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ABSTRACT: The wettability of gas and liquid on the coal surface
is one of the fundamental factors that affect the depressurization
process during the coalbed methane (CBM) extraction. The
wettability of coal surface changed after electrochemical
modification, leading to the change in methane adsorption/
desorption and water movement in coal reservoirs. Thus, the CH4
adsorption amount, desorption ratio, and coal−water contact angle
of raw and modified anthracite samples were measured and
simulated. The mechanism of electrochemical modification was
analyzed by functional groups, surface free energy, pore character-
istics, interaction energies, and coal swelling. The experimental
results showed that the saturated adsorption amount of methane
decreased from 41.49 to 34.72 mL/g, and the simulation results
showed that the saturated adsorption amount of methane decreased from 2.01 to 1.83 mmol/g. The coal−water contact angle also
decreased from 81.9 to 68.6°. Electrochemical modification mainly affects the wettability of CH4 and H2O by changing the
functional groups and pore structures of anthracite, and the influence on functional groups of coal surface is greater. This work
provided a basis for enhancing CBM extraction by electrochemical modification.

1. INTRODUCTION

Extracting CBM from unmineable coal seams provides clean
energy to the modern world. In China, the detectable CBM
reserves are 36.8 × 1012 m3 that are explored above the
underground depth of 2000 m spanning 41.5 × 104 km2 area.1

The existing studies focused on accelerating methane extraction
mainly aim at improving the permeability of coal reservoirs,2

enhancing methane desorption,3 and optimizing the wettability
characteristics of coal.4 For example, hydraulic fracturing and
CO2 injection into coal seams to displace CH4 were effective in
enhancing the CBM extraction.5 The application of hydraulic
fracturing aims to create fractures and increase the seepage
channels of methane and water, without considering the CH4
adsorption characteristics of coal. The wettability of H2O/CH4/
CO2 on the coal surface is a fundamental petrophysical
parameter, which plays a significant role in CBM extraction.6

However, the existing approaches have a limited impact on the
gas−liquid wetting characteristics of coal surfaces.
Electrochemical modification on coal, rock, and clay has

attracted increasing interest all over the world.7−12 The
electrochemical method can accelerate methane seepage by
removing filling matters like calcite and pyrite.13−15 Meanwhile,
the CH4 adsorption decreased after electrochemical treatment
due to the increase of carboxyl and other oxygen-containing

groups, and the desorption ratio and diffusion coefficient
increased after modification due to the strength of interaction of
methane and anthracite weakened.16,17 Unfortunately, the
previous research studies mainly described the phenomena of
the electrochemical process and the results, the molecular
mechanism of electrochemical modification involved was
limited. The molecular mechanism of the gas−liquid wetting
characteristics of coal surfaces in successful CBM extraction
cannot be overstated. Recently, molecular simulations have been
used for characterizing the adsorption behaviors of gases (CO2,
N2, and CH4) and liquids (H2O).

18−20 More than 134 coal
molecular models have been established during the 1942−2010
years, the coal models established by researchers laid a
foundation for the simulation of gas and liquid adsorption on
coal before and after modification.21−24 The strength of
interaction between methane and coal molecular can also be
simulated via molecular simulation.25 The methane adsorption
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capacity on activated carbon made of anthracite decreased with
the increase in micropore diameter.26 The existing research
studies have laid the foundation for the establishment of the
anthracite model and the simulation of gas adsorption before
and after electrochemical modification.
The effect mechanism of electrochemical modification on the

wettability of gas and liquid of coals still needs better
understanding. Thus, the molecular structures of the Qinshui
Basin anthracite samples before and after modification have
been represented and established. Also, we carried out the CH4
adsorption isotherms before and after modification by experi-
ment and molecular simulation. The coal−water contact angle,
interaction strength, and radial distribution functions (RDFs)
were also obtained to discuss the modification mechanism on
the wettability of gas and liquid of anthracite.

