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Methane leakage presents serious environmental hazards and explosion risks, while conventional mitigation
methods such as gas venting remain inefficient and environmentally unfriendly. This study presents a novel
oil-water composite adsorbent system that leverages the synergistic effects of cellulose acetate propionate
(CAP), plant oils, and surfactants to enhance methane adsorption efficiency. Characterization experiments
and molecular dynamics simulations were conducted to investigate the interfacial properties and the
mechanisms by which CAP influences interactions and adsorption capacity. Adsorption and spraying
experiments were carried out to investigate the effects of different plant oils (castor, olive, linseed),
surfactant-to-oil mass ratios, and CAP presence on methane adsorption capacity. Results showed
a highest adsorption efficiency of 14.36% was achieved at a surfactant-to-castor oil ratio of 7.5: 1 in the
solution containing CAP. CAP addition increased micelle size and improved methane adsorption.
However, in spraying tests, CAP did not significantly enhance methane adsorption capacity. The highest
methane adsorption concentration of 6.73% vol. was achieved at a surfactant-to-castor oil ratio of 7.5: 1.
Molecular dynamics simulations revealed that CAP substantially lowered interfacial tension and reduced
the free energy barrier for methane diffusion. The distribution coefficient of methane in the CAP-
containing system was 2.67 log units, indicating a stronger affinity for methane. Radial distribution
function analysis revealed that the nitrogen-containing groups in CAP enhance interfacial interactions,
thereby improving the aggregation patterns of the oil-surfactant system, facilitating methane transport
within the oil-water system. These integrated experimental and computational findings provide new
insights into designing efficient methane adsorbents and offer theoretical guidance for their practical
application.
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Methane leak prevention technologies primarily focus on
controlling methane concentration, preventing methane accu-

1. Introduction

Methane is a flammable and explosive gas.”” Methane leaks are
sudden events that can easily cause secondary disasters,* posing
a serious threat to industrial production and the safety of urban
residents.*® Despite extensive research by both industry and
academia in recent years, gas leak incidents continue to
occur.*” Methane is a common energy source widely used in
both daily life and industry.® Once a leak occurs, especially
within confined spaces, methane is prone to quickly accumu-
late to explosive concentrations.” Such leaks in confined spaces
often cause serious explosions, resulting in significant casual-
ties and property damage. Therefore, it is crucial to develop
effective technologies to control methane leaks.
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mulation, and inhibiting methane explosions.’™' From an
intrinsic safety perspective, strictly controlling methane
concentration can prevent harm from methane gas leaks at the
source. Techniques for actively reducing methane concentra-
tion mainly rely on adsorption methods, including porous
materials*® and water-based materials.”'® Among these,
water-based materials are more cost-effective and environ-
mentally friendly,® and they can be integrated into urban fire
protection systems. However, the development of water-based
adsorption materials for methane leakage remains limited,
and the mechanism of methane adsorption is not yet clear.

In the field of methane leak treatment, water-based material
technology has garnered significant attention from
researchers.””™ Li et al® investigated the effect of water on
methane explosion pressure in confined spaces. Yang et al.”**
studied the effectiveness of various water-based composite
spray solutions in inhibiting methane explosions. These studies
demonstrated that spraying water-based materials was effective
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in reducing the risk of methane explosions. However, current
research on water-based composite solutions mainly focuses on
explosion suppression through spraying. There is limited
research on adsorption solutions that can both adsorb methane
and reduce the reactivity of the explosion chain reaction. If the
spray composite solution can reduce the concentration of
leaked methane below the explosion limit, it can prevent
explosions and better protect people and property. Therefore,
developing water-based materials capable of effectively
adsorbing and reducing the concentrations of leaked methane
is crucial for industrial safety, especially in workplaces with
confined spaces at risk of methane leakage. Numerous studies
have confirmed that surfactant solutions can adsorb
methane.””** Composite solutions containing surfactants and
castor oil can effectively adsorb and dissolve methane, thereby
reducing methane concentrations in the environment. Zhang
et al® utilized the micellar solubilization effect of sodium
dodecyl sulfate (SDS) and employed castor oil as an adsorption
enhancer to develop a water-based material capable of adsorb-
ing mine methane and suppressing gas explosions. Currently,
there is limited research on the effectiveness of water-based
composite solutions in adsorbing leaked methane. Our under-
standing of the specific contributions of water-based composite
solutions to methane adsorption remains insufficient, particu-
larly regarding the underlying mechanisms at the gas-liquid
interfaces in multi-component systems, which require further
in-depth investigation.

