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Coalbed methane is an important renewable energy source. Gas hydration

technology is a new method for enhancing the utilization of coalbed methane

and reducing environmental pollution. Long induction periods, sluggish

formation rates, low hydrate yields, and difficulty removing heat during

hydrate formation are all issues with gas hydration technology. In this paper,

3 wt% NiMnGa (NMG) phase-change micro/nanoparticles and 0.05% sodium

dodecyl sulphate (SDS) were compounded, and gas hydration experiments

were conducted under various initial pressures and gas sample conditions to

investigate. The findings revealed that NMG has efficient mass transfer

properties as well as phase-change heat absorption properties, which

significantly improved the kinetic process of the gas hydrate by mass and

heat transfer, shortened the induction time, increased gas consumption, and

increased the gas consumption rate during the rapid hydrate growth period.

When the initial pressure was 6.2 MPa, the induction time was reduced by

89.26%, 92.48%, and 95.64%, and the maximum gas consumption rate was

increased by 238.18%, 175.55%, and 113.60%, respectively, when using different

concentrations of methane in the NMG-SDS system compared to the pure SDS

system. The NMG used in this paper showed potential for future use in mixed

gas hydration technology.
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1 Introduction

Coal mine methane (CMM), also known as coalbed methane

(CBM), is an important source of unconventional natural gas

resources and clean energy, consisting primarily of methane and

air (Gaikwad et al., 2021). The Intergovernmental Panel on

Climate Change (IPCC) has clearly stated that methane, a

coal-related gas, has a 20-years global warming potential (or

warming effect) 86 times greater than that of carbon dioxide in

the 20 years following emissions. Releasing coal mine methane

directly into the atmosphere is not only a waste of resources but

also a greenhouse effect (George et al., 2020). Therefore, it is

important to accelerate the development and utilization of coal

mine methane to increase the supply of clean energy and reduce

the emission of greenhouse gases (Yuan, 2021). The low

concentration of methane in CBM can be separated from

CBM by different conventional gas separation processes

(Gaikwad et al., 2021), and the main gas mixture separation

methods include pressure swing adsorption (Gao et al., 2021;

Tian et al., 2021), low-temperature separation (Yang et al., 2020),

and membrane separation (Jiang et al., 2021). A gas hydrate is an

ice-like hydrate that forms when water reacts with gas

components at a specific temperature and pressure. Based on

the mild formation conditions (pressurized synthesis above 0°C),

high gas content (164 times the volume of methane gas can be

stored in 1 g of hydrate), and safe storage (stable storage at

normal pressure, from −15 to −10°C) of gas hydrates, scholars

have proposed the gas hydrate solidification method (Veluswamy

et al., 2018). Conducting gas hydration research can facilitate the

development of hydration separation processes and expand the

use of low-concentration gas, thus reducing the environmental

losses caused by the direct discharge of low-concentration gas,

making effective use of coal mine gas, and alleviating energy

shortages. However, due to issues such as a long induction time,

slow formation rate, low hydrate yield, and difficulty removing

the heat of hydrate formation, it is difficult to form gas hydrates

quickly using industrial methods.

Heat and mass transport parameters are the primary limiting

factors in the gas hydration process. The gas hydration process

can be significantly enhanced by enhancing the heat and mass

transport conditions of the process. Currently, dynamic

strengthening techniques or static strengthening techniques

are generally used to promote hydrate formation. Dynamic

strengthening techniques mainly include agitation (Ren et al.,

2020), bubbling (Cheng et al., 2021), spraying (Zhong et al.,

2010), and ultrasonication (Sun and Fan. 2005). Static

strengthening techniques include the addition of surfactants

such as sodium dodecyl sulphate (SDS) (Chaturvedi et al.,

2021), alkyl polyglycolide (APG) (Chen, 2020), sulfonated

lignin (SL) (Yi et al., 2019), and porous media (Zhang et al.,

2021a) such as silica (Zhang et al., 2020; Huang et al., 2021) and

montmorillonite (Zhang et al., 2018). To some extent, these

techniques can aid in the formation of hydrates. However, the

formation of gas hydrates is an exothermic reaction, and the

hydration reaction releases a significant amount of heat when

hydrates form rapidly. The heat retained in the reaction system

that is not rapidly diffused and transferred perturbs the

temperature stability of the hydration system, thus affecting

the overall reaction and preventing further hydrate formation

(Yoslim et al., 2010).