2. RESULTS OF ELECTROCHEMICAL MODIFICATION
2.1. MolecularModel Validation.Themolecular model of

anthracite was validated by carbon content, density, and CH4
adsorption amount. The carbon content accounts for 86.6% of
the coal model, in accordance with the raw Jincheng NO. 15
anthracite coal in the Qinshui Basin (88.4%).27 The density of
the established coal molecular model is 1.53 g/cm3, conforming
to the test results of 1.5 g/cm3 and other reports between 1.3 and
1.7 g/cm3.28 Figure 1 shows the validation of methane

adsorption, it can be seen that the simulated trend was in
good agreement with the experimental data. Hence, the
molecular model and its parameters are applicable for the
anthracite coal in Qinshui Basin.

2.2. CH4 Adsorption Isotherm after Electrochemical
Treatment. The CH4 adsorption isotherms on anthracite after
being modified by Na2SO4, CuSO4, and Al2(SO4)3 electrolytes
were tested, the results are shown in Figure 2. Langmuir model is
used to fit methane adsorption data to better analyze the
methane adsorption behavior in anthracite, and it is expressed as
follows29,30

=
+

V
V P

P P
L

L (1)

where V is the CH4 adsorption amount, VL is the saturated
adsorption amount of CH4, PL is the Langmuir pressure, and P is
the pressure of CH4. Figure 2a shows that the unmodified
anthracite has the largest adsorption capacity for methane. The
CH4 adsorption is 41.17 mL/g under the pressure of 9.86 MPa.
After fitting with the Langmuir equation, the R2 is 0.99, and the
Langmuir fitting parameter a is 41.49 mL/g, indicating the
saturated adsorption VL of unmodified anthracite sample is
41.49 mL/g, and the parameter PL

−1 is 2.27 MPa−1, indicating
that the adsorption pressure is 0.44 MPa when the methane
adsorption amount of the raw coal sample is generally saturated.
After electrochemical modification with three types of electro-
lytes, the adsorption capacity of coal samples decreased. The
addition of Al2(SO4)3 can reduce the adsorption capacity of
anthracite to CH4 effectively. Based on the constructed
anthracite molecular models before and after electrochemical
modification, CH4 adsorption was simulated by molecular
dynamics. Figure 2b shows the molecular dynamics simulation
results; the CH4 adsorption was also decreased after electro-
chemical modification (Table 1).

2.3. CH4 Desorption after Electrochemical Modifica-
tion. The CH4 desorption of coal before and after electro-
chemical modification was measured, as shown in Figure 3. The

Figure 1. Molecular simulated and experimental results of CH4
adsorption isotherms at 283 and 293 K.

Figure 2. Experiment (a) and simulation (b) results of CH4 adsorption isotherms before and after electrochemical modification.

Table 1. Methane Sorption Data of Raw and Treated Coals

experiment
number coal type

coal mass
(g)

VL
(mL/g)

PL
−1

(MPa−1) R2

ET1 unmodified coal 21.77 41.49 2.27 0.99
ET 2 modified by

Na2SO4

20.98 39.06 1.96 0.99

ET 3 modified by
CuSO4

24.98 34.84 2.06 0.99

ET 4 modified by
Al2(SO4)3

21.02 34.72 1.30 0.99
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diffusion coefficient was also obtained according to eq 2,17 the
results are shown in Figures 4 and 5.
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where Qt is the cumulative diffusion amount of CH4 at time t,
cm3/g; Qt/Q∞ is the cumulative diffusion proportion of CH4; D
is diffusion coefficient, cm2/s; r0 is the radius of tested coal
samples, cm, and t is the time of CH4 diffusion on coal samples, s.
Figures 6 and 7 show that the methane desorption ratio of the

raw anthracite was 63.43% and the diffusion coefficient is 4.58 ×
10−6 cm2/s. After modification, the methane desorption ratio of
anthracite was improved. The desorption ratios increased to
67.39, 84.87, and 887.45% after being modified by Na2SO4,
CuSO4, and Al2(SO4)3 respectively. The diffusion coefficients
were increased to 4.99 × 10−6, 7.77 × 10−6, and 8.08 × 10−6

cm2/s, respectively. The results of the desorption test showed
that the electrochemical modification effectively reduced the
methane adsorption performance on the anthracite surface and
improved the methane desorption of anthracite. The Al3+ ion
electrolyte can effectively improve the desorption ratio of
methane in anthracite, which was a more effective type of
electrolyte.
The CH4 self-diffusion coefficient was gained by calculating

the mean square displacement over time,31 as shown in Figure 5.
The transport diffusion coefficient was also obtained by the
Maxwell−Stefan diffusion model.32 The results of the calculated
CH4 diffusion coefficient in the raw andmodified anthracites are
listed in Table 2, which further identifies that the CH4 diffusion
coefficient increased after electrochemical modification.

