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Abstract Natural gas hydrate is an alternative energy
source with a great potential for development. The addition
of surfactants has been found to have practical implications
on the acceleration of hydrate formation in the industrial
sector. In this paper, the mechanisms of different
surfactants that have been reported to promote hydrate
formation are summarized. Besides, the factors influencing
surfactant-promoted hydrate formation, including the type,
concentration, and structure of the surfactant, are also
described. Moreover, the effects of surfactants on the
formation of hydrate in pure water, brine, porous media,
and systems containing multiple surfactants are discussed.
The synergistic or inhibitory effects of the combinations of
these additives are also analyzed. Furthermore, the process
of establishing kinetic and thermodynamic models to
simulate the factors affecting the formation of hydrate in
surfactant-containing solutions is illustrated and summar-
ized.

Keywords gas hydrate, kinetic hydrate promoter, com-
pounding, model, surfactant, mechanism

1 Introduction

Natural gas hydrate, which is also known as combustible
ice, is a nonstoichiometric compound with an appearance
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similar to that of ice crystals [1]. When water molecules
and methane are subjected to high-pressure and low-
temperature conditions, the water molecules capture gas
molecules by forming a cage structure bridged by
hydrogen bonds. As the cage structure continues to grow,
the two further aggregate into gas hydrates [2—6]. Natural
gas hydrate is one of the most abundant clean energy
sources in the world, which has a higher energy storage
capacity than direct energy sources such as petroleum. One
cubic meter of natural gas hydrate can contain up to
approximately 170 m? of methane gas [7,8]. In recent
years, natural gas hydrate has been used for natural gas
storage and transportation, saving a great deal of money.
Additionally, natural gas hydrate has shown a superior
technical potential compared to liquefied natural gas
(LNG) [9,10]. At the same time, the water and carbon
dioxide produced by the combustion of natural gas hydrate
are relatively less polluted to the atmospheric environment
than those produced by other energy sources [11].
Therefore, increased research into natural gas hydrate
could be of great significance for solving energy problems
and achieving sustainable development [12,13].

As petroleum reserves continue to decrease, new
commercially viable energy sources are being sought for.
The emergence of natural gas hydrate could provide a new
direction for the energy industry. It can be applied in many
industrial fields such as seawater desalination, gas storage
and transportation, refrigeration, and the selective separa-
tion of gases [14]. Therefore, natural gas hydrate should be
rationally developed and utilized to achieve the sustainable
development of natural resources.

At present, the storage and transportation of natural gas
hydrate are being extensively investigated by scholars. The
natural gas hydrate storage and transportation technology
has developed rapidly in recent years. The huge gas storage
capacity and mild gas storage conditions of natural gas
hydrate facilitate its industrial production, which has good
application prospects. Because hydrate forms slowly under
natural conditions and is difficult to mine, the development
of methods to increase the rate of hydrate formation is key
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to current hydrate storage and transportation problems
[15]. The formation process of natural gas hydrate for
industrial application is mainly in a condition of strong
forced convection in order to efficiently form it, where the
influences of fluid flow may be of primary factor. The main
difficulties in the preparation of natural gas hydrate in the
laboratory are the slow formation rate and the poor stability
of gas hydrate [16]. The nucleation process of natural gas
hydrate is stochastic [17]. The hydrate forms preferentially
at the gas-water interface; the formed hydrate film slows
the diffusion of the hydrocarbon gas, thereby hindering
further hydrate formation [18]. Accordingly, various
methods for destroying hydrate films and accelerating
hydrate nucleation have been proposed, including both
physical acceleration methods and chemical methods
involving the addition of an active agent. Experimental
results have shown that the existing physical methods,
including stirring [19] and spraying [20], have higher
requirements than chemical methods in terms of the
experimental equipment required, and various technical
and safety problems associated with these methods remain
to be solved. The use of a reactor incorporating stirring or
water spraying was found to increase the production cost
of the test device, complicating the process and reducing
the total hydrate formation to some extent. In contrast, the
addition of a surfactant is an effective and convenient
method for forming natural gas hydrate using a relatively
simplified apparatus [21]. Reducing the operating costs of
the natural gas hydrate formation process is beneficial in
terms of achieving a sustainable development strategy
[22]. The addition of a low concentration of surfactant can
reduce the duration of the hydrate induction period. Some
surfactants may increase the hydrate nucleation rate and
the gas storage capacity of the hydrate, making the gas
hydrate more efficient and safer for storage and transporta-
tion, respectively. The development of surfactants that can
reduce equipment pollution and economic loss caused by
foam generated from hydrate dissociation is also highly
desired [23,24].

Therefore, to develop efficient natural gas resource
storage and transportation strategies, potential surfactants
for gas hydrate applications should be studied system-
atically and in depth. At the same time, research into the
similarities and differences among the reaction mechan-
isms of different surfactants is of great practical signifi-
cance. In this paper, the works focusing on the formation of
hydrates in surfactants in nearly static conditions were
reviewed, and the reaction mechanisms, types, structures,
concentrations, and electrical properties of the various
surfactants used in the hydrate formation systems were
analyzed. Besides, differences in the carbon chain lengths
and electrical properties of the surfactants were discussed.
Moreover, the use of surfactants in systems containing
pure water, brine, other additives, and porous media was
considered, along with other complex systems. Further-
more, kinetic and thermodynamic models for predicting
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the growth of hydrate in surfactant-containing systems
were summarized.

2 Effect of the surfactant hydrate reaction
mechanism

In pure water, the formation and accumulation of natural
gas hydrate is a long and complicated process. In a
stationary (non-stirred) system, the water solubility of the
gas molecules is limited, resulting in a high gas
concentration at the interface, which in turn causes the
hydrate to form preferentially at the interface and
ultimately hinders hydrate formation [25,26]. This hydrate
layer hinders the further progress of the reaction, limiting
hydrate production. The effect of various reaction para-
meters on the formation of hydrate in stirred pure water
systems was reported by Zhang et al. [27]. When the
temperature of the system dropped to a certain value, the
hydrate formed rapidly (Fig. 1). Low temperature is a
necessary condition for the formation of hydrates. When a
surfactant is added, the surfactant molecules can aggregate
to form micelles, biofilms, or complicated multilayered
structures in the liquid phase, which in turn promote the
formation of hydrates. The mechanism of hydrate forma-
tion has been thoroughly studied. However, controversy
remains regarding the mechanism of the formation of
natural gas hydrate in the presence of various surfactants.
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Fig. 1 Variation of pressure and temperature with time in the
formation of hydrate in 3.5°C pure water (adapted with permission
from Ref. [27]).