In recent years, many scholars have considered the use of

nanofluids to promote the heat and mass transfer processes of

hydrates. Nanofluids have unique mass and heat transfer

properties, such as high specific surface area (Zhou, 2016),

active Brownian motion (Cui et al., 2017), small size (Su

et al., 2008; Xia et al., 2016), and controlled concentration

(Pahlavanzadeh et al., 2016; Liu et al., 2017), that are expected

to rapidly enhance the heat and mass transfer processes of gas

hydration. Song et al. (Song et al., 2021) used carbon nanotubes

(CNTs) as carriers and covalently grafted the functional -SO3-

group (like the hydrophilic group in SDS) onto the surface of the

nanocarriers; the SCNT nanofluid’s methane storage reached

142 v/v in methane hydrate formation.Wu et al. (2021) produced

Fe3O4 nanoparticles and surface modified them with sodium

oleate (SO) and SDS bilayers, the composite-promoted system

demonstrated a significant increase in methane storage capacity

and hydrate formation rate. In addition, due to the regular

arrangement of SDS&SO@Fe3O4, a magnetic field was

successfully introduced into the reaction system, which further

enhanced hydrate formation. Zhang et al. (2021b) immobilized

silver nanoparticles on activated carbon; the unique heat transfer

properties of silver and the presence of Ag nanoparticles

significantly aided in overcoming this limitation by enhancing

external nucleation, and Ag-NP@AC significantly reduced the

hydrate induction time.

An analysis of the above-related studies reveals that the

current studies on nanofluids are focused mainly on single or

binary gas compositions, such as CH4, CO2, and C2H6, and less

on the kinetics of hydrate formation from multiple gas

compositions in nanofluids. In addition, the positive effects of

nanofluids on gas hydrates occur mainly in the area of mass

transfer. Although heat transfer is improved, it is difficult to rely

only on heat conduction by nanoparticles for further

improvements. Ni-Mn-based phase-change alloys are magnetic

shape-memory materials that undergo thermoelastic martensitic

transformation with a large latent heat of phase change (Manfred

et al., 2000; Lyubina, 2017); an increase in temperature can

induce a structural transformation from martensite to

austenite, i.e., reversible martensitic transformation (Chen

et al., 2006; Ma et al., 2009). The transformation of the crystal

structure requires the absorption of external heat, which results

in a lower ambient temperature. The temperature and latent heat

of the reverse martensitic transformation can be controlled by

appropriate adjustment of the stoichiometric ratio of each

element in Ni-Mn-based alloys and the addition of other

alloying elements (Chen et al., 2006; Yu et al., 2007). In
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recent years, some scholars have found that the preparation of

polycrystalline materials is simpler and more practical than that

of monocrystalline materials. Among them, the NMG

ferromagnetic shape-memory alloy is not only a thermoplastic

shape memory alloy controlled by a temperature field but also

has the advantages of a fast response and large recoverable strain

(Tian et al., 2009; Fan et al., 2021). They show promise as a way to

reduce the time it takes for hydrates to form, increase the gas

storage capacity and rate of hydrate formation, and accomplish

fast formation in industrial applications. In this paper, NMG

phase-change alloys and micro/nanoparticles were prepared. A

uniformly dispersed stable fluid of NMG was made in reactor by

using SDS and an external rotating magnetic field. Since the

inverse phase transition temperature of NMG is around 2°C, the

phase equilibrium pressures of the three gas samples at the initial

temperature of 2°C were calculated (Supplementary Table S1).

Based on phase equilibrium conditions, kinetic experiments on

gas hydrate formation in NMG micro/nanofluids were carried

out at initial pressure of 6.2, 7.2, and 8.2 MPa, and different gas

samples were analysed to construct an exotherm during the rapid

formation of hydrate and induce the reverse martensitic

transformation of NMG to remove heat and promote the

formation of gas hydrate. The experimental data and results

of this study are useful for understanding the kinetics of NMG-

enhanced gas hydrate formation, and the method is expected to

open up new possibilities for using phase-change micro/

nanoparticles in gas hydration solidification technology.