2.4. Water Wettability of Anthracite after Electro-
chemical Modification. The water wettability of anthracite
can be characterized by the coal−water contact angle. In this
experiment, the coal−water contact angle was measured by
Sigma 700 surface/tension tensiometer produced by Biolin
Scientific of Sweden, and the contact angle was measured by the

Figure 3. Experimental results of the CH4 desorption ratio (%) of raw
and modified anthracite samples.

Figure 4. Experimental results of the diffusion coefficient before and
after electrochemical modification.

Figure 5. Diffusion of CH4 in anthracite model. Color code: CH4
(Carmine).

Figure 6. Contact angle of coal−water after electrochemical
modification.

Figure 7.Changes of surface functional groups of raw andmodified coal
samples.
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Washburn method. The test results of the coal−water contact
angle before and after modification are shown in Figure 6. It can
be seen that the average coal−water contact angle of unmodified
coal ET1 is 81.9° and the coal−water contact angle of anthracite
is reduced after electrochemical modification with three
electrolytes. The coal−water contact angle of anthracite coal
sample modified with Na2SO4 electrolyte is reduced to 80.5−
83.1° with an average of 81.3°. The coal−water contact angle of
anthracite coal sample modified with CuSO4 electrolyte is
reduced to 68.3−69.2°with an average of 68.9°. The coal−water
contact angle of the anthracite coal sample modified with the
Al2(SO4)3 electrolyte is reduced to 68.2−69.1° with an average
of 68.6°. The results show that the coal−water contact angle of
coal samples after electrochemical modification is reduced to
varying degrees, which means the H2O wettability of anthracite
increased after electrochemical modification.

3. DISCUSSION OF ELECTROCHEMICAL
MODIFICATION ON ANTHRACITE
3.1. Change of Functional Groups on Coal Surface.The

CH4 wettability can be characterized by functional groups on the
coal surface. Fourier transform infrared (FTIR) shows the
change in surface functional groups of the raw and electro-
chemical modified coal samples. The peak at 3600 cm−1

indicates that anthracite itself contains a hydroxyl (−OH),
which has a notable impact on coal electronegativity. After
electrochemical modification, the peak areas of alkyl groups
around 2920, 2850, and 1430 cm−1 were decreased because the
oxygen-containing groups of coal samples in the anode region
were reduced due to the decomposition into gas due to
oxidation. When the applied DC electric field voltage is greater
than the decomposition potential of water (generally > 1.7 V),
the peak of carboxylic acid increases. Simultaneously, H+ ions
diffuse to the modified middle and cathode areas by electro-
migration, resulting in the acidification of coal samples. Besides,
the peaks attributed to carbonate minerals near 876 and 1430
cm−1 are also decreased, which is due to the reaction of acid
generated by electrochemical reaction with carbonate minerals.
Feng et al.33 also found that although the specific surface area,
pore volume, and oxygen-containing groups (especially carboxyl
groups) of the coal samples increased after acidification, the
adsorption capacity of methane decreased. Hao et al.34 found
that there was a significant negative correlation between the
saturated adsorption capacity of coal and the oxygen−carbon
ratio (O/C) of coal when the surface of bituminous coal was
modified by acidification, that is, when the number of
micropores of coal samples was similar, the adsorption capacity
of coal samples with a higher oxygen content and a poorer
hydrophobicity to methane was lower, which was consistent
with the result that the wettability of anthracite was enhanced
and the methane adsorption capacity was declined after this
electrochemical modification.
3.2. Change of Pore Characteristics. Figure 8 shows that

the change of mesopores in the raw and electrochemical

modified coal samples modification is limited; this is due to the
fact that the anthracite samples used in this electrochemical
experiment are 60−80 mesh granular coal samples, and the
change of dissolution of filling minerals in coal macropores and
fissures by electrochemical modification is not obvious.
However, from the data of pore characteristics in Table 3, it