Initially, scientists could only speculate on the mecha-
nism of hydrate formation. In 1993, Kalogerakis et al. [28]
reported that the presence of surfactants strongly affected
the gas solubility and hydrate formation rate, and the
hydrate particles formed in the presence of different
surfactants had different characteristics. In 2012, Lo and
coworkers [29] drew similar conclusions, suggesting that
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the adsorption of surfactants on the surface of hydrates
promotes further hydrate formation by reducing the
interfacial tension of the hydrates as well as increasing
the dissolution of gas molecules. In 2013, Tang et al. [30]
reported that surfactants accelerate the growth rate of
hydrates via solubilization effects.

Mel'nikov et al. [31] proposed another point of view in
1998. They suggested that laboratory-generated hydrate
crystals were not dense membranes, but instead migrated
from the aqueous phase to the wall of the vertical reactor,
where they grew by capillary force to maintain gas-water
contact within the hydrate layer. In 2010, Tajima et al. [32]
used a digital camera to observe the morphology of the
hydrate formed in the presence of a surfactant, which was
rough and uneven. They asserted that the hydrate film was
relatively loose. The presence of surfactants caused the
surface of the film to collapse, allowing continuous contact
between the gas and the solution and thus accelerating the
continuous formation of hydrate. However, their experi-
ments were carried out using a spiral agitator, and the
renewal of the hydrate layer was greatly affected by the
agitation, leading to dynamic interface in the study.
Okutani et al. [33] specifically examined the morphology
of hydrates formed in surfactant-containing systems in
order to verify crystal growth. They found that a hydrate
layer consisting of dendritic material was formed on the
surface of the solution. The dendritic structure does not
directly indicate that the capillary force accelerates the rate
of hydrate formation. When the hydrate is formed, the
water molecules are forced and aggregate along specific
channels. To more intuitively illustrate the capillary action
in the solution, in 2017, Asaoka et al. [34] added colored
water into the reaction vessel for observation of the
surfactant. As shown in Fig. 2, they claimed that the height
of the hydrate was consistent with the level reached by the
water due to capillary action. Since the hydrate system was
contained in a closed reactor environment, this phenom-
enon was unlikely to occur without a surfactant, which
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confirmed the fact that the main driving force for the
growth of the hydrate in the vertical direction was the
capillary force. To account for growth in the horizontal
direction, they proposed various potential mechanisms
such as concentration diffusion, micelle formation, and the
deposition of sodium dodecyl sulfate (SDS) crystal
deposition.

Zhong and Rogers [35] and Irvin et al. [36] proposed
another mechanism for the role of SDS for gas hydrate
formation in 2000. They reported that the surfactant SDS
could promote the formation of hydrates via the formation
of micelles in the reaction solution. The presence of
micelles would accelerate the dissolution of the gas
molecules enclosed in the micelles, with water molecules
condensing on the surface of the micelles. As the number
of micelles increased, hydrates would be formed in a cage
structure and uniformly deposited at the bottom of the
reactor, as depicted in Fig. 3. Zhang et al. [37] reported that
the surfactant could form a cluster structure in the solution
that could enclose low-solubility gas molecules in the
hydrophobic groups and evenly distribute the hydrophilic
groups. By reducing the surface tension of the solution, the
surfactant could increase the solubility of the gas
molecules, thereby accelerating the progress of the
reaction. Bhattacharjee et al. [38] found that the formation
of micelles not only improved the solubility of the gas but
also played a role in rapidly increasing the nucleation of
the hydrate.

Di Profio et al. [39] held the opposite view regarding the
ability of the surfactant SDS to form micelles in hydrate
formation. They believed that it was impossible for
micelles to form in the solution under the hydrate
formation conditions, and reported that no significant
drop in the critical micelle concentration (CMC) value
occurred in the hydrate formation experiment. Zhang et al.
[40] pointed out that SDS micellization could not occur
below the normal Krafft point. Therefore, even in a high-
pressure methane environment, no SDS micelles would be
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Fig. 2 Growth behavior of hydrates on the glass wall as seen from the side (adapted with permission from Ref. [34]).
(a) schematic view of the view from the window. Elapsed time after gas injection: (b) 1 min, (¢) 90 min, (d) 164 min, (¢) 192 min, (f) 195 min, and

(g) 200 min.
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Fig. 3 Micellar system.
(a) Before hydrate formation; (b) after hydrate formation.

present in the aqueous phase. Instead, they asserted that
SDS promoted the formation of gas hydrates by reducing
the energy hindrance in the nucleation process by
adsorbing onto the hydrate core. In contrast, Choudhary
et al. [41] noted that the Krafft point temperatures reported
in the literature were typically measured at atmospheric
pressure, and thus were not applicable to the environment
of the surfactant in hydrate formation experiments and
could not be used to determine whether micelles were
formed under these conditions. Thus, the possibility of
micelle generation in the gas hydrate formation process
could not be ruled out.

In view of the above information, surfactants are able to
increase the production rate of hydrates mainly via a
reduction in the tension between the water-air interface that
allows the gas to diffuse more easily into the aqueous
phase, although it remains unclear whether this reduction
results from altered gas solubility, capillary forces, or the
formation of micelles. It remains unclear why high rates of
hydrate formation are always maintained in static systems
containing SDS. According to experimental results using
different surfactants, surfactants can influence the rate of
hydrate formation via multiple mechanisms. The effects of
surfactants on the substances in the reactor can be divided
into vertical effects and horizontal effects. In addition to
surface tension at the gas-water interface, multiple forces,
including capillary forces, van der Waals forces, and
micelle forces, may exist between the gas and water
molecules.

In the reaction system, two or more interactions have
resulted in the different nucleation modes for the hydrate.
Taking a single hydrate molecule as an example, in the
horizontal direction, the interactions consist of surface
tension (mainly at the liquid surface), hydrogen bonding,
and van der Waals forces. In the vertical direction, they
include gravity, buoyancy, and capillary forces. As for the
direction of the micellar forces to which the hydrate
molecules are subjected, the current research has not yet
determined, and further judgments need to be made

according to the specific experimental conditions. Further-
more, dynamic processes related to capillary action can be
captured directly using digital devices, but the effects of
micellar agglomeration and intermolecular forces are
difficult to observe visually. Most research into the
potential role of micelles has been inferred from other
measurable physical quantities and experimental pheno-
mena. In future, the microscopic phenomena of hydrate
formation should be further studied to provide data
supporting the various mechanisms above.

