is calculated
on the average content of tryptophan, tyrosine, or phenylalanine. A representative method
of this type is the Folin reagent method, published by Lowry et al. [272], which uses the
Folin reagent (sodium 1,2-naphthoquinone-4-sulfonate); proteins concentration is then
determined via UV-Vis spectroscopy [273]. Although this method is highly sensitive, the
intensity of color varies with the type of protein, and for this reason, a strict proportional
correlation between color intensity and protein concentration is not possible [272]. However,
these methods are only useful in freshwater and in some coastal regions, as they are not
sensitive enough for the low protein concentrations found in the oceanic waters.

Packard and Dortch adapted a fluorescence method based on fluorescamine, for the
determination of free and combined amino acids (depending on the pH of the solution)
originally proposed by Udenfriend [274]. The steps are reported as follows: first 100 mL of
seawater were filtered through a 2.5 cm Gelman glass filter, then the filter was grounded in
3 mL of water with a Teflon-glass tissue grinder. A total of 1 mL of this homogenate was
added to 3 mL of borate buffer, to which fluorescamine was then added dropwise under
stirring on a vortex mixer. Fluorescence was then measured spectrofluorometrically at
480 nm with the excitation wavelength set at 390 nm. Peptides and amino acids exhibited
maximum fluorescence at pH 7 and 9, respectively.

Another method for the detection of proteins was proposed by Tanoue [275], and the
procedure consists of three steps: first, concentration of dissolved proteins from seawater
by tangential flow ultrafiltration; second, further concentration and purification by precipi-
tation with trichloroace-tic acid; and lastly, separation and detection of dissolved proteins
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Using this method, it was
possible to extract only a limited amount of proteins (less than 30).

4.5. Role of Humic Substances in Hydrate Formation in Marine and Geological Environments

Humic substances are a complex mixture of supramolecules combined with low
molecular weight organic compounds containing carboxyl and phenolic-hydroxyl groups,
formed during the decomposition of animal and plant matter [276]. The main constituents
of humic substances are fulvic acids, humic acids, lignin, fatty acids, and proteins [277].
The terms humic and fulvic acid derive from their different behavior: humic acids are those
compounds extracted by alkaline solutions and then precipitated upon acidification; fulvic
acids, in contrast, remain in solution after acidification following alkaline extraction [278].
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These terms were originally specific to materials isolated from soil; however, has since
been extended to marine sediments. It is important to note that materials isolated from the
marine environment differ from soil counterparts, at least in 13C/12C isotope ratios and
presumably in their structure [273].

Several studies have demonstrated both the promoting and inhibiting effects of humic
substances on methane hydrate formation [279–281].

The sole study currently available in the literature concerning the effect of humic
substances on CO2 hydrate formation is that of Lamorena et al. [219]. Their investiga-
tion evaluated humic substances in combination with other organic compounds, such as
commercial humic acid, lignin, and amide-bearing molecules, all of which were found
to promote hydrate nucleation and growth. It was suggested that supramolecules can
associate with water molecules and soil, causing a modification in the arrangement of water
clusters, which in turn enhances the formation of CO2 hydrates. Recently, Liu et al. [282]
reported an interesting study on fulvic acid (FA), used to achieve rapid formation of CO2

hydrates from liquid CO2 in the marine waters of South China. In this study, a previously
unreported phenomenon, called the self-siphoning effect, was demonstrated, where the
aqueous solution is “sucked” into the pores of the hydrates, further accelerating their
growth. With FA, nucleation and growth of hydrates were completed within 30 min, achiev-
ing one of the highest growth rates recorded so far. Fulvic acid thus proves effective even
in saline conditions, overcoming the limitations encountered with other additives such as
amino acids. These findings open new perspectives on a more sustainable approach to
underwater CO2 storage.

Recently, lignin sulfonate has emerged as a compound of interest owing to its ele-
vated surface activity, similar to SDS, combined with its non-toxic nature and favorable
biodegradability profile.

Commonly applied as sodium lignosulfonate, it is a byproduct of pulp production,
generated by the reaction between wood and a solution of sulfur dioxide and sulfite [283].
It possesses a high number of functional groups that confer amphiphilic properties to
the molecule. Yi et al. [284] utilized ligninsulfonate (SL) to promote hydrate-based CO2

capture from a CO2/CH4 mixture. SL can act as a potential KHP for gas hydrate, due to
its low cost, making it an economically viable alternative to other conventional additives.
Huang et al. [285] determined that the addition of 1.0 wt.% of sodium lignosulfonate can
significantly reduce the induction time the formation of CO2 hydrates, from 66 min for
pure water to 5.25 min. This acceleration was attributed to sodium lignosulfonate’s ability
to form micelles, which provide an increased number of nucleation sites, thus raising the
probability of collisions between CO2 molecules and these sites and accelerating hydrate
nucleation [286]. In addition to that, the storage capacity of CO2 is increased to almost 2.0
times that of pure water.