can be seen that the specific surface area and pore volume of
anthracite after electrochemical modification by four metal ion
electrolytes are slightly increased because the electrochemical
reaction erodes some minerals such as carbonate, pyrite, and
anorthite attached to the surface of coal particles, which also
adsorb methane. Combined with the FTIR results shown in
Figure 7, the methane adsorption capacity was influenced by the
increase of oxygen-containing groups and the change of pore
characteristics, and the former has a stronger effect. The removal
of anorthite after electrochemical modification is also con-
tributed to the increase of pore specific surface area, pore
volume, and pore diameter, and the increase of pore volume and
pore diameter directly leads to the improvement of methane
desorption capacity in anthracite, which is consistent with the
promotion of anthracite methane desorption rate after electro-
chemical modification.

3.3. Analysis of Interaction Energies and Coal
Swelling. Figure 9 shows the change of the interaction energy

Table 2. Diffusion Coefficient of Methane in Coal before and
after Electrochemical Modification

coal samples
DS

(10−6 cm2/s)
Dt

(10−6 cm2/s)
D

(10−6 cm2/s)
(Dt-D)/D

(%)

unmodified
anthracite

0.91 4.87 4.59 6.19

modified
anthracite

1.16 6.19 8.08 23.33

Figure 8. Change of pore size distribution in anthracite after
electrochemical modification.

Table 3. Test Results of Pore Characteristics of Raw and
Modified Coal Samples

coal type surface area (m2/g) pore volume (×10−3 cm3/g)

unmodified coal 2.28 1.89
modified by Na2SO4 2.65 2.25
modified by CuSO4 2.97 2.54
modified by Al2(SO4)3 2.79 2.22

Figure 9. Interaction energy between CH4 and anthracite before and
after electrochemical modification.
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between anthracite and CH4, before and after electrochemical
modification, with the adsorption pressure P. The simulation
results indicate that the interaction energy reaches themaximum
at the pressure of 1 MPa and decreases with the increase of
adsorption pressure (becomes more negative). Before and after
electrochemical modification, themaximum interaction energies
between anthracite and methane are−37.40 and−32.10 kJ/mol
at 1 MPa, respectively. With the increase of adsorption pressure,
the negative values of the interaction energy are larger,
indicating that the methane adsorption capacities in coal
increase, reaching −79.69 and −71.68 kJ/mol at 20 MPa,
respectively. At this time, the methane adsorption capacity is the
strongest. When the adsorption pressure is fixed, the interaction
energy between anthracite and methane before electrochemical
modification is greater than that after electrochemical
modification. After modification, the interaction energy between
anthracite and methane becomes more positive, indicating that
the adsorption capacity is weakened as shown in Figure 2.
Figure 10 shows the change of volume deformation of

anthracite with adsorption pressure before and after electro-

chemical modification. The swelling ratio is defined as (Vi −
V0)/V0, where V0 and Vi are the initial and current occupied
volumes by coal molecules, respectively. With the increase in
adsorption pressure, the volume of anthracite increases first and
then decreases. The increase of anthracite volume sample in the
initial stage is due to the increase in CH4 adsorbed on the
anthracite surface. The expansion effect caused by gas
adsorption is stronger than the mechanical compression with
increasing pressure. With the continuous increase in adsorption
pressure, the mechanical compression induced by pressure
continues to increase, while the increase in adsorbed CH4 is
limited.31 As a result, the volume of anthracite decreases. After
electrochemical modification, the adsorption capacity of
anthracite to methane decreased, resulting in the volume change
of anthracite sample after modification being smaller than that
before modification in the initial stage. The volume change of
the modified anthracite also exhibited a trend of first increasing
and then decreasing, but the turning point pressure decreased
from 11 to 10 MPa, which was because the Langmuir parameter
PL of methane adsorption of modified anthracite decreased from
2.27 to 1.81 MPa. The results indicate that the methane
adsorption capacity in anthracite decreases after electrochemical
modification, and the pressure decreases when it reaches half of
the saturated adsorption capacity. As the pressure continues to
rise, the volume expansion effect of anthracite caused by
methane adsorption weakens.