Molecular dynamics (MD) simulations have emerged as
a powerful tool and have been widely used in recent years to
study gas-liquid interface systems. MD simulations are widely
used to analyse molecular diffusion characteristics and inter-
actions within interfaces. Zhang et al.*® investigated the effects
of inorganic salts on SDS foam systems, finding that inorganic
salts enhance foam stability by reducing gas-liquid interfacial
tension and increasing interfacial strength. Currently, research
on the interaction mechanisms between methane and liquid
interfaces primarily relies on MD simulations. Zhang et al.*®
studied the impact of methane on oil-water interfaces, discov-
ering that an increase in the number of methane molecules
leads to greater interfacial roughness and thickness, which in
turn lowers interfacial tension and enhances compatibility
between the two phases. Lin et al.”’ examined the migration
characteristics of methane at the SDS aqueous solution inter-
face, finding that the addition of SDS did not significantly
increase methane solubility in water. Instead, it raised the free
energy barrier for methane transfer across the interface, thus
creating a higher mass transfer resistance for methane. Some
studies suggested that surfactants may reduce interfacial
tension and adhesion energy.*®*** Extensive research has been
conducted on the interfacial properties of water-based
composite systems, but the interaction mechanisms between
methane molecules and these interfaces remain under debate.
Studies on the effect of additive oil-water systems on methane
adsorption in solutions are still limited. Clarifying the interac-
tion patterns between methane molecules and gas-liquid
interfaces is key to improving the performance of water-based
adsorption materials.
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This study aims to develop a novel cellulose-based oil-water
composite solution for capturing leaked methane, while inves-
tigating its gas-liquid interfacial properties and the underlying
methane adsorption mechanisms. Experiments were conducted
on the newly prepared composite solution to measure methane
solubility with various additive ratios and evaluate its adsorp-
tion efficacy in spray applications. MD simulations were used to
clarify the diffusion characteristics of methane and interactions
at various gas-liquid interfaces. The results indicated that the
addition of cellulose acetate propionate (CAP) altered the
aggregation patterns of the oil-surfactant system and reduced
the solution's surface tension and free energy barrier, facili-
tating the diffusion and dissolution of methane molecules
within the solution. These findings provide valuable insights for
the development and design of new adsorption solutions for
methane leak remediation.

2. Experimental
2.1 Materials

CAP (AR) and SDS (AR, 98%) were procured from Macklin
Reagents Co., Ltd (China). Castor oil (CO; USP, 99%), olive oil
(OO; AR, 98%), linseed oil (LO; USP, 99%) and ethyl acetate (EA;
99.5%) were acquired from Sinopharm Chemical Reagent Co.,
Ltd (China). Methane standard gas (15.9 mg m*) was supplied
by Wuhan Maotu Runda Gas Co., Ltd.

2.2 Preparation of the adsorption solution

Weighted quantities of SDS at 0.20 g, 0.50 g, 1.00 g, 1.50 g, and
2.00 g were separately placed into 100 mL beakers. To each
beaker, 80 mL of deionized water and 0.20 g of CO, OO, or LO
was added. The mixtures were then stirred continuously for 1
hour at 500 rpm using a magnetic stirrer to ensure thorough
dissolution. Subsequently, the solutions were transferred into
100 mL volumetric flasks, brought to volume and labelled. This
process yielded surfactant-oil composite solutions with ratios
of1:1,2.5:1,5:1,7.5:1, and 10: 1. Following this, 0.20 g of
CAP and 3.00 g of EA were added to each solution, and stirring
was continued for another hour at 500 rpm with a magnetic
stirrer to obtain the final surfactant-oil-CAP composite
adsorption solution. The samples were labelled as COCAP,
OOCAP, and LOCAP respectively.

2.3 Apparatus

The methane adsorption capacity of the adsorption solution
was determined using a gas chromatograph (GC-950). The
particle sizes of samples were determined by dynamic light
scattering using a Zetasizer Nano-ZS 90 (Malvern Instruments
Ltd, U.K.) at a fixed detector angle of 90°. Each sample was
measured and the measurements were repeated three times.
The spray adsorption test equipment was used to assess the
ability of the solution samples to spray and adsorb methane.
The equipment comprises a closed adsorption cavity (10 L
volume), an atomization spray unit (produced by Yuyue
(manufacturer), with an atomization rate of 0.2 mL min™ ), and
a methane filling and concentration monitoring system. The
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equipment tests the adsorption capacity of the spray solution
samples for methane within the closed cavity under normal
temperature and pressure conditions. The methane filling
system and the concentration detection system are utilized to
regulate the initial methane concentration in the closed cavity
and monitor concentration changes over time. Detailed infor-
mation regarding the equipment is available in Fig. S1.t