2 Experiment

2.1 Experimental materials and apparatus

Sodium dodecyl sulphate was supplied by Tianjin Guangfu

Fine Chemical Research Institute. NMG powder with a median

particle diameter of 18.7 μm was ball-milled in a high-speed

vibratory ball mill (model GB-80, Nanjing Boyuntong

Instrument Technology Co., Ltd.). Beijing Beiyang Special Gas

Research Institute Co. Ltd. provided the gas and high-purity

nitrogen. The test water is pure Class II water that has been

purified by Thermo Fisher Scientific.

The experimental apparatus for the rapid formation of

hydrates under the action of a rotating magnetic field was

composed of five parts: a high-pressure reactor, a magnetic

steel rotating platform, a high- and low-temperature

thermostat, a temperature sensor (PT100, Class B), a pressure

sensor (DPI 701-E51GAP-F, Elbaissde) and a data collection

system. The experimental apparatus is shown in Figure 1. The

effective volume of the reactor was 100 ml, and the reactor body

was made of titanium alloy to ensure stable magnetic field

strength. The rotating speed range of the platform is 0–200 r/

m, and the two ends of the platform are equipped with two

magnetic steels, which can provide 0–0.5 T magnetic field. Based

on their magnetic characteristics, the magnetic particles were

suspended in solution in the autoclave by a rotating magnetic

field that stirred as well as dispersed the particles.

FIGURE 1
Schematic diagram of the experimental device for rapid hydrate formation under a magnetic field.
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2.2 Experimental procedure

NMG-SDS suspensions and SDS suspensions were prepared.

Then, the zero points of the temperature and pressure sensors were

calibrated before the start of the experiment, and the gas tightness of

the device was checked using nitrogen gas. The gas tightness of the

reactorwas judged good if the change inpressurewithin 2 hwas less

than 0.01 MPa. The following were the steps in the experiment: 1)

The reactor was cleaned three times before the experiment with

purified water prepared in this facility. The prepared reaction

solution (40 ml) was added to the reactor after drying. The

temperature sensor, inlet line, and pressure sensor were all

connected. 2) The thermostat was set to the desired temperature,

andthedatagatheringsystemwasactivatedtotracktemperatureand

pressure changes. The reactor was purged three times with CH4 of

roughly2 MPa, andmethanewas injected into the reactor toachieve

the initial pressure value, once the temperature shown by the data

collector reached the predetermined temperature. 3) Regulate the

magnetic field strength to 100 mt and the rotation speed to 100 r/m

respectively, andthemagnetic steel rotatingplatformstarts torotate.

4)Whenthe temperaturebegan toriseandthepressurebegan tofall,

methane hydrate started to form. After the reaction was conducted

for a period of time, the temperature and pressure curves started to

level off and stabilizedwithoutmeaningful changes for 30 min. The

hydration reaction process was regarded complete when the gas

hydratewas totallyproduced. Inthispaper,weinvestigatedtheeffect

of different initial pressures and gas samples on the formation of gas

hydrates by NMG. Each experiment was repeated three times to

lessen the unpredictability of the results.

2.3 Characterization

The microscopic morphology of NMG and the dispersion of

NMG in pure water and SDS solutions were observed using

scanning electron microscopy (SEM) at an accelerating voltage of

20 kV with an FEI Quanta 250, United States . To test the

suspension and dispersion effect of SDS, the suspension time

of NMG in different systems was measured. The average

diameter of NMG particles was obtained by a Malvern

Mastersizer 3,000 E laser particle size analyser manufactured

by Malvern, United Kingdom.

2.4 Data processing methods

The hydrate formation induction time is an important metric

for determining the rate of hydrate formation. The induction

time was measured from the initial equilibrium state to the first

significant increase in temperature and reduction in pressure

during the hydration reaction in this investigation. Methods of

calculating gas consumption and consumption rate can be found

in the supporting information.

3 Results and discussion

3.1 Characterization of NMGs

Micro/nanoparticles easily undergo absorption and

agglomeration. In order to analyze the improved mass transfer

behavior of micro/nanofluids, it is critical to produce uniform

and stable dispersion of micro/nanoparticles. The surface

structure of NMG micro/nanoparticles and their state of

dispersion and agglomeration in different solutions were

characterized by SEM at an accelerating voltage of 20 kV.