Some researchers gradually began to infer the funda-
mental reaction mechanism of surfactants through experi-
mental phenomena. Meng et al. [42] analyzed the
measured critical micelle concentration in different
surfactants and proposed reaction mechanisms for hydrate
formation. They concluded that the mechanism by which
polyoxy ethylene lauryl ether (AEO) and dodecyl
trimethylammonium bromide (DTAB) promoted hydrate
formation was mainly related to micelles. In the presence
of AEO and DTAB, the hydrate was concentrated at the
bottom of the reactor and formed gradually with the further
diffusion of gas into the solution. However, images of the
reaction captured using a high-speed camera showed that
the solution in the reaction system flowed upward along
with the hydrate void. This mode of flow indicated that
SDS used as a surfactant acts by capillary action to shorten
the induction period of the reaction and promote the
formation of hydrates. Qin et al. [43] selected a
representative anionic surfactant, SDS, in the gas hydrate
formation experiments. The induction time and production
rate of methane hydrate formation in systems containing
10 mmol/L or 0.3 mmol/L SDS were analyzed, and the
critical micelle concentration of SDS at 8°C was measured
using the surface tension method. The results showed that
when the concentration of the surfactant exceeded its CMC
of 2.5 mmol/L, its hydrate promoting effect was gradually
strengthened.

Unlike in the study by Meng et al. [42], the above
analysis of the effect of SDS is based on the assumption
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that the Krafft point temperature in the SDS system is 8°C.
Concentrations above and below the critical micelle
concentration were selected. However, the temperature of
the reactor during the test is quite different from the Krafft
point temperature, and the effect of this difference on the
formation of the hydrate cannot be ignored. The hydrate
formation process is an exothermic process, and the
resulting temperature change will affect the solubility of
the surfactant and gas in the solution to some extent. Since
the hydrate is formed under low-temperature and high-
pressure conditions, the temperature change caused by the
formation of the hydrate has little effect on the temperature
of the overall system, and changes in the mechanism due to
the fact that sharp fluctuations in the temperature can be
discarded. At the same time, the rate of hydrate formation
is also affected by the temperature, pressure, and
concentration of the active agent. We believe that the
actual Krafft point temperature should be measured more
accurately irrespective of whether surfactant SDS exerts a
micelle force or whether the Krafft point temperature can
be used as a basis for judging the formation of micelles. If
the Krafft points obtained under the relevant experimental
conditions are not far apart, there may be no micelles in the
SDS solution. The new methods such as microscopic
observation techniques and molecular simulations can be
used to analyze the mechanism by which surfactants
promote hydrate formation in the future, which in turn
could provide new practical methods for engineering
applications.

3 Effect of surfactants in different reaction
systems

Many researchers are interested in the application of
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surfactants to promote the formation of hydrates, which
can be used for the mass storage and safe transportation of
natural gas. Others have focused on the transportation of
natural gas via pipelines. In this context, surfactants have
been used to achieve smooth operation, transport along
long-distance pipelines, and reduce the formation of
foaming [44,45]. In this review, the rate of hydrate
formation using a surfactant as promoters for the former
application is focused on. Natural gas hydrates formation
via a slow process under natural conditions, typically
requires more than 20 h [46]. In recent years, various
additives have been reported to improve the formation
rates and gas content of gas hydrates, including natural gas
hydrate [47]. Many types of surfactants are available with a
wide variety of properties. Therefore, in this section,
different type of hydrate promoters are presented.

3.1 Effects of surfactants on hydrate formation in pure
water

Surfactants are generally amphiphilic, with a hydrophilic
group at one end and a hydrophobic group at the other;
these two moieties are connected by a covalent bond [48].
The surfactants can be located at the surface of the
solution, which affects its surface properties [49]. The
formation of hydrates occurs via contact between gas
molecules and water molecules. Hydrates are initially
formed at specific locations at the gas-liquid-solid interface
where there is direct contact between the natural gas,
solution, and wall, and then gradually grow toward the gas-
liquid interface and continue to grow upward along the
wall, eventually forming a gas hydrate layer as exhibited in
Fig. 4. As the gas molecules continue to enter the water
layer where they are incorporated into natural gas hydrate
molecules, it becomes more difficult for further gas
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Fig. 4 Process of adsorption of surfactants on surfaces of hydrate particles permission (adapted with from Ref. [51]).
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molecules to cross the gas-water interface, resulting in an
unsatisfactory rate of hydrate formation in a pure water
environment [50,51]. The addition of a chemical agent
such as a surfactant can change the state of the gas-water
interface to facilitate the entry of gas molecules, which in
turn accelerates the formation of hydrates.

3.1.1 Effect of surfactant type

Surfactants can be classified as anionic, cationic, or
nonionic based on their electrical properties [52,53].
Each class of surfactants plays different roles in promoting
the formation of hydrates [54]. However, all types of
surfactants have effects on the hydrate storage capacity and
formation rate. Table 1 summarizes previous studies
involving the use of different surfactants in hydrate
formation. Meng et al. [42] used the anionic surfactant
SDS, cationic surfactant DTAB, and nonionic surfactant
AEO as examples. The molecular structures of the three
surfactants are displayed in Fig. 5. SDS was found to have
the best hydrate-promoting performance, and demon-
strated great advantages in increasing the gas content and
shortening the induction time compared to those of the
other two surfactants. Zhou et al. [55] used the surfactants
SDBS (anionic), CTAB (cationic), and P123 (nonionic) to
enhance the formation of gas hydrates, and CTAB
exhibited the best promotion performance. Karaaslan and
Parlaktuna [56] studied the anionic surfactant LABSA,
cationic ETHOXALATE, and nonionic DAM, and found
that the anionic surfactant LABSA had accelerated hydrate
formation under all tested experimental concentrations.
They also confirmed that poly(vinyl alcohol) (PVA) and
polyoxyethylene(5) nonylphenyl ether (Igepal-520) pro-
moted the formation of hydrates [57].

According to previous experimental studies, the hydrate
promotion of anionic surfactants are better than other
active agents. The effect of surfactants on the formation of
natural gas hydrates may be related to their charge. lonic
surfactants contain terminal groups that can be ionized and
obtain a positive or negative charge in the presence of
water molecules in a pure aqueous solution. A hydrated ion
H;0" (or OH") is also formed in the ionization of the
surfactant, enhancing the activity of the solution itself.
When natural gas molecules enter the liquid layer, natural
gas hydrates are more likely to form in the acidic (or basic)
solution than in neutral pure water. However, for nonionic
surfactants, the molecules themselves cannot become
charged. The influence of the ionic force on hydrate
formation is subtle; it is very difficult to identify precisely
the effect of the large-scale use of surfactants in
synthesizing hydrates. However, the understanding of the
effect of surfactant charge could be further developed and
applied in the selection of surfactants. Complex and
versatile physicochemical reactions occur in the formation
of hydrates. Most current research assumes that anionic
surfactants have the best effect in terms of hydrate
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promotion, but there are only few potential mechanisms
to explain this phenomenon.