2.4 Methane adsorption capacity measurement and spray
application experiment

(A) Sample preparation: samples were collected using a head-
space vial with a valve. First, 100 mL of methane standard gas
(15.9 mg m~?) was collected into a 100 mL headspace vial using
the displacement method. Then, 20 mL of the composite solu-
tion was drawn with a syringe and injected into the headspace
vial. The valve was immediately closed and the vial was manu-
ally shaken for one minute at a frequency of 100 shakes per
minute to ensure thorough adsorption of methane by the
liquid. Next, a 50 mL gas sample was extracted from the head-
space vial to serve as the experimental group to be tested. To
ensure the accuracy of the experiment, the composite solution
was replaced with deionized water and the above process was
repeated. The obtained gas sample was used as the control
group. Fig. 1 shows the method of sample preparation and
testing process for methane concentration in the sample.

(B) Determination of methane concentration in samples: the
gas chromatograph was set to the following operating condi-
tions: a column temperature of 60 °C, a vaporization chamber
temperature of 360 °C, and a detector temperature of 120 °C,
with a gas injection volume of 50 mL. After allowing the
instrument to preheat and stabilize, the methane standard gas
was injected using a syringe for gas chromatography analysis to
plot the standard curve. Subsequently, gas samples were injec-
ted in turn for detection. The testing method employed two
parallel sample measurements.

(C) Data analysis: the methane adsorption efficiency of the
adsorption solution was calculated using eqn (1).*°

(Ci - Cexp) - (Cl Ccon)

n= e — x 100%

1)

where 7 is the methane adsorption efficiency of adsorbent; Cj,
is the methane standard gas concentration per unit volume;
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Fig. 1 Testing process for methane concentration in samples.
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Fig. 2 Configuration of the sandwich simulation system after NPT: (a)
WS system: water/SDS/methane; (b) OS system: CO/SDS/methane; (c)
WSO system: water/SDS/CO/methane; (d) WSOC system: water/SDS/
CO + CAP + EA/methane.

Cexp is the measured concentration of the gas sample in the
experimental groups; and C.,, is the measured concentration of
the gas sample in the control groups.

(D) Spray application experiment: prior to the beginning of
the spray experiment, methane gas was initially filled into the
closed cavity. To simulate the upper explosion limit, the
methane concentration within the container was regulated at
15% vol.** The prepared solution samples were loaded into the
atomization spray unit and sprayed for 30 minutes. Simulta-
neously, deionized water spraying was set as a control group,
and it was sprayed for 30 minutes. The changes in methane
concentration in the container, measured by the methane
concentration meter, were recorded.

2.5 Molecular dynamics simulation

The molecular models were created using Materials Studio.*”
Four MD models of solutions were constructed using a sand-
wich model,**** consisting of 2800 water molecules, 1200
methane molecules, 48 SDS molecules, 20 CO molecules, 20
CAP molecules, and 600 EA molecules. The first model WS,

Gas chromatography analysis
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shown in Fig. 2(a), features a central layer of methane mole-
cules, flanked by two layers of SDS surfactants on each side, and
outer layers of water molecules. The second model OS, illus-
trated in Fig. 2(b), has two layers of CO on the outer sides of the
methane layer and the surfactant layers. The third model WSO,
depicted in Fig. 2(c), arranges the layers in the order of CO,
surfactant, and water molecules on both sides of the methane
layer. The fourth model WSOC, as shown in Fig. 2(d), consists of
layers of CO, EA, and CAP on both sides of the methane layer,
followed by surfactant and water layers. The interfacial area
between the layers is 44 x 44 nm®.

After constructing the simulation box, geometric optimiza-
tion was performed to minimize energy, followed by density
optimization within the box using the isobaric-isothermal NPT
ensemble in a pressure range of 10-4 GPa.** One MD simulation
was conducted under the NVT ensemble at a temperature of 298
K for 500 000 timesteps.””** Temperature control was achieved
using the Andersen method,***” with the COMPASS force field
employed for the simulations.*®** The Ewald method and an
atom-based approach with a cutoff of 15.5 A were utilized to
calculate electrostatic and intermolecular interactions.*” The
analysis focused on the concentration profile of methane
molecules, diffusion coefficients, surface tension, and the
relative free energy distribution. The radial distribution func-
tion (RDF)*" was calculated to analyse the effect of CAP on the
interactions within the oil-surfactant systems.