Radial distribution functions (RDFs) can express the strength
of gas−atoms interaction in the porous material, such as gas−
coal and gas−organic matter. It is a function of atomic density
with the distance between gas and solid atoms and can be
expressed as

πρ
=g r

N
r r

( )
d

4 di j
j

, 2
(3)

where dN is the number of molecules j from r to r + dr of i and ρj
is the density of j. When the adsorption pressure is 20 MPa, the
RDFs of anthracite before and after electrochemical modifica-
tion is analyzed. The results are shown in Figure 11. It can be

seen that the peak formed between anthracite and CH4 before
electrochemical modification is larger than that between
anthracite and methane after electrochemical modification.
When the distance r is about 4.7 Å, the anthracite sample before
electrochemical modification has the largest wave peak at 20
MPa. When the distance r is about 4.7 Å, the possibility of
methane adsorption is 1.10 times higher. After electrochemical
modification, the maximum peak value decreases to 1.05, which
indicates that the interaction between CH4 molecule and
anthracite model is weakened after electrochemical modifica-
tion, which is consistent with the analysis result of the
interaction energy between coal and methane molecule in
Figure 9.

4. APPLICATION AND SIGNIFICANCE
Electrochemical modification has been successfully applied in
soft soil consolidation, soil decontamination, tailings dewater-
ing, and coal desulfurization. Although the research studies on
the electrochemical modification for accelerating methane
extraction is still limited in the laboratory tests, studies have
shown that the electrochemical method can achieve the purpose
of enhanced methane extraction by reducing methane
adsorption, enhancing methane desorption, and accelerating
gas−liquid two-phase flow. So far, with the development of
electrochemical modification methods, scholars believe that
reasonable designed parameters electrochemistry can not only
achieve the purpose of soil decontamination, dehydration, and
electroosmotic consolidation but also be an effective method to
strengthen CBM extraction. As shown in Figure 12, the cathode
of the DC power supply is arranged at the extraction well and the
anode of the power supply is arranged at the far end of the
horizontal well. After power is on, the movement of water and

Figure 10. Change of coal volume with adsorption pressure before and
after electrochemical modification.

Figure 11. Results of the RDFs of coal samples before and after
electrochemical modification.
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Figure 12. Schematic diagram of an enhanced CBM extraction by electrochemical modification.

Table 4. Analysis Results of the Anthracite Samplea

proximate analysis (wt %) ultimate analysis (daf, %)

Ro,max (%) moisture (ad) ash yield (ad) volatile matter (daf) C H O S N

3.385 1.65 5.21 6.12 86.22 2.648 6.741 0.42 1.04
aad: air basis; daf: dry ash-free basis.

Figure 13. Test and fitting results of FTIR, XPS, and NMR of anthracite: (a) FTIR spectra, (b) XPS spectra of C1s, (c) XPS spectra of N1s, (d) XPS
spectra of S2p, and (e) NMR spectra of 13C.
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methane is toward the cathode due to the electroosmotic effect;
as a result, the rate of CBM extraction is enhanced.

5. CONCLUSIONS

(1) For enhancing the CBM extraction, the CH4 and H2O
wettability of Qinshui anthracite was analyzed by
experiment and molecular simulation to reveal the
electrochemical modification essence of CH4 adsorption
performance in anthracite.

(2) The application of electrochemical modification is
efficient for CBM extraction due to the decrease in CH4
adsorption. The molecular mechanism is that the
interaction between anthracite and CH4 decreases.

(3) The larger wettability of H2O on anthracite surface
occupies the effective adsorption site of CH4 further
increase the CH4 extraction.

(4) The effect of mental ion electrolytes on anthracite
electrochemical modification has been discussed above,
which is limited to explain the wettability change of all
electrolytic solutions and coals. More types of electrolytic
solutions and coals will be tested and analyzed in our
further work.