Determination of Humic Substances in Seawater

For the analysis of lignin and its derivatives, a concentration step is usually employed
in order to bring the analytes in sample within the detection range of the method and
to reduce interferences during the spectrometric analysis. Othman et al. [287] extracted
lignosulfonic acids using using emulsion liquid membrane process. Pocklington et al. [288]
used a reaction between sediment samples and 1,3,5-tri-hydroxybenzene in alcoholic hy-
drochloric acid to produce a colored-lignin, which can be identified under the microscope.

Louchouam et al. [289] performed solid-phase extraction (SPE) preconcentration of
acidified seawater using a C18 cartridge, followed by capillary gas chromatography (GC)
coupled to selected-ion monitoring mass spectrometry of the products of lignin after oxida-
tion by CuO. This method was adapted from Hedges et al. [290] as follows: the sample was
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loaded in a vessel containing 1 g of CuO (powdered), 25–100 mg Fe(NH4)2(SO4)2·6H2O
(used as an O2 scavenger), 7.0 mL of 8% (wt/wt) aqueous NaOH. The NaOH solution was
sparged for 30 min and sonicated for 1 min prior to loading the samples. Direct spectropho-
tometric methods are possible for some lignosulfonic acid derivatives; for example, nitroso
derivatives can be determined by differential pulse polarography [291]. As a general rule,
fluorometric methods are considerably more sensitive than spectrophotometric methods,
although they are more difficult to standardize [292].

For the analysis of humic and fulvic acids, the greatest challenge remains the high
structural heterogeneity of these compounds. Methods for extracting and analyzing humic
and fulvic acids from marine samples are adapted from soil chemistry protocols [293–295].
Among these, the easiest and most cost-effective is the Rhizon sampler, which consists of a
porous tube that can extract pore water with minimal disturbance to sediment structure
and flow fields. However, its main limitation is a restricted depth resolution, typically no
more than 1 cm [296].

Centrifugation represents another method that minimizes the loss of organic com-
pounds [297]. Alternatively, squeezing [298] and pressure retaining methods [299] can be
used; the latter category is of particular interest because it can maintain in situ pressure,
thereby reducing sample alteration, and enabling multi-depth analysis [300]. Another
technique for extracting organics from shallow pore water involves the use of well-point
samplers, which have the great advantage of eliminating metal contamination caused by
sampler corrosion [301]. Some studies report the use of macroreticular resins to collect high
molecular weight compounds from seawater; these resins can also be applied to collect
humic and fulvic acids separated from sediments [302]. Among the possible techniques
used to characterize humic and fulvic acid ESR, thermal analysis, NMR, spectrophotometry,
and GC–MS analysis are the most common [303]. Some methods specific for fulvic acid
consist of measuring UV absorption at 400 and 340 nm after removing humic substances
or, if the fulvic acids are removed using activated charcoal, they can be determined by
alternating current (AC) polarography [273].

Gel permeation chromatography (GPC) is another widely used method for determin-
ing the size distribution of humic acids. Since the elution of these materials is influenced by
the present functional groups present, this analysis can provide valuable information for
subsequent investigations [304].

If a rougher estimation of the seawater composition is acceptable, fluorescence can be
used; this approach removes the need for extensive sample preparation [292]. Fluorime-
try is also used to measure short-range variability of humic and fulvic acids. However,
interference from other fluorescing compounds present in the sample may occur. It is also
important to consider that the fluorescence of humic and fulvic acids decreases rapidly
when seawater is exposed to sunlight; therefore, fluorescence should be avoided for the
analysis of surface waters. For compounds too large to be determined directly via GC-MS,
preliminary treatments usually consist of hydrolysis [305] or oxidation [306].

Many of the methods used for lignins can also be applicable to humic acids. For
example, pulse polarography after the formation of nitroso derivatives can be used for both
humic acids and lignins [291].

5. Challenges and Prospects
The implications of this comprehensive review on CO2 capture and sequestration

via gas hydrates, especially considering the influence of natural compounds and marine
sediments, are significant for advancing sustainable climate mitigation technologies. By
elucidating the fundamental mechanisms of hydrate formation, the role of promoters
and inhibitors, and the critical impact of marine environmental factors such as sediments,
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salts, and organic matter, this work highlights the complex interplay governing hydrate
stability and formation. This understanding is essential for optimizing hydrate-based
carbon capture and storage (CCS) systems, which could offer a promising, secure, and
long-term method for reducing atmospheric CO2 levels.