The diffusion coefficient of methane was calculated using
the Einstein relation,** as shown in eqn (2):

D= g limg 3o {in o} @)

where r(t) is an atom's position as a function of time (t); r,(0) is
the atom's initial position; and N is the number of atoms.
The relative free energy of methane was calculated using eqn

(3

PCH,(Z0)

AG = RTIn (’W) (3)

where R is the gas constant; T is temperature of the simulation
system; pcp,(z) is the number density of methane in a slab at
position z in the system; and z, is the reference position.

The RDF is defined as the ratio of the density of particle B
around particle A at a distance r to the bulk density, as shown in

eqn (4).

4)

where N, and Ny represent the total number of atoms A and B, V
is the volume of the simulation box, and n(r) denotes the
number of atoms B located at a radial distance r from atom A.

3. Results and discussion
3.1 The effect of oils and CAP on methane adsorption

Table S1t presents the adsorption efficiency of adsorption

solutions using different plant oils, as well as the

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

—— " co —/— T 00 —o— LO
—m— P COCAP —A— 7777 OOCAP —@— 7777 LOCAP

& =

o

A 5
— -

Methane adsorption rate (%)

;
?

\%

Concentration of gas samples (mg/m?)

- = -
2% o7 % 7 2
77 727 77 7 27
7 Z 7 Y 2 B
2., .., %77 % 7
707 %727 %27 %2% 57271y,
1:1 2.5:1 5:1 7.5:1 10:1

Ratio of SDS to oil

Fig. 3 Methane concentration and methane adsorption rate of
composite solution samples with different SDS to oil ratios.

concentrations of the standard gas after treatment with
adsorption solutions of various ratios. Fig. 3 illustrates the
adsorption efficiency of different plant oil composite adsorp-
tion solutions under various ratios of surfactants to plant oils.
The standard gas concentrations of the control group treated
only with deionized water were 14.23 and 14.35 mg m >,
respectively. The root mean square error of two parallel exper-
iments was 0.0636, which was acceptable.

The results indicate that the adsorption efficiency of the CO
composite solution is significantly greater than that of the OO
and LO composite solutions. The efficiency of OO is slightly
higher than that of LO. As the proportion of the surfactant
increases, the methane adsorption efficiency of the adsorption
solution gradually improves. At a surfactant to plant oil ratio of
5:1, the methane adsorption rates of all three different plant oil
composite solutions reach their peak. Thereafter, as the SDS
ratio continues to rise, the methane adsorption rate gradually
decreases. The highest methane adsorption rate is observed
with the SDS-CO 5 : 1 composite solution, reaching 11.99%.

0.2 g of CAP was added to the surfactant-oil composite
system, as shown in Fig. 3. The differences in methane
adsorption rates of different plant oil composite systems were
compared at different ratios, where the methane adsorption
rate is expressed as the average value of two parallel samples. It
can be seen that for the same plant oil complex system and the
system without added CAP, the trend of methane adsorption
rate is roughly the same, with an increase of 0.55-3.45% in
adsorption rate. In this case, the composite solution with the
highest methane adsorption rate is COCAP, with a ratio of 7.5 :
1, and an adsorption efficiency of 14.36%.

SDS has a hydrophilic tail and a hydrophobic head. When its
concentration exceeds the critical micelle concentration, SDS
molecules form micelles in the solution. The hydrophobic
interior of these micelles allows non-polar gases like methane to
dissolve within them. When molecules of CO and other plant
oils collide with the micelle interface, they get incorporated into
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the micelles, forming oil-containing micelle aggregates. Studies
have shown that the size of micelles in SDS composite solutions
increases with rising SDS concentration.** As the SDS concen-
tration increases, it more effectively forms aggregates with plant
oils, encapsulating the oil within the micelles. This leads to an
expansion in the size of the micelle aggregates, structural
changes, and an increase in specific surface area, providing
more hydrophobic space for methane molecules.? This explains
why higher SDS concentration enhances methane adsorption.
CAP is hydrophobic like plant oils and can be incorporated into
SDS micelles, forming aggregates with a larger specific surface
area, thereby increasing the contact area with methane mole-
cules. On the other hand, the addition of cellulose can inhibit
the aggregation of plant oil molecules, improving the stability of
the composite solution and enhancing its methane adsorption
rate.