6. MOLECULAR SIMULATION AND EXPERIMENT
DETAILS

6.1. Coal Samples andMolecularModels.The anthracite
samples for the experiments were obtained from Jincheng,
Shanxi Province of China. The coal samples were pulverized to
pass through 60−80 mesh sieves (particle size of 0.18−0.25
mm) and then desiccated in a vacuum oven at 100−105 °C for
20 h. The mean maximum vitrinite reflectance (Ro,max) was
3.385% (>2.50%), and it can be indicated that the coal sample
used in the experiment is anthracite with a high metamorphic
degree. The proximate analysis and proximate analysis tests
followed the GB/T 212-2008 and GB/T 476-2001 standard,
respectively. The results are listed in Table 4.
The molecular model of the anthracite was expressed by ss13C

NMR, FTIR, and X-ray photoelectron spectroscopy (XPS). The
results of the ultimate analysis showed that the proportion of H/
C, O/C, S/C, andN/C of anthracite is 0.36, 0.05, 0.01, and 0.01,
respectively. The surface groups of anthracite were measured by
the FTIR device named Nicolet is5, as shown in Figure 13a. The
XPS was performed by ESCALA B250, and the test results of C
(1s), N (1s), and S (2P) and the fitting curves are shown in
Figure 13b−d respectively. The ss13C NMR was tested by
AVAVCE III HD 600 MHz. The test result is shown in Figure

Table 5. Structural Parameters and Proportion of Anthracite (%)a

coal fa fal fa′ fa
C fa

H fa
N fa

B fa
S fa

P fal* fal
H

anthracite 93.05 6.95 89.31 3.74 48.81 40.50 30.47 9.55 0.48 2.30 6.49
aPS: fa-total sp2 carbons; fal-total sp3 carbons; fa′-aromatic carbons; fa

C-carbonyl/carboxyl carbons; fa
H-protonated aromatic carbons; fa

N-
nonprotonated aromatic carbons; fa

B-aromatic bridgehead carbons; fa
S-alkylated aromatic carbons; fa

P-phenols and phenolic ethers; fal*-methyl or
methoxyl groups; fal

H-CH or CH2.

Figure 14.Molecular model of anthracite in the Qinshui basin. Chemical formula. Color code: C (gray), H (white), O (red), N (blue), and S (yellow).
(a) Two-dimensional model of raw anthracite. (b) Two-dimensional model of treated anthracite. (c) Three-dimensional model of raw anthracite. (d)
Three-dimensional model of the treated anthracite.
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13e, and the fitting results are listed in Table 5. Based on the
spectroscopic data for the anthracite samples (Figure 13a−e),
the plant and three-dimensional (3D) models of anthracite
before and after modification were constructed in Materials
Studio software, as shown in Figure 14a−d. The change in
functional groups referred to the FTIR test results. Five plant
models (anthracite unit molecules) were constituted to
construct the 3D models (amorphous cells) with periodicity
in three directions, and the composition is C201H77O10NS and
C198H71O15N with 290 and 285 atoms, respectively. Besides,
considering that electrochemical modification has a limited
effect on pore structures coal, the influence of pore size
distribution and pore size change is not considered in the
construction of the model. The simulated cell of anthracite is
sliced parallel three planes, respectively. The cell was minimized
by annealing dynamics with a temperature cycle from 300 to
1000 K.18,35,36 The final structures of the unit cell in three
dimensions were 24.5 × 24.5 × 24.5 Å for anthracite.
6.2. Electrochemical Modification Equipment. Figure

15 shows the device for testing the prepared coal samples. The

device is mainly composed of a DC (direct current) power, an
injection pump, a multimeter, two electrode plates, and three
potential probes. The electrolyzer is made of Plexiglas plates
with an internal dimension of φ50 × 100 mm. The detailed
information of the electrochemical modification apparatus and
CH4 adsorption/desorption characteristics measurement instru-
ment has been described in our previous work.17

6.3. Implementation of Molecular Simulation. The
Grand Canonical Monte Carlo simulations and molecular
dynamics simulations were used in the process of simulations,
which include adsorption amount, interaction energy, anthracite
volume, and adsorption site. The simulation was realized under a
compass force field in materials studio software with a cutoff
distance of 1.25 nm.37,38 Periodic boundary conditions were
applied in three directions. The total configurations for each case
were 2 × 107 configurations, which ensured the equilibrium of
the system and adsorption calculations.39,40 The NPT ensemble
and the NVE ensemble were selected for molecular dynamics
simulations to analyze the volume and the interaction energy. To
calculate the CH4 desorption coefficient, the NPT ensemble was
used for molecular dynamics simulations. After that, the mean
square displacement was simulated in the Forcite analysis.
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