Scanning electron micrographs of NMG particles in Figures

2A2,A3 show an irregular polygonal structure. Part of the

surface has a smooth serrated appearance that can provide a

large nucleation site for the formation of hydrate crystals. Figures

2B2,B3 show SEM micrographs of the degree of dispersion of

NMG particles in the pure water system, which can be seen to

appear in a bonded state from particle to particle. And in Figures

2C2,C3, the SEMmicrographs show the dispersion state of NMG

in the SDS solution system, and the addition of SDS can

effectively solve the bonding state between NMG particles and

put them in a uniformly dispersed state.

The state of NMG in pure water is shown in Figure 2A1.When

NMG is added to pure water, they agglomerate and form a deposit

at the bottom of the beaker. Figures 2B1,C1 are photographs of the

dispersed state of the NMG-pure water system and NMG-SDS

system after stirring by the disperser and standing for 500 min.

Because the density of NMG was greater than that of the base

solution, some of the particles agglomerated and deposited at the

bottom of the beaker despite the disperser stirring and dispersing

the NMG-pure water system. When NMG particles were added to

the SDS solution, SDS molecules adsorbed on the surface of the

micro/nanoparticles, and the particles, even if aggregated, formed a

stable dispersion. Figure 2D shows histograms of the final

suspensions and dispersion time for the NMG-pure water

system and the NMG-SDS system. The addition of SDS greatly

enhanced the suspension and dispersion of NMG; the final

suspension and dispersion time of the NMG-SDS system

increased by 53.33% compared with that of the NMG-pure

water system.

The particle size distribution curves of NMG particles

obtained by a laser particle size analyser, shown in Figure 2E,

have a median diameter D50 of 18.7 μm and a dispersion D60/

D10 of 3.15.

3.2 Characterization of the gas hydrate
formation process in NMGs

Experiments on the kinetics of gas hydration processes were

carried out in the experimental equipment for rapid hydrate

formation under the action of a rotating magnetic field by NMG

for various gas mixtures at varied beginning pressures.
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FIGURE 2
Characteristic test results of NMG micro/nanofluids.

TABLE 1 Experimental conditions and formation results of gas hydrates under different conditions.

System Gas Material T/
°C

P/
MPa

No. Induction
time/min

Gas
consumption/
mmol
of gas/mol
of water

Average
gas
consumption
rate/
mmol
of gas/mol
of water·min−1

Hydrate
phase
concen-
tration

Residual
gas concen-
tration/%

Ⅰ G1 SDS 2 6.2 Ⅰ-1 121.1 10.098 0.060 34.056 24.653

SDS
+ NMG

6.2 Ⅰ-2 9.7 10.604 0.063 32.463 26.094

7.2 Ⅰ-3 9.1 19.471 0.079 37.233 26.021

8.2 Ⅰ-4 5.3 29.411 0.091 37.091 25.711

Ⅱ G2 SDS 6.2 Ⅱ-1 43.5 17.022 0.071 39.022 29.558

SDS
+ NMG

6.2 Ⅱ-2 9.1 18.379 0.076 36.975 31.066

7.2 Ⅱ-3 8.1 32.670 0.144 39.106 30.490

8.2 Ⅱ-4 3.4 41.453 0.155 38.670 31.190

Ⅲ G3 SDS 6.2 Ⅲ-1 17.0 24.975 0.148 40.873 31.636

SDS
+ NMG

6.2 Ⅲ-2 4.9 29.129 0.180 41.081 31.636

7.2 Ⅲ-3 4.2 42.199 0.203 39.287 36.776

8.2 Ⅲ-4 2.6 52.018 0.221 39.827 33.551
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Experiments with 3 wt% NMG were conducted out at beginning

pressures of 6.2, 7.2, and 8.2 MPa, respectively, at a temperature

of 2°C. Experiments on gas hydration formation were done out

on three different gas samples (G1: 60% CH4, 32%N2, 8%O2; G2:

70% CH4, 24% N2, 6% O2; G3: 80% CH4, 16% N2, 4% O2). Each

experiment was performed three times to reduce experimental

error, and the experimental circumstances and average

experimental findings of gas hydrate formation experiments

under various settings are presented in Table 1.