3.2 Spray adsorption test

To further test the spray adsorption capacity of the adsorption
solution for methane gas, a methane leakage scenario was
simulated using spray adsorption test equipment. Fig. 4(a-e)
show the changes in methane concentration within a closed
cavity as different adsorption solutions are sprayed. Table 1 and
Fig. 4(f) present the spray adsorption capacities of various
adsorption solution samples for methane. The spray solution
sample CO, with an SDS to oil mass ratio of 7.5 : 1, exhibited the
highest methane adsorption concentration, reaching 6.73% vol.
In samples containing CAP, most exhibited a slight increase in
methane adsorption capacity under spray conditions (with an
increase in methane concentration of 0.02-0.13%). The

—_
[=)}
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Table 1 The decrease of methane concentration in the closed cavity
after spraying

Mass ratio of SDS to oil

Samples 1:1 2.5:1 5:1 7.5:1 10:1

CO 6.13% vol. 6.32% vol. 6.39% vol. 6.73% vol. 6.40% vol.
COCAP 6.19% vol. 6.36% vol. 6.47% vol. 6.49% vol. 6.42% vol.
(e]0] 5.91% vol. 5.98% vol. 6.17% vol. 6.08% vol. 6.06% vol.
OOCAP 5.93% vol. 6.04% vol. 6.13% vol. 6.21% vol. 6.17% vol.
LO 5.31% vol. 5.42% vol. 6.01% vol. 5.46% vol. 5.45% vol.
LOCAP 5.39% vol. 5.44% vol. 5.50% vol. 5.56% vol. 5.54% vol.

addition of CAP did not significantly enhance methane
adsorption capacity in the spray scenario. When the mass ratio
of SDS to oil was 5 : 1, the OOCAP and LOCAP samples showed
a decrease in adsorption capacity compared to the OO and LO
samples (by 0.04% and 0.13%, respectively). Similarly, the
COCAP sample with a 7.5:1 ratio exhibited a 0.02% decrease
compared to the CO sample.

By comparing the slopes of the curves in Fig. 4, it can be
observed that the rate of methane concentration decrease varies
with different samples during spraying. When spraying the CO
sample, the initial rate of methane concentration decrease is
the slowest. However, as spraying continues, its methane
adsorption amount becomes the highest, except for the COCAP
sample. Recent studies have confirmed that CO can effectively
enhance methane adsorption capacity,* and that its combina-
tion with surfactants enhances the formation of methane
hydrates.**** Additionally, samples with CAP added show
a significantly higher initial rate of methane concentration

(@) — 0 (b)
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Fig. 4 Changes of methane concentration in the closed cavity with spraying time and the methane concentration adsorbed by the samples for
30 min: (a—e), curves of methane concentration over time in the closed cavity after spraying samples with different SDS and oil mass ratios; (f)

column chart of methane concentration adsorbed by spray samples.
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decrease compared to those without CAP. The results indicate
that, consistent with previous adsorption capacity tests, the CO
and COCAP samples exhibit the highest adsorption capacity
under spray conditions, followed by the OO and OOCAP
samples, with the LO and LOCAP samples showing the weakest
adsorption capacity. Under spray conditions, the addition of
CAP accelerates the rate of methane concentration decrease but
does not significantly enhance the overall methane adsorption
capacity of the samples.

Compared to methane adsorption tests, the enhancement of
methane adsorption capacity observed with the addition of CAP
in spray adsorption tests was less significant. The possible reason
is that the adsorption solution was uniformly dispersed as ultra-
fine water mist droplets, which increased the contact area
between the dispersed methane molecules and the micelle
aggregates in the composite solution system.* This allowed
methane molecules to be captured more easily by the micelle
aggregates. At this point, the effect of CAP on increasing the
specific surface area of the micelle aggregates was not
pronounced, leading to minimal enhancement in methane
solubility. Furthermore, the amount of composite solution
samples used in the spray adsorption tests was relatively small (10
mL), yet as the spray amount increased, the methane concen-
tration continued to decrease. Compared to previous studies that
reported a methane adsorption rate of 2.8% within 30 minutes
using surfactant composite solutions,* this research developed
the CAP-based composite solution that achieved a methane
adsorption rate of 6.73%. This improvement is acceptable for
practical applications in methane leak remediation.