Additionally, due to the difference in molecular
structure, the same type of surfactants has different effects
on hydrate formation. Wang et al. [58] studied three
anionic surfactants, SDS, SDSN, and SDBS, which have
the same carbon chain but different head groups. SDSN
and SDS shortened the induction time of the reaction, and
their hydrate formation was basically completed within 40
min. However, several hours were required using the same
concentration of SDBS. This study demonstrated that the
hydrate-promoting effect of surfactants is closely related to
the molecular structure of surfactants. Okutani et al. [59]
compared three surfactants with the same head group,
sodium tetradecyl sulfate (STS), sodium hexadecyl sulfate
(SHS), and SDS. SDS, which has the shortest alkyl chain,
exhibited the fastest hydrate formation rate at a concentra-
tion of 0.1 wt%, and achieved the highest gas content. STS
achieved similar results to those of SDS at a lower
concentration of 0.01 wt%. SHS, which has the longest
carbon chain, had a weaker effect on the rate of hydrate
formation. Daimaru et al. [60] studied the effects of three
analogous surfactants with different carbon chain lengths,
C4, C12 (SDS), and C18. The rate of hydrate formation
increased using all three of these anionic surfactants, of
which, C4 had the greatest acceleration effect, increasing
the hydrate production rate 5-fold compared to the case of
the surfactant-free solution. Zhao et al. [61] observed the
formation of hydrates in three alkyl polyglycolide (APG)-
based surfactants, APG06, APG0810, and APG1214, as
shown in Fig. 6. As the length of the carbon chain
increased, the effect of the surfactant on the formation of
hydrates was also enhanced. APG06 had the shortest
carbon chain, which allowed the hydrate to form a
monomolecular film at the gas-liquid interface. This film
hindered the continued growth of the hydrate crystals and
reduced the rate of hydrate formation or even stopped the
reaction.

The different relationships between the carbon chain
length and the hydrate promotion effect observed for
anionic and nonionic surfactants can be attributed to
differences in the hydrate formation mechanism. The
nonionic surfactant APG forms micelles in the reaction
system via the aggregation of the carbon chains of the APG
molecules. As the carbon chain increases, the formation
time of micelles increases. The increased micelle concen-
tration enhances the contact between water molecules and
the gas molecules, accelerating hydrate formation. For
sodium sulfate-based anionic surfactants, the reaction
system mainly relies on the capillary force; the solution
is drawn upward along the wall of the reaction vessel,
which accelerates the contact of water molecules with gas
molecules and preferentially generates hydrates at the
three-phase gas-liquid-solid junction. No micelles are
present in the solution system, and excessively long
carbon chains may directly hinder the effect of the capillary
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Table 1 Summary of different types surfactants on hydrate formation
Number Surfactant Type Concentration Conclusion Reference
range/(wt%)
1 APG nonionic 0-0.16 Among them, at higher concentrations (0.08-0.16 wt%), the formation [54]
. rate of hydrate in APG solution was very fast, the induction time was shortened
SDBS 0-0.2 i
amonie to about 15min, and the induction time at 0.02 wt% in SDBS system was
25-30 min
2 SDS anionic  0.01, 0.02, 0.05, All three reduced the phase equilibrium point and induction time [77]
0.07, 0.09, 0.12 of the hydrate
CTAB cationic  0.02, 0.03, 0.05,
0.07, 0.09
P123 nonionic  0.01, 0.03, 0.05,
0.09
3 SDS anionic 0.03, 0.05, 0.1 SDS effectively accelerated the rate of hydrate formation at three [72]
Lo concentrations. LABS increased the rate of hydrate formation
LABS anionic ..
at 0.05 wt% and 0.1 wt%, but decreased at 0.03 wt%. In addition, CTAB
CTAB cationic and ENP promoted the hydrate formation at 0.01 wt%, and weaken at 0.03
ENF nonionic and 0.05 wt%
4 SDS anionic 0.03, 0.05 Compared to pure water, the induction time of [106]
HTABr cationic 0,03, 0.05, 0.07 hydrate formation in the presence of surfactant was reduced.
Brij-58 nonionic  0.03, 0.05, 0.07
5 PVP nonionic 0.005, 0.01 PVP showed a dual effect of promoting and inhibiting hydrate nucleation [68]
in the test
6 SDS anionic 0.008, 0.0125, SDS at 0.1 wt% or above was quite effective for increasing hydrate [59]
0.1,0.2,04 formation rate and gas conversion rate. STS was less effective to
STS anionic  0.0007, 0.0035, promot hydrate formation
0.01, 0.04, 0.06
SHS anionic ~ 0.0003, 0.001,
0.002, 0.004,
0.016
7 LABSA anionic  0.005, 0.01, 0.1, With the addition of LABSA, the rate of hydrate formation increased, [56]
- 1 low concentrations of ETHOXALATE also increased the rate of hydrate
DAM cationic . . i
formation. DAM has the weakest promotion ability of the three
ETHOXALATE  nonionic
8 Aerosol-OT/AOT  anionic 0.038 According to the analysis of infrared spectrum, SDS had obvious [53]
L acceleration effect on hydrate formation, and CPC had no effect on its formation
SDS anionic
CPC cationic
9 SDS anionic 0.5 Upon addition of the surfactant, a higher hydrate density was obtained [6]
PEG400 cationic and hydrate formation was accelerated
10 SDS anionic  0.05, 0.07, 0.09, As the amount of surfactant increased, the rate of hydrate formation [52]
HTABr cationic 0.11 increased and the induction time decreased. The effect of anionic SDS
on hydrate formation rate was the most significant, and cation HTABr
Tritonx-405 nonionic had the greatest influence on induction time
11 SDS anionic 0.1-0.4 When using SDS and SDSN, all reaction times were reduced to less [58]
.. than 40 min. While using SDBS, it took several hours to achieve pressure balance
SDSN anionic
SDBS anionic
12 SDS anionic 0,0.1,0.2,0.3 The addition of DTAC had little effect on the formation of methane hydrate. [78]
DAH cationic SDS, DAH and DN,CI had obvious promoting effects on methane hydrate
formation. SDS had a higher hydrate formation rate than the other two,
DTAC cationic but at 0.1 and 0.2 wt%, DN,CI had a better methane uptake than SDS
DN,Cl nonionic
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Fig. 6 Hydrate formation in (a) APG06, (b) APG0810, and (c) APG1214 aqueous solutions (adapted with permission from Ref. [61]).

force. Therefore, compared to sulfate-based surfactants
with longer alkyl groups, such as C12, C18, the surfactant
with the short C4 carbon chain showed the most obvious
enhancement of hydrate formation.

3.1.2 Effect of surfactant concentration

The measurement of the effect of the concentration of the
surfactant is relatively straightforward compared to the
evaluation of the effects of other parameters [62]. In
addition to ionic (cationic or anionic) and nonionic
surfactants, the fluorocarbon surfactant Intechem-01 (FC-
01) [63], gemini surfactants Dowfax 8390 [64], Dowfax
C6L and Dowfax 2A1 [65], and castor-oil-derived sodium
(ricinoleic acid) methyl ester sulfonate (SMES) [14], have
also been studied. Surfactants based on a wide variety of
structures are available, and have great performance
differences which affect various aspects of the formation

of natural gas hydrates to different degrees. When a
surfactant is combined with the other additive, hydrate
formation can occur under multiple macroscopic condi-
tions, such as induction time and virtual hydration number.