Supplementary Table S2 compares the kinetic characteristics

of gas hydrate formation for different systems and shows the

experimental data for all experimental systems. For system II-11,

the temperature-pressure profile changes during gas hydration

production, and the stage analysis diagram is shown in Figure 3.

The gas hydration process has 5 main phases: gas dissolution,

induced nucleation, rapid hydration growth, slow hydration

growth, and stabilization (Kang et al., 2018), as shown in

Figure 3. After filling the reactor at the pressure set in the II-

11 experiment, the gas inlet was closed, and the initial pressure

was reached at point a. The external work of the compressed gas

caused an increase in the internal energy of the reactor, which led

to an increase in temperature at point A. Due to the cooling effect

of the external thermostat system, the temperature dropped

rapidly to point B after the inlet was completed until the

internal and external temperatures of the reactor reached

equilibrium and remained stable. Within 5 min, the reaction

indicated a significant pressure reduction at point b, which was

caused by methane gas solubility in the liquid phase. After the

end of the gas dissolution period (ab phase), the pressure and

temperature were constant for a period of time, which was

defined as the induction time, i.e., the induced nucleation

phase (bc phase). The induction time for this group of

experiments was only 3.33 min, indicating that the hydrate

started to form in a very short period of time. The guest

molecule CH4 dissolved in the liquid phase entered the gas-

liquid interface for the hydration reaction during the cd phase,

which was a period of fast hydrate development. Because NMG

particles have a large specific surface area, they provide a broad

contact area for the gas-liquid reaction, which considerably

improves mass transfer efficiency. The hydrate crystals

nucleated rapidly to form a hydrate, releasing a large amount

of heat, which showed that the pressure curve obviously

decreased to point c in Figure 3, and the temperature curve

increased to point C in Figure 3. The reverse martensitic

transformation of the NMG particles was induced by the

temperature rise, the phase transformation process absorbed

the heat generated by hydrate formation and lowered the

system temperature, the temperature curve showed a

downwards concave trend (i.e., the enlarged part circled in the

figure), and the ambient temperature enhanced hydrate

formation even more. The de phase was the slow growth

period of hydrate. The pace of hydrate formation slowed

during this time, the temperature began to fall slowly from

point D, and the pressure began to fall slowly from point d.

When the hydrate was fully formed, the temperature-pressure

curve tended to be constant with the ambient temperature during

the ef phase.

3.3 Effect of methane concentration and
initial pressure on hydrate growth

Typical curves of temperature and pressure versus time for

different gas hydration processes for different systems at 6.2, 7.2,

and 8.2 MPa are shown as Supplementary Figure S1 in the

supplementary material. The temperature-pressure curves

show the differences in induction time for various systems. In

the SDS system, the induction time was clearly observed, while

the presence of NMG drastically shortened the induction time,

and the induction time was not visible. By using the pressure

drop, the temperature-pressure curve can be used to determine

the amount of gas hydrate generation in various systems, and the

slope of the temperature-pressure curve can be used to determine

the rate of gas hydrate generation. The initial temperature of the

whole experiment was 2°C, and the ambient temperature in the

reactor was kept constant to prevent the solution from forming a

mixture of ice and water. The whole experiment lasted for 5 h.

Kinetic parameters such as induction time, gas consumption, gas

consumption rate, and methane recovery rate were evaluated to

compare the differences in hydrate formation effects in different

systems.

3.3.1 Induction time
One of the most useful parameters for determining whether

gas hydrates may be created quickly is the induction time. The

time necessary for hydrate nucleation can be effectively reduced

by reducing the induction time. (Liu N et al., 2021). After the gas

FIGURE 3
Gas hydration process in system Ⅱ-11.
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dissolves and a slight pressure drop occurs, the temperature and

pressure remain constant for a period of time. In this

experiment, the induction time is specified as this period.