3.3 Physical and chemical properties of the adsorption
solution

The adsorption capacity tests revealed that CO and COCAP
samples showed the best methane adsorption. To investigate
the effect of CAP, the particle sizes of CO and COCAP samples
with an SDS to CO mass ratio of 5:1 were measured. Each
solution was measured three times in parallel. The average
particle size of the CO sample was 43.9 nm, and the average
particle size of COCAP was 212 nm. Fig. 5(a) shows the particle
size distribution of CO and COCAP samples. Results indicated
that both samples have nanoscale particle sizes, with the
particle size of COCAP being nearly five times that of CO. The
addition of CAP significantly increased the particle size of the
adsorption solution. This phenomenon may be attributed to the
presence of CAP influencing the interactions among oil-
surfactant micelle aggregates, thereby altering the molecular
aggregation patterns within the micelle interface. Such changes
can lead to modifications in the aggregate structure and result
in an increased particle size.** The enlarged aggregates are likely
to provide enhanced hydrophobicity suitable for non-polar
methane molecules, which may explain the improved
methane adsorption capacity observed in the composite solu-
tions containing CAP. Further analysis of this hypothesis is
conducted in Section 3.6 through MD simulation.

Fig. 5(b) shows the density of plant oils (CO, OO, LO) in
solution systems with SDS and CAP. It is obvious that the density

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Particle size distribution and density analysis of the samples: (a)
particle size distribution; (b) density measurement.

of the composite solution increases after adding the CAP stabi-
lizer. This indicates that when oil and surfactants are closer
together, intermolecular interactions are strengthened, resulting
in an increase in density.*> The strength and cohesion of inter-
molecular forces within the solvent are influenced by the
formation and enhancement of new forces between the oil and
surfactant.” The higher the density, the stronger the intermo-
lecular and electrostatic interactions. Density describes the
overall characteristics of a solution. As hydrophobicity increases,
density also rises. This is due to the disruption of hydrogen
bonds, which weakens local cohesion and enhances intermo-
lecular interactions in the bulk phase, ultimately leading to an
increase in density.* In the composite solutions studied, both
plant oils and surfactants exhibit hydrophobic molecular struc-
tures. In this solution system, the increase in density is accom-
panied by an increase in hydrophobicity. Our findings show that
the methane adsorption rates of the three plant oil composite
solutions increase with the increase in density, which to some
extent reflects the law of methane adsorption capacity of plant
oil-surfactant composite solutions, that is, the higher the
density, the stronger the adsorption capacity. As the solution
density increases, the cohesion weakens and the intermolecular
hydrophobicity increases, which has a certain enhancing effect
on the adsorption of methane.

3.4 Molecular dynamics simulation of methane diffusion

MD simulations were used to study the diffusion and distribu-
tion of methane in various solution systems. Fig. 6 illustrates
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Fig. 6 Relative concentration distribution of methane molecules in different molecular models: (a) comparison of four molecular models; (b) WS
system model; (c) OS system model; (d) WSO system model; (e) WSOC system model.

the relative concentration of methane molecules along the
principal axis in four different solution systems. It can be
observed that methane molecules are primarily distributed in
the centre of the system, flanked by liquid phases on both sides.
Fig. 6(b) illustrates the relative concentration of methane
molecules along the principal axis in the WS system. Two peaks
in methane concentration (2.73% and 2.36%) are observed at
the SDS interface, attributed to the interaction between
methane and the hydrophobic chains of SDS molecules.””**
These peaks can be defined as methane adsorption layers,
indicating aggregation of methane. In the aqueous phase, the
concentration of methane is zero. Fig. 6(c) shows the relative
concentration of methane molecules in the OS system. Unlike
the WS system, multiple peaks occur in both the SDS layer and
the oil phase, indicating that methane molecules can penetrate
the SDS layer and dissolve into CO. As seen in Fig. 6(a), the OS
system exhibits an increased distance between the two head-
group peaks, reduced peak methane concentration (2.18%
and 2.06%), and greater methane solubility in the oil phase
compared to the WS system. The diffusion coefficients of
methane in the WS and OS systems are 5.02 x 10~* m® s~ " and
5.77 x 107* m® s7', respectively. Methane molecules diffuse
more rapidly in the OS system compared to the WS system.
Fig. 6(d) illustrates the relative concentration of methane
molecules in the WSO system. Two peaks (2.85% and 2.71%) are
observed at the CO interface, with additional peaks within the
oil phase and SDS layer, indicating that methane molecules can
penetrate and diffuse throughout both the oil phase and SDS.
The concentration of methane is zero in the aqueous phase. In
the WSO system, methane predominantly distributes at the CO
interface and the hydrophobic end of SDS.”” Compared to the
OS system, as shown in Fig. 6(a), methane molecules in the
WSO system penetrate the entire oil phase, resulting in a higher
concentration within the CO layer. This occurs because, in the
WSO system, the hydrophobic and hydrophilic ends of SDS
interact with CO and water, respectively, forming a layered
structure.’® Fig. 6(e) displays the relative concentration of
methane in the WSOC system. Multiple sharp peaks at the
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liquid interface and interior suggest that methane can penetrate
and diffuse within the liquid phase composed of CO, CAP, and
EA, as well as into the SDS layer. The concentration of methane
in the aqueous phase remains zero. As shown in Fig. 6(a),
compared to the WSO system, the WSOC system with added
CAP displays higher peak methane concentrations (3.76% and
3.46%) at the interface and greater methane adsorption. Addi-
tionally, the peak relative concentration of methane in the
liquid phase composed of CO, CAP, and EA is higher than that
in the WSO system containing only CO. This indicates that the
WSOC system can adsorb more methane molecules, consistent
with the results from methane adsorption tests. The diffusion
coefficients of methane in the WSO and WSOC systems are 5.03
x 107* m? s~ ' and 4.82 x 10"* m® s, respectively. Methane
molecules diffuse more rapidly in the WSO system than in the
WSOC system.

