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Abstract: The adsorption of dodecyl trimethyl ammonium bromide (DTAB) on coal can affect
the wettability of coal and change the water absorption of coal. After DTAB treatment, the change in
the CH4 adsorption capacity of coal is worth further study. To reveal the microscopic mechanism of
the influence of DTAB on the CH4 adsorption capacity of coal, we employed the density functional
theory (DFT) with the 6-311 G (d, p) basis set. DFT-based computations interpreted the adsorption
process of CH4 and DTAB on coal molecules and determined the stable structure, adsorption distance,
Mulliken overlapping populations, and adsorption energies of the two adsorption configurations.
The results showed that the adsorption energies of CH4 and DTAB on the molecular model of coal
were 2.15 and 42.69 kJ/mol and the adsorption stability distances were 0.261 and 0.238 nm, respectively.
The DTAB–coal configuration was more stable than the CH4–coal configuration. When there was
competitive adsorption between DTAB and CH4 on coal, the coal molecules preferentially adsorb
the DTAB. Infrared spectroscopy and adsorption experiments were also carried out, and the calculation
results of quantum chemistry are consistent with the experimental results.

Keywords: CH4 adsorption; quantum chemistry; density functional theory; adsorption energies

1. Introduction

Underground methane hazards are very dangerous, due to their flammability and explosibility [1–3].
An increase in mining depth has led to a rise in ground stress and gas pressure. Gas disasters, especially
coal and gas outbursts, are becoming more serious [4]. It should also be stressed that methane is one of
the most harmful greenhouse gases and constitutes a major risk to the natural environment [5].

The permeability of a coal seam can be enhanced through various forms of coal seam fracturing
technology in coal mining sites, to improve the gas extraction effect [6,7]. Recently, a waterjet cutting
technique was tested in Australia. The waterjet cutting technique involved the integration of pure
waterjet drilling technology with conventional directional drilling techniques [8]. The hydro-fracturing
technique is another pre-drainage method that has been successfully used in the USA. This method is
not universally applicable due to the different geology, coal seam characteristics, in-situ gas content,
pressure, and saturation, as well as gas sources and the surrounding strata’s low in-situ permeability [9].
In this study, we aimed to change the methane adsorption characteristic of coal seams by adding
appropriate additives to fracturing fluids, to improve the efficiency of methane extraction.
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Due to the suitable pore structure, large specific surface area, and residual charges on the molecular
surface, coal has a high adsorption capacity for CH4 and other gases [10,11]. According to previous
research [12–14], the coal surface shows weak or neutral electrical properties at the macroscale.
However, it has specific electrical characteristics at the nanoscale. With the increase of the coal ranks,
the negative potential of the coal experienced a trend of slight decrease and then rapid increase.
Wang et al. [15] confirmed that the surface charge of coal is negative in the water system.

Quaternary ammonium surfactants are a kind of cationic surfactant, which can adsorb well on
the surface of coal molecules, thus changing the physical properties of coal. Quaternary ammonium
surfactants are quaternary ammonium salts with a long chain of alkyl groups [16,17]. The quaternary
ammonium salt side of the molecule is hydrophilic, whereas the alkyl group side is hydrophobic.
This special structure reduces the surface tension of the oil–water interface, change the wettability
of rock layers and improving the oil displacement efficiency [18]. Therefore, quaternary ammonium
surfactants are widely used in the petrochemical industry. When a quaternary ammonium salt
surfactant adsorbs to the coal surface, the quaternary ammonium salt side forms a directional
and tight adsorption layer on the coal surface, making the alkyl group far away from the coal
surface. This kind of adsorption can reduce the hydrophilicity of the coal and inhibit the water
reabsorption after drying [19–21]. Quaternary ammonium salt surfactants are commonly used in
the coal washing stage [22]. The influence of surfactant treatment on the CH4 adsorption capacity of
coal still needs exploring.

Dodecyl trimethyl ammonium bromide (DTAB) is a surfactant commonly used in petroleum
production as a wetting reversal agent [23]. The adsorption process of CH4 and DTAB on the surface
of the coal molecular model was studied by using the density functional theory to reveal the influence
of DTAB on the CH4 adsorption capacity of coal. The parameters of optimized structure, electronic
static potential (ESP), adsorption distance, Mulliken overlap population, and adsorption energies
of the two adsorption configurations were obtained by calculation. The microscopic mechanism of
the influence of DTAB on the CH4 adsorption of coal was analyzed. The predicted properties were
compared to an experiment where the available and reasonable agreement was found. This work
provides new thoughts for further exploring the study of fracturing for CH4 stimulation and preventing
CH4 reabsorption in a coal seam.