Figure 4 shows the graph of induction time for the gas

hydration process in different systems. The findings suggest

that adding NMG to the gas hydrate formation process can

significantly reduce the induction time and improve the

promotion effect. For the different systems, the average

induction periods for hydrate formation employing NMG at

an initial pressure of 6.2 MPa were 9.7, 9.1, and 5.3 min,

respectively. The average induction times (121.1, 43.5, and

17.0 min) were reduced by 91.99%, 79.08%, and 68.82%,

respectively, compared to the induction time in the pure

SDS system. In addition, the induction time showed a

gradual shortening trend with increasing initial pressure and

methane concentration. Comparing the three different systems,

the shortest induction time of gas sample G3 was 2.6 min when

the initial pressure was 8.2 MPa. NMG has a large specific

surface area, which can provide nucleation sites to speed up

hydrate nucleation, enhance gas-liquid contact area, and

improve gas-liquid mass transfer (Sun et al., 2019), so it

does not affect the growth of nucleation and does accelerate

the formation of hydrate. Whenmany SDS active groups adsorb

on NMG to formmicro/nanofluids, the gas-phase and aqueous-

phase active groups are separate. Without micro/nanofluids,

intermolecular interactions are stronger than those between gas

and water molecules. Furthermore, the presence of SDS reduces

surface tension at the gas-liquid interface, promotes methane

gas dissolution, increases the driving force for hydrate

formation, improves mass transfer conditions, accelerates

hydrate formation, and increases the hydrate nucleation rate

(Liu Z et al., 2021; Song et al., 2021).

3.3.2 Gas consumption
Gas consumption is an important metric for assessing the

storage impact of gas hydrates as well as the gas content (Yin et al.,

2020), and it is calculated by Equation (S1). Figure 5 shows the gas

consumption during gas hydration in different systems. Where,

the dashed part indicates the maximum gas consumption in

different systems. The average gas consumption required for

NMG hydrate formation at 6.2 MPa is 10.604, 18.379, and

29.130 mmol of gas/mol of water in different systems,

compared to the average gas consumption of the pure SDS

system (10.248, 17.022, and 24.975 mmol of gas/mol of water),

which is an increase of 3.47%, 7.97%, and 16.43%, respectively. In

addition, the gas consumption increased with increasing CH4

concentration and initial pressure. When the initial pressure

was 8.2 MPa, the gas consumption reached the highest value of

52.018 mmol of gas/mol of water using G3, which was 165.97%

higher than that using the G1 system (29.411 mmol of gas/mol of

water) and 114.89% higher than that using the G2 system

(41.450 mmol of gas/mol of water). The presence of micro/

nanoparticles clinging to bubble surfaces in the liquid phase

makes the bubbles more stable and less likely to coalesce, as

well as increasing the gas-liquid contact area, which provides

more nucleation sites (Liu et al., 2020). The high thermal

conductivity and phase-change properties of NMG can rapidly

dissipate heat from the hydration reaction, thus accelerating the

solution velocity and formation rate. The micro/nanoparticles

undergo continuous Brownian motion, which can regenerate

the gas-liquid interface and expand the gas-liquid contact area,

allowing methane to diffuse more easily (Song et al., 2021). Under

the influence of an external magnetic field, these activities can

create a good stirring effect. The hydrates generated at the gas-

liquid interface aremixed into the solution and nucleated as the gas

phase continues to enter the water to form hydrates, and the

hydrate fragments enter the liquid phase to speed up nucleation.

Figure 6 depicts the gas consumption curves for various systems

over time. According to the findings, as the concentration of CH4

in the solution rises, more CH4 molecules enter the solution to

participate in the process. As a result, the hydrate quickly forms a

thick hydrate layer on the solution surface, and the hydrate surface

becomes denser due to multiple formation, decomposition, and

generation processes. At the same time, the higher initial pressure

provides enough driving force for the hydrate formation process,

which can reduce the induction time required for hydrate

formation, allowing for the formation of multiple hydrates in a

short period of time and increasing gas consumption.

3.3.3 Gas consumption rate
The gas consumption rate is one of the criteria used to judge

the rapid and very large formation of gas hydrate. Figure 7

depicts the gas consumption rates in various systems during the

gas hydration process. At 6.2 MPa, the maximum gas

consumption rates of NMG-SDS in different systems were

FIGURE 4
Induction time of the gas hydration process under different
systems.
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0.167, 0.284, and 0.558 mmol of gas/mol of water·min−1,