3.5 Free energy barrier for methane migration at the
interface

Fig. 7 illustrates the relative free energy distribution of methane
molecules along the z-axis under standard temperature and
pressure conditions. It is observed that the free energy of
methane increases along the z-axis, reaching a peak at the
interface between the gas and liquid phases. Significant energy
barriers are present in the WSO and WSOC systems, with two
peaks at z = 169 A and z = 242 A, corresponding to 21.17 k]
mol ' and 20.35 kJ mol ", respectively. The free energy barrier
is reduced in the WSOC system compared to the WSO system.
Additionally, there is a free energy “step” that methane mole-
cules must overcome at the gas-liquid interface before reaching
the peak energy barrier. The values of the free energy “step” at
the interfaces of the WSO and WSOC systems are 15.58 k] mol "
and 9.34 k] mol ', respectively. The free energy “step” for the
WSOC system is significantly lower than that of the WSO
system. This indicates that in the WSOC system with CAP
added, methane molecules more easily diffuse and adsorb onto
the oil-surfactant interface compared to the WSO system. The

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Relative free energy distribution of methane molecules along
the z-axis in WSO and WSOC systems.

difference in free energy of methane between the gas and
aqueous phases is smaller in the WSOC system than in the WSO
system, indicating that the addition of CAP could enhance
methane solubility in the solution.

The distribution coefficients of methane in the WSO and
WSOC systems were calculated following the method in the
research of Tahari et al..”” The larger the solvation free energy of
methane in the solvent, the greater is the affinity of the methane
in the solvent phase. The solvation-free energy of methane in
the WSO system is 2.33 kcal mol™", while the solvation-free
energy of methane in the WSOC system is —1.31 kcal mol .
This suggests that methane likes the WSOC system more than
the WSO system. The result of distribution coefficient is 2.67 log
units, indicating that methane molecules are more inclined to
dissolve in the WSOC system.

3.6 Effect of CAP on the interactions within the oil-
surfactant systems

The RDF*® was analyzed to investigate the effect of CAP on the
interactions within the oil-surfactant system. Fig. 8(a) shows
the RDF of CO molecules around SDS. In the WSO system, the
first peak appears near 3.65 A, with a g(r) of 0.28. After 4.15 A,
the RDF rises again. In the WSOC system, the first peak appears
near 3.55 A, with a higher peak value of 0.41. Subsequently, the
RDF decreases and levels off. These results indicate that inter-
actions occur between CO and SDS molecules at around 3.6 A,
with a stronger interaction observed in the WSOC system. This
may be attributed to the addition of CAP in the WSOC system
changing the aggregation patterns of castor oil molecules,
resulting in a greater accumulation around SDS. In contrast, the
interactions and aggregation of CO molecules with SDS at the
interface in the WSO system are lower than those in the WSOC
system.