Khokhar et al. [66] used 0.1% PVP solution as a
promoter in an investigation of the gas storage capacity of
hydrates. They found that the storage capacity of the
resulting hydrate was greater than that of the hydrate
synthesized in PVP-free conditions (pure water). On this
basis, Liu et al. [67] used 99.9% pure PVP and investigated
the formation of hydrates in PVP solutions with mass
fractions of 0%, 0.5%, and 1%. The pressure and
temperature changes in the reactor were recorded in real-
time using a magnetically coupled stirring device. The
results indicated that the optimal PVP solution had a mass
fraction between 0 and 1%; such a solution could
accelerate the formation of hydrates without changing
the thermal conditions. Interestingly, in an experiment and
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simulation conducted by Ke et al. [68], PVP played a dual
role, both inhibiting and promoting the hydrate nucleation
rate. They hypothesized that the occurrence of this dual
role may be due to the change in the degree of subcooling
of the reaction system, which in turn changes the docking
orientation of PVP. However, this assumption required
further verification. The maximum hydrate-promoting
effect occurred at a specific surfactant concentration. As
the surfactant concentration is increased above this value,
the accumulation of excess surfactant in the solution may
hinder hydrate formation, leading to a decreased rate of
hydrate formation. With increasing PVP concentration, the
position of each phase in the solution system changed,
decreasing the recognition ability of the surfactant
molecule, which reduced the formation rate or even caused
destruction of formed hydrate. Scholars try to study the
optimal concentration range of surfactants. Depending on
the experimental conditions, the concentration can be
roughly divided into low concentration, medium concen-
tration, and high concentration regions, and the effects of
the active agents can be studied in each concentration
region.

ZareNezhad et al. [69] used the effective diffusion
coefficient to evaluate the hydrate growth process. At an
SDS concentration of 0.05 wt%, the effective diffusion
coefficient and conversion rate of the gas molecules were
high. This demonstrated that 0.05 wt% was the optimal
concentration for the synthesis of the hydrate. The R*
obtained from the measurement was 0.983, further
indicating that the measurement method was accurate
[70]. Ganji et al. [71,72] prepared SDS solutions in the
laboratory at concentrations of 0.03, 0.05, and 0.1 wt%,
respectively. As shown in Fig. 7, at an SDS concentration
of 0.05 wt%, the rate of formation of the hydrate was more
than 35 times greater than that of the SDS-free solution,
and the induction time was effectively shortened, with the
hydrate reaching a stable state in approximately 1 h.

However, at 0.03 wt%, the hydrate formation rate was
faster, but the induction time was longer than that at
0.05 wt%.

Notably, the optimum concentration of SDS in the above
studies differed. The optimum concentration in the former
was 0.05 wt%, while in the latter the hydrate formation rate
at 0.03 wt% was considered most desirable. In this regard,
this is due to the different experimental conditions used.
The formation of hydrates is mainly affected by tempera-
ture and pressure. When hydrate formation is studied under
different experimental conditions, the conclusions will
inevitably differ. In actual engineering production, the use
of surfactants can increase the rate of hydrate formation,
enabling the storage and transportation of natural gas. The
environmental conditions of the natural gas should be
analyzed in detail to determine the optimal active agent
concentration and treatment scheme.

In addition to common ionic and nonionic surfactants,
researchers have explored novel surfactants with special
properties, as shown in Table 1. Surfactant APG [73] is
known as a “green surfactant,” and has attracted extensive
research interest. In Ref. [61], the optimum hydrate
formation rate was observed at an APG0810 concentration
of 1500 mg/L, while APG0810 concentrations higher than
2500 mg/L led to prolonged induction and slowed hydrate
formation. Shi et al. [74] investigated the fluorocarbon
surfactant FC-01. The new active agent exhibited a high
surface activity, which effectively reduced the interfacial
tension, and was chemically stable. As shown in Fig. 8,
the lowest surface tension achieved using FC-01 was
17.1 mN/m at 25°C and a mass fraction of 0.08%, while
the minimum surface tension of SDS was 34 mN/m. These
results demonstrated that FC-01 promoted hydrate forma-
tion more effectively at the same concentration.

Sun et al. [75,76] discussed the formation of hydrates in
several different reaction systems consisting of stirred pure
water, the anionic surfactant SDS, and the nonionic
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Fig. 7 Storage capacity of methane hydrate with and without SDS (adapted with permission from Ref. [71]).
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surfactant diphosphoglycerate (DPG). Compared to those
of the hydrates formed using agitation systems, the
effective diffusion coefficient and gas molecule conversion
rates were found to be high in DPG. However, the main
effect of SDS was to shorten the induction time. When the
two surfactants were combined, the induction time was
also shortened, but the hydrate generated had a lower gas
storage capacity than that of SDS. Zhou et al. [77]
experimentally studied the effects of surfactants SDBS,
CTAB, and P123 on hydrate formation. SDBS was found
to have the greatest promotion effect at 700 mg/kg. The
effect was comparable to those of CTAB at 300 mg/kg or
P123 at 500 mg/kg. Du et al. [78] compared surfactants in
terms of their effect on the induction time, hydrate
synthesis rate, and hydrate gas content. The addition of
dodecyl trimethylammonium chloride (DTAC) had little
effect on the formation of methane hydrate, while SDS,
dodecyl amine hydrochloride (DAH), and N-dodecylpro-
pane-1,3-diamine hydrochloride (DN,Cl) significantly
promoted methane hydrate formation.

Some natural gas reservoirs in the natural environment
consist of multiple strata. New surfactants have been used
in various fields in recent years, and the surfactants
available for hydrate research have also gradually become
more diverse. Studies of chemical agents that promote
hydrate formation are not limited to ionic or nonionic
surfactants. Storage and transportation technology should
be incorporate with this new knowledge regarding the
characteristics and effects of surfactants on hydrates in
order to develop new ideas and directions for natural gas
exploitation.

3.2 Effects of surfactants on hydrate formation in brine

Generally, the main role of the surfactant is to reduce the
surface tension of the liquid surface so that gas molecules
can easily enter the solution to accelerate the reaction,
which changes the morphology of hydrate formation and
provides conditions for continuous chain reactions. Most
salts dissociate into their ionic components in water, which
reduces the solubility of gas molecules in aqueous solution
and increases the tendency of gas molecules to be adsorbed
in the hydrate cavity [79].