respectively, which increased by 238.18%, 175.55%, and

113.5% compared with the pure SDS system (0.050, 0.103,

and 0.261 mmol of gas/mol of water·min−1). Furthermore, as

initial pressure and methane concentration increased, the

maximum gas consumption rate increased. Figure 8A depicts

the average gas consumption rates of the gas hydrate process in

various systems, with hydrate formation rates of 0.063, 0.076, and

0.181 mmol of gas/mol of water·min−1 using NMG at 6.2 MPa for

various gas sample systems. The average gas consumption rate of

NMG increased by 5.22, 7.64, and 21.88 percent, respectively,

when compared to the average gas consumption rate of the pure

SDS system (0.060, 0.071, 0.148 mmol of gas/mol of

water·min−1). The gas consumption rate gradually increased

with increasing CH4 concentration and increasing initial

pressure. When the initial pressure was 8.2 MPa, the gas

consumption rate was 0.221 mmol of gas/mol of water·min−1,

which was 56.87 percent faster than when the initial pressure was

6.2 MPa (0.091 mmol of gas/mol of water·min−1) and increased

by 143.07 percent over the G1 system (0.063 mmol of gas/mol of

water·min−1). The gas consumption rate of the gas hydrate

process was high at first, then gradually decreased and

stabilized, owing to the fact that CH4 gas is soluble in water,

and SDS reduced the surface tension of the solution, allowing the

gas to be more soluble in water. T80 was defined in this

experiment as the time required to form 80 percent of the

hydrate, as shown in Figure 8B. In the G1-NMG-SDS system,

80% of the hydrates was formed 30 min after the induction

period, while in the G1-SDS system, 80% of the hydrates

formed only 115 min after the induction period. Therefore,

the addition of NMG promoted the rapid formation of

hydrates during the fast growth period.

Because NMG has a large specific surface area, active

Brownian motion, a small volume, and a controllable

concentration, it can provide more active sites for the hydrate

nucleation process, effectively shorten the induction time of gas

hydrate formation, and accelerate the gas consumption rate early

in the gas hydration process. The phase-change material can

absorb external heat when the phase change occurs, thus

lowering the ambient temperature, eliminating the heat

generated during hydrate formation in time, and enhancing

the heat transfer during the gas hydration separation process.

Based on the magnetic property of NMG, the peripheral rotating

magnetic field can realize the suspension and stirring of NMG.

Due to the high specific surface area of micro/nanofluids (as the

heat exchange area between particles and fluid increases, heat

transfer is accelerated, providing more reaction interfaces and

increasing nucleation rates), active Brownian motion (as

Brownian motion causes particles to collide with each other in

the gas-liquid boundary layer, it reduces the thickness of the mass

FIGURE 5
Gas consumption during gas hydration of different gas components under different systems.

FIGURE 6
Gas consumption of the gas hydration process under
different systems.
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transfer boundary layer and changes the hydrodynamic

properties of the surrounding liquid phase). The suspended

particles’ small size, which is less than the thickness of the

gas-liquid mass transfer boundary layer, allows them to cross

the gas-liquid boundary layer under the effect of osmosis, reach

the gas-liquid interface, adsorb gas molecules, and then return to

the liquid phase body to achieve gas transport. As a result, the

controlled concentration can speed up the gas hydration

separation mass transfer process. Furthermore, adding SDS to

the solution can improve the suspension effect, enhancing the

heat and mass transfer processes in micro/nanofluids.

3.3.4 Methane recovery
Gas chromatography was used to obtain the hydrate

separation and purification concentration and the recovery

rate of the relevant experimental system. In the process of gas

separation and purification by the hydrate method, the effective

release and recovery of methane from hydrates is also a key step

in the industrialization of hydrate separation and purification

technology. In the industrial application of gas hydrate

separation and purification technology, the higher the

recovery of hydrated methane, the more valuable the reaction

system and reaction circumstances are.

Figure 9 shows the graphs of methane recovery during gas

hydration for different gas compositions at an initial pressure of

6.2, 7.2, and 8.2 MPa. The recovery rate of CH4 gradually

increased with increasing methane concentration and

increasing initial pressure. In the G3 system, the maximum

methane recovery rate was 55.87% at a initial pressure of

8.2 MPa, which was 44.29% higher than that at a initial

pressure of 6.2 MPa (38.72%) and 37.51% higher than that in

the G1 system (40.63%). The experimental results demonstrated

FIGURE 7
Gas consumption rate during gas hydration of different gas components under different systems.