Fig. 8(b) shows the RDF of CO and SDS molecules around
CAP in the WSOC system. Around the N atom, the RDF of CO
exhibits two obvious peaks at 3.65 A and 5.65 A, with g(r) values
of 2.40 and 3.41, respectively. The RDF of SDS near the N atom
shows a peak at 4.75 A with a g(r) of 0.49. These findings

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 (a) RDF of CO molecules around SDS in the WSO and WSOC
systems; (b) RDF of CO and SDS molecules around CAP in the WSOC
system.

indicate that the nitrogen-containing groups of CAP interact
with CO and SDS molecules at these distances, influencing their
distribution at the interface. In contrast, the RDF of CO and SDS
molecules around the Cl atom show no significant peaks. This
suggests that the chlorine-containing groups of CAP have
weaker interactions with both CO and SDS. Overall, these
results demonstrate that CAP enhances the interaction between
CO and SDS molecules within the oil-surfactant system,
primarily through the influence of its nitrogen-containing
groups on the aggregation patterns of CO molecules.

Interfacial tensions for WSO and WSOC were further esti-
mated using molecular modelling,* yielding values of 32.55 mN
m™ " and 13.77 mN m ™', respectively. The results indicated that
both the interfacial tension and free energy barrier of the WSOC
system were lower than those of the WSO system. The effects of
CAP on interactions within the system and its influence on the
free energy barrier suggest that CAP alters the molecular
distribution at the gas-liquid interface of the composite solu-
tion. This modification optimizes the interfacial structure,
reduces the thermodynamic barrier for methane molecules
crossing into the composite solution, and thus facilitates
methane penetration into the composite solution.

3.7 Analysis of the adsorption mechanism of the adsorption
solution

Experimental and MD simulation results indicate that the
addition of CAP increases the particle size and reduces the
surface tension of the oil-water solution. Furthermore, the free
energy barrier for methane molecules is lowered in the CAP-
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enhanced solution. According to the gas molecular solubiliza-
tion micelle model proposed by Mukerjee,* spherical aggre-
gates are subjected to Laplace pressure. This compressive force
can increase the chemical potential of the dissolved molecules,
and the increment of free energy AG*™P" is shown in eqn (5).

27?,
r

AG™P = APV, =

(5)

where AP is the pressure difference inside and outside the
micelle; V; is the partial molar volume of the gas molecule; v is
the tension at the micelle-water interface; and r is the radius of
the micelle.

From eqn (5), it can be understood that the larger the micelle
radius, the lower the free energy; hence there is a driving force
for the adsorption process of methane to occur spontaneously.
The larger micelle radius and reduced surface tension result in
lower free energy, providing a spontaneous driving force for
methane adsorption. The change in free energy of methane
after CAP addition aligns with MD simulation results. Conse-
quently, we conclude that adding CAP increases the micelle size
and reduces the surface tension of the oil-water surfactant
system. This reduction in the free energy barrier at the interface
facilitates the dissolution of methane, enhancing its adsorption
in the solution.

The limitations of this study should be acknowledged. The
experimental results reveal an intriguing phenomenon where
methane adsorption initially increases and then decreases with
the changing mass ratio of surfactant to plant oil. However, the
underlying cause of this pattern has not been analysed. Future
research should incorporate MD simulations to further inves-
tigate the reasons behind this phenomenon. In addition, the
experiments did not investigate the effects of various CAP
concentrations on the physicochemical properties of the
composite solutions and their methane adsorption capacities.
The limited number of experimental trials was insufficient to
determine the optimal additive ratio for maximizing methane
adsorption. Future studies should refine the experimental
groups to identify the best combination.

4. Conclusion

This study developed an efficient methane adsorption solution
containing CAP and investigated the diffusion characteristics of
methane within this solution using MD simulations, eluci-
dating the mechanism by which CAP enhances methane
adsorption. The main conclusions are as follows: firstly, the
study examined the effects of different plant oils (CO, OO, and
LO), the mass ratio of surfactant to oil, and the addition of CAP
on methane adsorption. The results indicate that the solution
with a 7.5:1 mass ratio of SDS to CO exhibited the highest
methane adsorption capacity. The addition of CAP significantly
enhanced adsorption efficiency, reaching a maximum of
14.36%. Secondly, using a spray adsorption test apparatus,
various solutions were evaluated for their ability to adsorb
methane from a closed cavity. The CO mixed solution demon-
strated the best spray adsorption capacity, adsorbing up to
6.73% vol. of methane. The inclusion of CAP slightly improved
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this capacity. Thirdly, MD simulations explored the diffusion
characteristics of methane in the composite solution system.
The results suggested that the nitrogen-containing groups in
CAP increase interactions at the interface and alter the aggre-
gation patterns of CO molecules. CAP reduced the surface
tension of the solution and increased micelle size, leading to
a reduced free energy barrier. This facilitated the diffusion of
methane across the gas-liquid interface and its dissolution into
the solution, which may explain the enhanced methane
adsorption due to CAP.
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