2. Methods

2.1. Calculation Method

Density functional theory (DFT) with the B3LYP-D3 functional and 6-311 G (d, p) as the basis
set was selected based on its combination of relative accuracy and speed. This theory was used
to optimize the geometries of molecules of CH4, DTAB, and coal. Then, the ESP of the molecules
was calculated to analyze possible adsorption sites. The adsorption configurations of CH4–coal
and DTAB–coal were optimized based on the optimal adsorption sites. When CH4 or DTAB adsorbed
to the surface of coal molecules, the total energy of the system would be reduced. The more energy
reduced, the more stable the adsorption structure would be. The Mulliken overlapping population,
adsorption distance, and adsorption energies of CH4–coal and DTAB–coal adsorption configurations
were obtained, respectively [24,25]. This information was the theoretical basis for analyzing which
adsorption model was more stable.

2.2. Calculation Model

Coal is composed of aromatic rings, side chains, and bridge bonds [26–28]. The structure model
of coal was deduced and hypothesized based on various structural parameters of coal, which were
used to represent the molecular diagram of the average coal structure. Wiser proposed the Wiser
model [29], which is a widely accepted and relatively comprehensive and reasonable coal chemical
structure model. This model already possesses most of the concepts of modern coal structure [30,31].
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The model contains aromatic structures with up to 5 rings. The aromatic rings are connected by weak
bonds, such as aliphatic bridge bonds, ether bonds, and sulfur ether bonds. There are also hydroxyl,
carbonyl, mercaptan, and thiophene groups on the edges of the aromatic rings. Elements such as
oxygen, sulfur, and nitrogen exist as heterocycles.

Calculation will consume too many computing resources when it comes to quantum mechanical
calculations for complex molecules. Using the chemical base unit as the model material can achieve
a balance between computational efficiency and computational reliability. According to Marzec [32],
the organic matter of coal consists of macromolecules that contain aromatic and hydroaromatic rings
linked by aliphatic bridges. O, N, and S heteroatoms occur in furan, quinone, pyridine, pyrrole,
and thiophene rings, as well as some other functional groups. The model used in this study was
taken from a part of the Wiser model, as shown in Figure 1. This coal molecular model retains
the typical characteristic structure of coal molecules. The model consists of structures such as aromatics,
nitrogen heterocyclic rings, aliphatic bridge bonds, oxygen-containing functional group side chains
(–OH), sulfur-containing side chains, and methyl side chains. The simplified model not only retained
the characteristic structure of the Wiser model, but also guaranteed computational efficiency.

Figure 1. A simplified model for quantum chemistry computing of the coal molecule.

2.3. FTIR Study Method

The coal sample for verification was selected from Coal Seam No. 3, Chengzhuang Coal Mine,
Shanxi, China. The fresh coal was first collected from Chengzhuang Coal Mine and crushed using
a crusher, then sieved to 60–120 meshes. The sieved coal sample was then immersed in the DTAB
solution (1% by mass) for 24 h. Finally, the soaked coal sample was dried in a vacuum drying oven in
an oxygen-free environment for further use.

The experiments were carried out using Fourier-transform infrared spectroscopy (FTIR) (MIRacle
10 SHIMADZU; Kyoto, JPN). FTIR can acquire the changes in functional groups of the coal molecules
after DTAB treatment. The test condition was set as follows: the range of scanning wavenumbers was
from 400 to 4000 cm−1, the resolution was 4 cm−1; the number of scans was 64.

2.4. Methane Adsorption Experiment

The adsorption capabilities of methane of coal samples, before and after the DTAB
treatment, were measured using the high-pressure volumetric method. This experiment directly
investigated the influence of DTAB treatment on the methane adsorption capacity of coal samples.
During the experiments, the adsorption capacity, dissociation capacity, and desorption capacity of
coal were calculated according to the MT/T752-1997 (China Department of Coal Industry, Beijing,
China 1997).