Eastman et al. [80] studied the growth of methane
hydrate in 0-10 wt% NaCl solution in the presence of the
surfactants sodium dodecyl sulfate, potassium lauryl
sulfate, and sodium laurate. As the salt concentration was
increased, the conversion rate of the hydrates and the rate
of total hydrate formation for all the surfactants used in the
experiment decreased significantly. Zhang et al. [81]
performed hydrate formation experiments in SDS solutions
containing NaCl with the mass fractions 0%, 0.5%, 2%,
and 3.5% respectively. They reported that NaCl enhanced
the reduction of the surface tension of the gas and liquid by
SDS. The surface tension reduction effectively accelerated
the nucleation process of the hydrate and shortened the
induction time. Delroisse et al. [82] studied the addition of
NaCl to the cationic surfactant DA 50. The adsorption of
the surfactant at the gas-water interface increased in the
presence of NaCl, accelerating the formation of the
hydrate.

According to the findings of the above researchers, salt
compounds can promote the formation of hydrates at low
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concentrations. The salt concentration can be analyzed as a
function of the surfactant concentration. As the concentra-
tion of salt increases, the promotion of hydrate formation
by the surfactant is enhanced [83]. After the ionic
compound is dissolved, free positive and negative charges
are formed in the aqueous solution, which affects the
activity of the aqueous solution. Therefore, further
studies of salts dissolved in water should be conducted,
including experiments on salts that dissociate in aqueous
solution.

3.3 Effects of surfactants compound with porous media

The addition of surfactants accelerates hydrate formation.
However, hydrate dissociation produces foam, which
limits the application of surfactants. Researchers have
found that combining porous media and surfactants can
simultaneously improve heat transfer and mass transfer
conditions in the reaction and increase the rate of hydrate
formation [84]. In nature, hydrates are mainly located in
sea sediments. The environmental conditions in these
sediments are complex, and differ from those in the
formation of natural gas hydrates in free surface [85]. The
pore structure of the sediment has similarities with porous
media. Studies of hydrate formation in porous media have
demonstrated that their porosity provides a larger nuclea-
tion area for hydrates, and they can transmit and release the
reaction heat to the outside effectively, improving the heat
transfer conditions in the reaction. In the absence of
surfactants, the formation of hydrates is limited by mass
transfer, and hydrates form preferentially at the gas-water
interface, preventing contact between the gas and water
[36]. Therefore, the addition of a surfactant can effectively
improve the mass transfer conditions in the reaction by
reducing the surface tension of the liquid and reducing the
gas-liquid mass transfer resistance. Thus, it is of practical
significance to explore the effects of combined use of
surfactants and porous media in hydrate formation [86,87].

In the analysis of samples obtained from the natural
hydrate layers, more than 90% of the hydrates are located
in the voids of the rock mass [88]. First, researchers
analyzed the formation of hydrates in porous media
systems [89]. Cha et al. [90] proposed that water molecules
could adsorb on the pore surfaces of porous media, and that
the probability of contact between gas and water molecules
was improved. Based on theoretical analysis, Xu et al. [91]
used nanoscale silica gel for phase equilibrium experi-
ments. Porous media of 20.872 um partical size were found
to accelerate the rate of hydrate formation. The above
studies proved that different types of porous media could
be used, and when they had appropriate size conditions,
they all exhibited a promoting effect on hydrate formation.

Dicharry et al. [92] found that in porous silica gels with
pore sizes of 30 nm and 100 nm, the use of surfactants had
a positive effect on the kinetics and productivity of hydrate

formation. Nesterov et al. [93] added the nonionic
surfactant nonylphenol ethoxylate (AF-9-12) or alumina
powder to shorten the hydrate induction period from 105
min in pure water to a minimum of 30 min. When both the
surfactant and the alumina powder were used, the
induction period was further shortened to less than 20
min. Liu et al. [94] added alumina and silica with particle
sizes of 1, 2, and 6 nm to a SDS system. Better gas
absorption was observed using alumina than silica in the
dissolution and induction phases, while the gas absorption
in the growth phase was larger using silica. Alumina and
silica are of small particle sizes, which can shorten the
induction time and accelerate the synthesis of hydrates
during hydrate formation. They had a synergistic effect
with the surfactant and influenced the nucleation of the
hydrate. The main factor associated with this phenomenon
was their particle size. Nano particles provide a favorable
area for the nucleation of hydrates. Mohammadi et al. [95]
studied the effect of silver nanoparticles and 0.05 wt% of
SDS on the hydrate system. They found that additive-
containing systems consumed more gas than the pure water
system, which confirmed that both additives accelerated
hydrate formation. Moraveji et al. [97] studied the
solubility of methane in solutions containing SDS and
nanoparticles. When the mass fraction of the nanoparticles
was 1%, the solubility of methane increased, which
indicated that both the rate of hydrate formation and the
gas storage capacity were increased. In addition, Hosseini
et al. [16] found that the addition of few-layer graphene
nanosheets to an SDS solution not only shortened the
induction time and increased the gas storage capacity, but
also played a role in improving the stability of hydrates.
Wang et al. [98] reached the same conclusion in a study
involving polystyrene nanospheres (PSNS) and SDS.

Rogers et al. [99] found that sodium montmorillonite, a
common swelling clay in marine sediments, preferentially
adsorbed biosurfactants and promoted hydrate formation.
In contrast, the surface properties of kaolin were not
conducive to the formation of hydrates. Liu et al. [100]
prepared a mixed solutions of SDS and Fe; O, that could be
used as a promoter for hydrate formation. As shown in Fig.
9, for a given concentration, the SDS/Fe;0,4 induction
period was shorter than that of the SDS-only solution, with
the induction of SDS/Fe;04 being reduced to less than 10
min after mixing. Smaller porous particles resulted in an
increased reaction rate, which was further increased by the
synergistic effect of the surfactant.

The research reported clearly demonstrates that the gas
hydrate formation rate and gas content are affected by both
porous media and surfactants. In addition to the types of
surfactants and their concentrations, the influence of
surfactants on hydrate formation is also closely related to
the ambient pressure and temperature. The addition of
porous media increases the complexity of the reaction
system. The surface properties of porous media are diverse



474
0.020
- 2
vf ” :'
— Py
g 0.015F iy .
E V: A : L
B A > . Cqps: 4 mmol/L
g ve > . .
Z 0.010F “ A 3 = Deionized water
g A * SDS
o g b S| 4 sDS@Fe0,200
=1
2 3" . v SDS@Fe,0,-400
5 0005F Y4 & °
= va £ K < SDS@Fe;0,-800
<
e 3 ‘./ » SDS@Fe;0,-1600
ﬂfcﬂ " =" m s mEEEEEEER § ® EE W
0.000 L . L . 1 N 1 . 1 . )
0 20 40 60 80 100 120
Time/min

Fig. 9 Methane consumption during hydrate formation using an
SDS/Fe;0y, solution for a fixed 4 mmol/L. SDS and different Fe;O,
concentrations, 200, 400, 800, and 1600 mg/L respectively (adap-
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and can affect multiple factors such as the surface energy,
porosity, and wetting angle during hydrate formation.
Therefore, it is also a relatively complicated process to
study the combination of porous media with other
additives. The above experimental results demonstrate
that the rate of hydrate formation in the porous media/
surfactant systems is synergistically enhanced by the two
additives. The promotion effect also shows that the
combination of surfactants with other additives can further
affect the accumulation of natural gas hydrate, which has a
practical significance for real-world storage and transpor-
tation applications.