Moreover, the detailed investigation into naturally occurring molecules, including
amino acids, proteins, and humic substances, and their dual roles as either promoters or in-
hibitors underscores the importance of integrating ecological complexity into technological
development. Insights into the memory effect, and synergistic interactions with other gases
further inform the design of efficient hydrate systems suitable for varying environmental
conditions, such as marine sediments and porous media.

However, several weaknesses are apparent across the reviewed studies. A common
limitation is the scarcity of long-term, large-scale experimental data and field studies, which
makes the practical implementation of CO2 hydrate-based CCS uncertain. Many experi-
mental conditions remain confined to laboratory scale and idealized setups, which may not
fully capture the heterogeneity, multi-component chemistry, and dynamic environmental
conditions encountered in marine sediments.

Despite significant advances in understanding CO2 hydrate formation and its potential
application in carbon capture and storage (CCS), several critical gaps remain in the literature
that warrant further investigation.

Firstly, the complex interplay between natural marine sediment compositions, diverse
organic compounds, and hydrate stability is still not fully understood. While the promoting
and inhibiting effects of individual additives such as amino acids, proteins, and humic
substances have been documented, their synergistic or antagonistic interactions in situ con-
ditions remain largely unexplored. Future research should focus on comprehensive studies
that simulate realistic marine environments to unravel these multifactorial influences and
their impact on hydrate formation kinetics and stability.

Secondly, much of the current thermodynamic and kinetic modeling relies on idealized
assumptions that often do not fully capture the non-ideal behavior observed in natural
and engineered systems. The role of chemical potentials, activities, and heterogeneous mi-
croenvironments at mineral interfaces and pore scales introduces complexities that existing
models inadequately address. Advancing multi-scale experimental and computational ap-
proaches, including molecular dynamics simulations integrated with pore-scale modeling,
is essential to accurately predict hydrate behavior in natural sediments.

Furthermore, the “memory effect” phenomenon, where previously formed hydrates
enhance subsequent hydrate nucleation, lacks a definitive mechanistic explanation. Various
hypotheses such as residual structures, nanobubbles, and impurity imprinting have been
proposed, but conclusive evidence remains elusive. Elucidating the mechanistic basis of
the memory effect through innovative experimental designs and high-resolution characteri-
zation techniques will significantly improve hydrate formation control and efficiency.

Lastly, there is a pressing need for scalable and economically viable hydrate formation
methods. Although various promoters, inhibitors, and nanoparticles have shown promise
in laboratory settings, translating these findings to field-scale applications remains challeng-
ing. Future research should prioritize the development of low-cost, sustainable additives
and engineering solutions that enhance hydrate formation rates and storage capacities
while ensuring environmental safety.

Thus, addressing these identified gaps through interdisciplinary research combining
experimental, analytical, and modeling efforts, will be pivotal to optimizing gas hydrate
technologies for effective carbon capture and sequestration in marine environments.

Given the urgency of achieving Net Zero emissions by 2050, the findings emphasize
the potential of gas hydrates not only for CCS but also for methane recovery through
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CO2-CH4 swapping, contributing to cleaner energy resources. Furthermore, understanding
the physicochemical and thermodynamic influences from natural sediments and seawater
chemistry supports the development of more reliable, cost-effective, and eco-friendly
hydrate technologies.

6. Conclusions
This review explores the use of gas hydrates as a promising alternative for CO2 capture

and storage, with particular emphasis on the influence of natural compounds and marine
sediments on hydrate formation.

As the rising concentration of atmospheric CO2 is one of the main drivers of climate
change, carbon capture and storage (CCS) technologies are essential to achieving climate
neutrality by 2050.

The review summarizes the characteristics of CO2 hydrates, the main characterization
techniques, thermodynamic and kinetic aspects and the growth mechanism, the effects of
key promoters and inhibitors, as well as the memory effect, a phenomenon in which hy-
drates reform more easily after their initial formation. It was considered, also, the synergic
effect of different gases and in particular the CO2/CH4 swapping that can occurs via dis-
tinct mechanisms depending on temperature conditions. Understanding these mechanisms
is essential for optimizing gas exchange strategies in hydrate-based applications.

Special attention is given to the influence of the marine environment: how the presence
of sediments affects hydrate formation due to grain size and mineral composition; salts act
as thermodynamic inhibitors; and organic compounds such as dissolved organic matter
(DOM), amino acids, proteins, and humic substances that can act as either promoters or
inhibitors. Particular focus is also placed on sampling and analytical characterization
techniques used for the detection and identification of these types of compounds.

The review highlights the potential of CO2 hydrates as a CCS technology, while em-
phasizing the need for further research to better understand the role of natural compounds
and marine sediments. The integration of experimental and computational approaches is
crucial for optimizing this technology.
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