3. Results and Discussion

3.1. The ESP Analyses

The van der Waals forces between adsorbates and adsorbents are mainly composed of induction,
dispersion, and orientation forces. Scholars generally believe that coal can absorb a large number of
gases due to the existence of the residual electric field on the coal surface [33,34]. Methane molecules
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were adsorbed on the coal molecular model by the residual electric field [35]. During the adsorption
process, methane molecules are polarized, and their bonds are stretched. The analysis of the ESP of
the adsorbate (coal) and adsorbents (CH4 and DTAB) was of considerable significance to estimate
the possible adsorption sites and calculate the adsorption parameters.

The ESPs of CH4, DTAB, and the coal molecular model are shown in Figures 2–4. The methane
molecule is a regular tetrahedral structure with four hydrogen atoms at the vertices. The carbon atom
is located at the center of the regular tetrahedron. For the C–H bond, the carbon atom has a more
exceptional ability to attract electrons than hydrogen. The hydrogen atoms surrounding the methane
molecule were positively charged, with a maximum value of 7.73 × 10−3 a.u.

Figure 2. Electrostatic potential distribution of CH4.

Figure 3. Electrostatic potential distribution of DTAB+.

Figure 4. Electrostatic potential distribution of coal.
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The hydrolysis of DTAB produced the quaternary ammonium cation, which showed significant
positive potential with a maximum value of 1.73 × 10−1 a.u. The positive potential on the surface of
the quaternary ammonium cation was higher than that of the CH4 molecule.

There were both positive and negative potential distributions on the coal molecular model.
The negative potential positions were located near the aromatic rings and the side chains of the hydroxyl
and sulfhydryl groups. The maximum value of the negative potential was located near O20, and its
value was 3.14 × 10−2 a.u. The positive potential positions on the coal molecular model were mainly
located near the H atoms, especially at O–H and N–H.

According to the ESP distribution of the coal molecular structure, the adsorption sites of CH4

and DTAB were found near the aromatic rings and the side chains of the hydroxyl and sulfhydryl
groups of the coal molecular model. This conclusion was consistent with previous research conclusions.
The adsorption sites and the corresponding ESP distributions are shown in Table 1. According to
the ESP values of these potential adsorption sites, the optimal adsorption site is near the O20 atom. To
investigate the effect of DTAB on the interaction of CH4 with the coal, the Mulliken overlapping layout
and adsorption energies during the adsorption processes of CH4–coal and DTAB–coal configurations
were calculated. The microscopic mechanism of the influence of DTAB on the CH4 adsorption of coal
was analyzed. The optimized adsorption geometries for the CH4–coal and DTAB–coal configurations
are shown in the Figures 5 and 6, respectively.

Table 1. Electric potentials of adsorption sites on coal molecules.

No. Adsorption Electric Potentials
(a.u.)

1# O20 −3.14 × 10−2

2# C8-C10 −2.61 × 10−2

3# O24 −2.61 × 10−2

4# S22 −2.55 × 10−2

5# C4-C5 −2.38 × 10−2

6# S39 −2.06 × 10−2

7# S37 −1.78 × 10−2

Figure 5. Optimized geometries of the CH4–coal configuration.
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Figure 6. Optimized geometries of the DTAB–coal configuration.

The bond angles of the methane molecule before and after adsorption can be obtained from
the optimized structure, as shown in Table 2. The bond angles of the H–C–H in CH4 before adsorption
were all 109.47◦. After adsorption, the angles of the H–C–H were different. The structure of the CH4

molecule changed from a regular tetrahedron to a rectangular pyramid during the adsorption process,
and the dipole moment of the molecule changed from 0 to 2.9 × 10−3 debye, which was more conducive
to the adsorption.

Table 2. Bond angles of the methane molecule before and after adsorption.

A (48,45,47)
(◦)

A (48,45,49)
(◦)

A (48,45,46)
(◦)

A (47,45,49)
(◦)

Dipole Moment
(Debye)

Before Adsorption 109.47 109.47 109.47 109.47 0
After adsorption 109.86 109.60 109.22 108.93 2.9 × 10−3

3.2. Mulliken Overlapping Population

Mulliken’s population analysis is a method of charting the distribution of electron charge to
atoms, atomic orbitals, and chemical bonds in molecules. This method converts the wave function,
obtained from molecular orbital theory, into intuitive chemical information to be able to study electron
transfer, molecular polarity, and chemical bond type and strength [36]. The number of overlapping
electron charges distributed between two atoms is called the Mulliken overlapping population.
The Mulliken overlapping population determines the bonding characteristics of molecular orbitals
and the strength of chemical bonds between atoms. The larger the Mulliken overlapping population,
the stronger the interaction between the two atoms [37]. In this study, the interaction between adsorbent
and adsorbate was analyzed using Mulliken’s population analysis. The adsorption bond distances
and Mulliken overlapping populations of CH4–coal and DTAB–coal configurations are documented in
Table 3.