Table 2 Summary of hydrate formation in complex systems
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3.4 Hydrate formation in complex systems

Studies have shown that surfactants, salts, and porous
media can accelerate nucleation in the formation of
hydrates. On this basis, research is being conducted on
the use of surfactants in conjunction with other additives.
Some researchers have reported that the use of a single
surfactant has a limited effect on the promotion of hydrate
formation compared to the use of multi-component
systems. Surfactants can be combined in a specific
proportion to achieve a synergistic hydrate production
enhancement. Table 2 lists the effect of the combining a
surfactant with a substance on the formation of hydrates
under different conditions.

In view of the good hydrate-promoting effect of SDS,
scientists have attempted to combine SDS with various
additives and surfactants to further accelerate the formation
of hydrates and increase their gas storage density. Zhang
et al. [63] used the platinum plate method of surface
tension measurement to study the combination of two
different types of surfactants, FC-01 and SDS. The surface
tension exhibited a parabolic tendency, with the minimum
surface tension being observed at FC-01 mass fractions of
0.6 to 0.7. They also compared the lowest surface tension
of the SDS/FC-01 with the experimental data for FC-01
reported by Shi et al. [74]. As shown in Fig. 10, the use of
both surfactants was found to be superior to the single
surfactant under the same condition.

Tetrahydrofuran (THF) is often used to reduce the
residual pressure [101]. SDS is used to increase the gas
storage and reaction rate of natural gas hydrates.

Number Compounding Conclusion References
1 SDS + quartz sand + NaCl The combination of porous media and surfactants had a positive effect [11]
(50, 100, 200 mmol) on hydrate formation kinetics and hydrate formation. When the NaCl
concentration was 50 mmol, the methane consumption was higher than
that of pure water
2 T40, T40/T80 (1:1), T40/T80 Surfactant T40 had a more pronounced effect in promoting hydrate [37]
(4:1) nucleation and shortening induction time compared to the compound system
3 SDS (0.01, 0.05, 0.1, 0.15 wt%) The addition of THF further increased the rate of hydrate formation, [102]
+ 3 mol% THF shortened the induction time, and the gas consumption could be more
than twice
4 SDS (0.005, 0.05 wt%) + 5 mol% THF The solution system after the addition of THF had a faster nucleation [103]
rate and a higher gas storage capacity
5 propanone + SDS The rate of hydrate formation was not significantly affected when [105]
the acetone concentration was less than 0.03 mol, but the rate of
formation of hydrate was increased at high concentrations
6 THF, SDS + THF, SDBS + THF The addition of an anionic surfactant increased the rate of hydrate [104]
formation. In contrast, the rate of formation of hydrates in THF +
SDBS was much better than that of THF + SDS
7 TBAB + SDS The addition of 0.15 wt% SDS to the 20 wt% TBAB system increased [107]
the gas consumption rate to 177%
8 TBAB + SDS + silica sand The amount of methane absorbed in the TBAB + SDS system was higher [108]

than in other systems, indicating that the two surfactants produced a
synergistic effect. In addition, it had good hydrate kinetics in porous media
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Fig. 10 Surface tension of mixtures of surfactants SDS and FC-
01 at different concentration ratios at 30°C (adapted with
permission from Ref. [74]).

Researchers have attempted to combine these two accel-
erators to achieve a synergistic effect. Kakati et al. [102]
added 3 mol % THF to an aqueous solution of SDS and
used the mixed solution as an effective accelerator for
natural gas hydrate storage. SDS had little effect on the
pressure and temperature of the hydrate formation system.
When THF was added, the formation pressure of the
hydrate was lowered. Figure 11 specifically illustrates the
advantages of THF in accelerating hydrate nucleation. The
rate of hydrate formation after the addition of THF was
significantly higher than that in the absence of THF. Lirio
et al. [103] experimentally demonstrated that when 0.05 wt
% of SDS was added along with 5 mol% of THF, a faster
nucleation rate and a higher gas storage capacity were

60

achieved compared with a single accelerator. Cai [104]
added THF to both 0.03 wt% SDS and 0.05 wt% SDBS
systems to accelerate hydrate formation. In addition,
Partoon and Javanmardi [105] studied a system in which
acetone and SDS were added. In this system, high acetone
concentrations increased the rate of hydrate formation, but
reduced the methane absorption capacity of the hydrate.

However, some researchers have also reported that the
rate of hydrate formation in systems containing a
combination of surfactants is lower than that in the
single-surfactant system. For example, Zhang et al. [37]
conducted experiments using Tween-40 (T40), T40:T80
(1:1) and T40:T80 (4:1) with three concentrations of
Tween solution to study the effect on the induction time.
When the concentration of the surfactant exceeded that of
CMC, the surfactant in the aqueous solution was converted
into micelles. Most of the gas molecules combined with
water molecules to form a cluster structure, which
accelerated the nucleation of the hydrate. At the same
time, they also compared the three solution environments
and found that the pure T40 solution more significantly
promoted hydrate nucleation and shortened the induction
time. Fazlali et al. [106] studied the kinetics and
thermodynamic effects of a mixture of SDS, hexadecyl
trimethyl ammonium bromide (HTABT), and polyoxyethy-
lene(20)cetyl ether (Brij-58) on methane hydrate forma-
tion. The type of surfactant or surfactant mixture used in
the tests had little effect on the thermodynamic changes in
the formation of hydrates. The effect of SDS on the rate of
hydrate formation was greater than that of the mixture. The
compound surfactant did not exhibit the expected
synergistic acceleration effect, but instead, the single
surfactant had a more obvious influence on the hydrate
synthesis.
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Induction time after addition of different concentrations of SDS and THF (adapted with permission from Ref. [102]).
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Based on the above results, it indicates that the
surfactant reaction mechanisms are different. Surfactant
mixtures may affect both the capillary action and micellar
action in a hydrate-forming system. They also affect the
experimental procedures of hydrate formation, and both
effects may occur in mixtures. Renault-Crispo and Servio
[107] studied the effect of the thermodynamic promoter
tetrabutylammonium bromide (TBAB) and the kinetic
promoter SDS on a methane hydrate system. They found
that the binding capacity of methane in a water-gas system
increased when the appropriate concentrations of SDS and
TBAB were added. The systems with mixed surfactants
and porous media have been widely reported for the gas
hydrate formation [108].