FIGURE 8
Gas consumption rate during gas hydration of different gas components under different systems.
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that, under the same driving power, CH4 recovery increased as

the methane content in the gas rose.; the higher the methane

content in the gas was, the better the gas purification capacity

after the hydration separation reaction. However, the NMG

system seemed to have no significant effect on methane recovery.

3.4 Analysis of the enhanced mechanism
of gas hydrate formation in NiMnGa
micro/nanofluids

NMG has a huge specific surface area and surface activity.

The irregular and jagged metal surface can provide more

nucleation sites for hydrates, which can promote hydrate

nucleation and shorten the induction time. In addition, the

larger specific surface area can also increase the gas-liquid

contact area, which means more methane molecules can enter

the liquid phase and participate in the reaction (Zhou et al.,

2014).NMG as a metal particle has strong thermal conductivity,

which can help the thermal conductivity of the liquid (Liu et al.,

2020) and accelerate the removal of the heat of hydration

generated during hydrate formation. Importantly, NMG

particles are a magnetic shape memory material with

thermoelastic martensitic transformation. According to the

results of the phase transition experiments and the variation

of the experimental temperature profile, the heat released by

hydrate formation can induce the reverse martensitic

transformation of NMG particles, while absorbing the

surrounding heat, the heat generated by the rapid formation

of hydrate induces the reverse martensitic phase transition of

NMG, i.e., the transformation from martensitic to austenitic

structure occurs, which requires a certain amount of heat

absorption and therefore, absorbs the surrounding heat and

lowers the system temperature and provides a lower

temperature environment for the subsequent rapid hydrate

formation. However, micro/nanoparticles have a large specific

surface area and high surface energy and are prone to

agglomeration and coagulation, leading to precipitation and

resistance to dispersion in the base solution, which affects the

stability of micro/nanofluids (Liu N et al., 2021). Therefore, the

addition of surfactant SDS to the solution can assist in the

dispersion of micro/nanoparticles and increase the stability of

the nanofluid. Also, SDS can reduce the surface tension at the

liquid-phase interface, which can allow methane gas to enter the

solution and enhance the solubility of the gas.

Inaddition,NMGisamaterialwithmagneticfunction.Underthe

influenceof rotatingmagneticfield,NMGmoves continuously in the

solution, driving the liquid to perturb in the reactor and causing

random Brownian motion of the fluid, thus improving the energy

transferratebetweenNMGandbasefluid,greatlypromotingthemass

andheat transfer in thehydrate formationprocess,andimprovingthe

efficiencyofgashydrateformationprocess.Asaresult, thegashydrate

generation process becomes more efficient. Figure 10 depicts the

mechanism of gas hydrate generation in the NMG system.

FIGURE 9
Methane recovery rate of the gas hydration process under
different systems.

FIGURE 10
Schematic illustrations of gas hydrate formation and heat transfer.
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4 Conclusion

NMGwasadded toa surfactant SDSsolution topreparephase-

change micro/nanofluids containing magnetic NMG. This

solution system was used to conduct gas hydrate formation

studies in an external rotating magnetic field. The NMG-SDS

system significantly reduced the induction time of hydrate

formation, boosted gas consumption, and improved the gas

consumption rate of the gas hydration process, according to the

findings. As the initial pressurewas 6.2 MPa, the induction time of

the NMG-SDS system was reduced by 89.26%, 92.48%, and

95.64%, respectively, when compared to the pure SDS system.

The gas consumption increased 3.47%, 7.97%, and 16.43%,

respectively; and the average gas consumption rate increased by

5.22%,7.64%, and21.88%, respectively.At6.2 MPa, themaximum

gas consumption rates of NMG-SDS in different systems were

0.063, 0.076, and 0.181 mmol min−1, respectively, compared with

the pure SDS system (0.110, 0.229, and 0.581 mmol of gas/mol of

water·min−1), which increased 238.18%, 175.55%, and 113.60%,

respectively. In addition, the induction time, gas consumption,

average gas consumption rate, maximum gas consumption rate,

and methane recovery rate increased with increasing initial

pressure and methane concentration.

This study’s findings serve as a benchmark for the quick

development of mixed gas hydrate in NMG systems.
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