Table 3. Calculated adsorption bond distances (nm) and Mulliken overlapping populations for
the adsorption of the CH4 and DTAB molecules on coal.

Adsorption
Configurations Bond Adsorption Bond

Distances (nm)
Mulliken Overlapping

Populations

CH4–coal O20–H49 0.262 0.063
DTAB–coal O20–H84 0.237 0.131
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The nearest distances between adsorbent and adsorbate were found to be 0.262 and 0.237 nm for
CH4–coal and DTAB–coal configurations, respectively. The distance in the DTAB–coal configuration
was noticeably shorter compared to that of the CH4–coal configuration. In the CH4–coal configuration,
the Mulliken overlapping population of adsorption site O20–H49 was 0.063, whereas the value
at adsorption site O20–H84 was 0.131 in the DTAB–coal configuration. The larger the Mulliken
overlapping population, the stronger the interaction between the two atoms, and as such, it can be
inferred that the adsorption of DTAB on the surface of the coal molecular model was stronger than that
of CH4.

3.3. Adsorption Energies

When the adsorbate adsorbs the adsorbent, the total energy of the system is reduced. The higher
the adsorption energy, the more stable the adsorption. The adsorption energy is defined in Equation (1)

∆E = Esystem − Eadsorbent − Eadsorbate (1)

where ∆E denotes adsorption energy, Esystem denotes the total energy of the system after adsorption,
Eadsorbent denotes the energy of the adsorbent, and Eadsorbate denotes the energy of the adsorbate.

We obtained the adsorption energies of the two adsorption configurations by quantum chemical
calculations. The calculated adsorption energies are shown in Table 4. The adsorption energy of
the DTAB–coal configuration was much higher (78.77 kJ/mol) than that of CH4–coal configuration (26.26
kJ/mol). The comparison of the adsorption energies clearly showed that the DTAB–coal configuration
was more stable than the CH4–coal configuration. According to the literature, the adsorption energy
of physical adsorption is less than 30 kJ/mol, and the adsorption energy of chemical adsorption is
within the range of 50–960 kJ/mol. It can be concluded that the adsorption of CH4 on coal is physical
adsorption, whereas the adsorption of DTAB on coal is chemical. The analysis results were consistent
with previous research conclusions [38,39].

Table 4. Calculated adsorption energies for the adsorption of CH4 and DTAB molecules on coal.

Adsorption
Configurations

System Energy Before Adsorption
(Hartree)

System Energy
After Adsorption

(Hartree)

Adsorption
Energies
(kJ/mol)Coal Adsorbate

CH4–coal −2247.76 −40.53 −2288.30 26.26
DTAB–coal −2247.76 −646.84 −2894.63 78.77

Through quantum chemical calculation, the adsorption distance, Mulliken overlapping
populations, and adsorption energies of CH4 and DTAB on the coal molecular model were obtained,
respectively. These data suggested an overall stronger interaction in the DTAB–coal configuration than
in the CH4–coal configuration. When there was competitive adsorption between DTAB and CH4 on
the coal surface, the coal preferentially adsorbed DTAB to reach a stable state. The coal sample after
DTAB treatment reduced its ability to adsorb CH4.

3.4. Experimental Verification

From Figure 7, it can be seen that the peak height and area of the hydroxyl vibration absorption
peak (3747–3000 cm−1) of the coal sample after DTAB treatment were significantly reduced, because
the adsorption of DTAB near the hydroxyl group of coal inhibited the vibration of hydroxyl. The peak
heights and areas of the aromatic ring (C=C), as well as the aldehydes, the ketones, and the esters (C=O)
(1773–1511 cm−1) were also reduced. These results indicated that the oxygen-containing functional
groups were adsorption sites of DTAB as well. The method of peak fitting was adopted to analyze
the positions of each vibration adsorption peak in the overlapped region of the hydroxyl. The results
are shown in Figures 8 and 9.
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Figure 7. FTIR results of coal samples before and after DTAB treatment.