When two surfactants with the same reaction mechanism
are mixed, they exhibit an additive effect on hydrate
formation. When their reaction mechanisms are different,
the concentrations of the two surfactants become the
dominant factor. This situation is more complicated than
when both surfactants have the same mechanism. There
may exist a critical concentration that allows the two active
agents to act synergistically and achieve optimal results.
There are also conditions in which a mixture of surfactants
is disadvantageous for hydrate formation, that is, com-
pounding surfactants in high concentration suppress the
hydration formation rate. A single variable should be
selected for in-depth analysis of the different systems.

In addition, due to the difference between hydrophilic
and lipophilic surfactants, for the further application of
surfactants, the following application-type recommenda-
tions are proposed. Among them, surfactants with poor
foaming properties (such as SDS) can be used in the
process of static hydrate preparation; lipophilic surfactants
(such as T40) are mainly used in the field of pipeline
transportation with rich oil content. For different surfac-
tants, further research is still needed for specific scenarios.

4 Evaluation of surfactant effects in
theoretical modeling of hydrate generation
reactions

Experimental studies can be used to study the use of
surfactants to promote hydrates. However, due to the
complex environmental conditions in the experimental
system, there may inevitably exist some errors in the
results. Thus, researchers are attempting to develop novel
models for the dynamic and thermodynamic simulations.

Choudhary et al. [41] used molecular dynamics simula-
tions to visually describe the molecular mechanisms
responsible for the effects of SDS on methane hydrate
formation.

They chose hydrate formation conditions similar to
those used in the laboratory, and introduced the parameter
F4in Eq. (1) as a criterion for hydrate formation.
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The F,4 reflects the hydrate nucleation and rate of growth
over time. The system was simulated at 270 K and 10 MPa,
the F, parameter value of the pure gas hydrate was
maintained at approximately 0.7, and the F, parameter
value of the liquid water was about —0.04.

Mainusch et al. [109] developed a thermodynamic
model based on the models proposed by Pieroen [110] and
Moshfeghian and Maddor [111]. The model was used to
predict the formation temperature of methane hydrate in a
mixture of acetone and water. In the model, the effects of
pressure and concentration on the hydrazine formation
enthalpy were considered, as expressed in Eq. (2).
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By fitting the vapor-liquid equilibria (VLE) data of the
acetone and water system, the activity expression of water
is written as
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In the simulation results, at acetone mole fractions of
less than 0.5%, the equilibrium pressure was reduced after
hydrate formation, and the appearance of the hydrate was
further improved at the acetone concentration above 0.5%,
inhibition was observed. Based on the error of the
parameter fitting, the model was demonstrated to have
good predictive ability.

Zhang et al. [112] assumed that hydrate nucleation and
crystallization occurred only in the liquid film where the
gas was in contact with the solution, and used a diffusion
reaction kinetics model to analyze the hydrate growth
process. It was concluded that SDS not only reduced the
interfacial tension between the hydrate and the liquid, but
also increased the nucleation and growth rate of the hydrate
by increasing the total specific surface area of hydrate
particles and the area of the two-phase interface.

In 2013, Karimi and coworkers [113] used SDS, SDBS,
and Triton X-100 (TX-100) surfactants for hydrate
formation and obtained the kinetic equation for the
hydrate, as expressed in Eq. (4).
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They refined the previous model and established the new
expression [114], as expressed in Eq. (5).
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where ¢, and —4,/(RT) are the dynamic model parameters.
The absolute value of the slope, |4,/(RT)|, can be regarded
as a rate constant that can be used to determine the effects
of the stirring rate, pressure, and temperature in the reactor,
as well as the effect of the additive concentration on the
kinetics of hydrate nucleation. Kinetic measurements of
hydrate formation in the presence and absence of the
surfactant T40 were also conducted. The change in the
surfactant concentration is related to the kinetic factors of
hydrate formation.

The simulation results were consistent with the experi-
mental ones, which confirmed the rationality of the model.
In another paper, the same authors found that SDS and T-
40 could promote hydrate formation, and SDS had a better
performance [115]. However, limitations in the use of
models remain, such as the use of relatively simple model
parameters, leading to less accurate fitting. In future
studies, both experimental and simulation studies should
be performed simultaneously in the same experimental
environments. Their results could be compared and
discussed to improve the numerical model and verify the
experimental data.

5 Conclusions and outlook

To provide an in-depth discussion of hydrates and their
applications, this paper summarized the mechanisms of
various surfactants that have been reported to promote
hydrate formation. It also discussed the various factors
affecting the process of hydrate formation by surfactants
and introduced mathematical models of the kinetics and
thermodynamics of surfactant-promoted hydrate forma-
tion.

Researchers dispute whether SDS forms micelles in the
hydrate formation process. Different classes of surfactants
exhibit different relationships between their ability to
promote hydrate formation and their carbon chain
structures. Some researchers have reported that the longer
carbon chains enhance the formation of hydrates, while
others have come to the opposite conclusion.

To further understand the properties of hydrates and
promote research of surfactants in the field of natural gas,
the following future research directions are suggested:

The mechanism by which surfactants promote hydrate
formation remains unclear. In the literature, two mechan-
isms have been proposed, i.e, capillary force and micelle
formation. The capillary phenomenon can be observed
using a high-speed camera, but the development of a
method to visually confirm the micelle shape requires
further research.

Seabed sediments in which natural hydrate formation
occurs contain complex and diverse ion species, as well as
mineral layers with pore structures similar to those of some
porous media. Porous media and salt similar to those in
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natural sediments conditions could be applied in conjunc-
tion to enhance the formation of hydrates. The effects of
Na*, Mg*", and other ions should be experimentally
studied, and the experimental results should be used to
provide theoretical support and references for industrial
natural gas hydrate storage and transportation.

Parameters such as the induction time, gas storage
density, and methane absorption should be used to evaluate
the performance of hydrate formation methods. In
addition, the foaming properties of surfactants also have
a certain effect on their practical applications. In the future,
research can be conducted for specific application
scenarios.

It is critical to improve existing kinetic or thermo-
dynamic models used to simulate the hydrate formation
process. It is particularly important to analyze which
surfactant parameters most strongly affect hydrate forma-
tion, further optimize existing models, and establish more
practical and efficient mathematical models.
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Notations

n Oxygen-oxygen logarithm of water molecules

a Activity

AH Enthalpy of formation of a hydrate/J

T Hydrate formation temperature in the presence of an inhibitor/K
To Hydrate formation temperature of pure water/K

R Universal gas constant

X Mole fraction

Greek letters

[ Twist angle between the farthest O-H vectors of the two water
molecules

Subscripts
w Water

a Acetone
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