Figure 8. Peak fitting in 3747–3000 cm−1 zone before the DTAB treatment.
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Figure 9. Peak fitting in 3747–3000 cm−1 zone after the DTAB treatment.

The stretching vibration peak of aromatic C–Br exists at 1075–1025 cm−1. The vibration peak was
enhanced because of the conjugation between Br and the aromatic rings. The Br ions of DTAB can
form hydrogen bonds with the aromatic rings, and the H ions on the aromatic rings were substituted
by Br ions to form the aromatic C–Br structure.

The peaks at 1000 and 600 cm−1 represent minerals and ash. By comparing the infrared curves
before and after DTAB treatment, we can see that the peaks of minerals and ash become weaker after
DTAB treatment. This is because some soluble minerals and ash are taken away by the DTAB solution
during immersion.

The hydroxyl vibration zone (3747–3000 cm−1) contains four types of absorption peaks. They are
free hydroxyl bonds (around 3697–3542 cm−1), OH-associated hydrogen bonds (around 3640–3624
cm−1), hydrogen bond associations (around 3400 cm−1), and stretching OH vibrations of phenol
and alcohol (3200–3550 cm−1). By comparing the peaks in Figures 8 and 9 Figure 8; Figure 9, we can
see these four kinds of peaks were suppressed after the DTAB treatment. The adsorption peaks of
the hydrogen bond associations decreased the most, to 3429 cm−1. All of these peak changes indicated
that the oxygen-containing functional groups in the coal samples were the adsorption sites of DTAB. It
effectively and fully adsorbed the DTAB solution.

The isothermal adsorption curves of CH4 are shown in Figure 10. The adsorption constants of raw
coal samples were 48.64894 m3/t and 0.60029 MPa−1, whereas the adsorption constants of DTAB-treated
coal samples were 30.509 m3/t and 1.0602 MPa−1. After the DTAB treatment, the CH4 adsorption
capacity of coal decreased 37.3%, from 48.64894 m3/t to 30.509 m3/t, because the original adsorption
position of methane on the coal surface was occupied by DTAB, thus weakening the CH4 adsorption
capacity of coal. The experimental results were consistent with the quantum chemical calculation
results above.
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Figure 10. Isothermal adsorption curve of CH4 on coal samples before and after DTAB treatment.

4. Conclusions

Underground methane hazards are very dangerous because of their flammability and explosibility.
Gas disasters, especially coal and gas outbursts, are becoming more serious due to the increase in
mining depth. It is necessary to undertake appropriate measures to ensure safe working conditions.

DTAB is a surfactant commonly used in petroleum processing as a wetting reversal agent.
The authors introduced DTAB into the fracturing fluid of coal seam and discussed its effect on the gas
adsorption performance of coal. The results of the theoretical calculations and experimental verification
showed that DTAB can inhibit the adsorption of CH4 on coal.

The adsorption of CH4 and DTAB on the coal molecular model was investigated by employing
density functional theory. The computed ESP results showed that there was some residual charge on
the surface of the coal molecular model. The hydrogen atoms on the periphery of the methane molecule
and the quaternary ammonium side of the DTAB+ showed a positive charge. They preferentially
adsorbed near the oxygen-containing functional groups with strong negative potential on the surface of
the coal molecular model. The adsorption energies of CH4 and DTAB on the surface of the coal molecular
model were 2.15 and 42.69 kJ/mol, and the adsorption distances were 0.261 and 0.238 nm, respectively.
O20–H84, in the DTAB–coal configuration, had a larger Mulliken overlapping population than O20–H49
in the CH4–coal configuration. Our results confirmed that the DTAB–coal configuration was more stable
than the CH4–coal configuration. When there was competitive adsorption between DTAB and CH4

on the surface of coal, the coal molecules preferentially adsorbed DTAB to reach a more stable state.
The FTIR study results showed that the absorption peaks of hydroxyl and other oxygen-containing
functional groups in the coal samples were inhibited after DTAB treatment. The adsorption capacity of
the coal samples for methane decreased by 37.3% after the DTAB treatment. The calculated results were
consistent with the experimental results. The calculated and experimental results showed that DTAB
promoted gas desorption and prevented gas readsorption. In this paper, it was theoretically proven
that DTAB binds more strongly to coal and can inhibit methane binding. This opens up the possibility
of using DTAB in coal seam fracturing or wetting.
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