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Abstract
A coal fire is one of the most serious disasters in coal mining. To improve the efficiency of an inert gas for extinguishing the fire,
the adsorption behavior of coal in CO2/N2 mixed gas was investigated in this study. Proximate analysis, ultimate analysis, solid-
state 13C nuclear magnetic resonance spectroscopy (NMR), X-ray photoelectron spectroscopy (XPS), and molecular dynamics
(MD) were applied to analyze and establish the bituminous coal molecular model. The adsorption behavior of bituminous coal in
mixed gas mixtures with different proportions was studied using the bituminous coal model and Materials Studio (MS) software.
A self-built coal adsorption experimental systemwas used for experiments. The adsorption of bituminous coal to CO2 is stronger
than that to N2, and there is a competitive adsorption relationship between them. The amount of CO2 adsorbed by the coal
gradually increases as the CO2 partial pressure rises, consistent with the Langmuir model. With an increase in CO2 pressure, the
total adsorption capacity, which is divided into the rapid increase stage, slow growth stage, and stable stage, also increases. The
coal adsorbs 0.5050 cm3/g, 0.7455 cm3/g, 0.9450 cm3/g, 1.0715 cm3/g, and 1.2000 cm3/g for pure N2, 2%, 5%, 7%, and 10%
CO2, respectively, in the experiment. The results of the simulation and experiment show the same trend, which means that the
injection of a small amount of CO2 into pure N2 will greatly improve the gas adsorption volume of the coal, demonstrating that it
is feasible to improve the ability of the coal to absorbmixed gases by changing the gas concentration and consequently to increase
the efficiency of inert gas for fire extinguishing and suppression.

Keywords Coal fire . Bituminous coal . Coal molecular model . Materials Studio simulation . Adsorption volume . Adsorption
experiments

Introduction

Coal fire is one of the main threats to the safety of coal mines
(Zhu et al. 2020; Song et al. 2020; Elick 2011; Song and
Kuenzer 2014). Coal fires not only cause property damage
to enterprises, but also threaten personal safety, which finally
leads to the waste of resources and environmental pollution.
Currently, the widely applied mature technologies for
extinguishing fire domestically and internationally are mainly

plugging and pressure equalizing fire extinguishing technolo-
gy, grout fire extinguishing technology, inhibitor fire
extinguishing technology (Hao et al. 2018), three-phase foam
fire extinguishing technology (Zhou et al. 2006; Lu et al.
2019), inert gas for fire extinguishing technology (Lei et al.
2020), etc. The above fire extinguishing technologies all have
their own advantages and have been applied popularly in prac-
tice, but there are still varying degrees of problems. The meth-
od of using an inert gas as the fire extinguishing technology is
simple, low cost, easy to operate, and has the good effect of
dilution and explosion suppression (Zhao et al. 2020; Mohalik
et al. 2005). Therefore, this paper focuses on the analysis and
discussion of the use of inert gas for fire extinguishing.

Inert gas as a fire extinguishing technology uses mainly
nitrogen supplemented by carbon dioxide. Nitrogen produc-
tion equipment is based mainly on pressure swing adsorption
and membrane separation with ground-mounted and under-
ground mobile nitrogen production equipment developed in
tandem. Liquid nitrogen, liquid carbon dioxide direct injection
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and temperature-controlled perfusion fire extinguishing tech-
nology have been successfully applied (Shi et al. 2018; Zhang
et al. 2019). CO2 fire extinguishing technology uses gaseous
CO2 or liquid CO2 to extinguish fires in the pretreatment area,
forming an inert gas layer in a certain area to cover the surface
of the floating coal, thereby blocking the oxygen. Because the
CO2 is denser than air, it can sink to the bottom layer, better
effecting control on low-level fire sources, pressurizing and
exhausting a certain amount of toxic and harmful gases.
However, there are still some problems with inert gas for the
fire extinguishing method. Strengthening the efficiency of in-
ert gases for extinguishing fire in coal mines is among these
problems.

According to the principles of using inert gas for fire
extinguishing, inert gas can replace a part of the oxygen in
the surface of the coal fractures, thereby reducing the adsorp-
tion of oxygen on the coal surface and, to a certain extent,
alleviating and inhibiting the oxidation of the coal remaining
in the goaf. Therefore, the ability to adsorb coal gas is stron-
ger, and the efficiency of the inert gas for fire extinguishing is
higher. Adsorption refers to the entry of molecules into the
exposed surface of solid substances through physical or chem-
ical methods, including the outer and inner surfaces that are in
contact with gas molecules. Former researchers have per-
formed extensive research on coal gas adsorption. For exam-
ple, Li investigated the adsorption pore structure and fractal
characteristics of coals (0.69–2.79% R-o, R-m) using N2

adsorption/desorption and field emission scanning electron
microscopy (Li et al. 2019). The results showed that the pore
structure and coal composition at different coalification stages
have a specific influences on the fractal characteristics of pore
shape, surface and volume. The research results of Clarkson
and Bustin (Clarkson and Bustin 2000) proved that moisture
will reduce the adsorption performance of the coal. A new
method was adopted to investigate the evolution characteris-
tics of the crystallite structure of eight coals of different rank
and the influence of these characteristics on the methane ad-
sorption capacity by Meng et al. (2019). The results showed
that methane adsorption is related to the crystallite structure
characteristics of coal. The impact of coal composition and
pore structure on gas adsorption was investigated by Sun
et al. (2019). The gas adsorption capacity depends on the coal
composition.Wang et al. (2019b) reviewed the current state of
research regarding the temperature-dependent adsorption of
methane in coal and cataloged the conclusions from experi-
ments conducted on that subject by 28 researchers, in papers
published between 1995 and 2017. The wettability and meth-
ane adsorption/desorption properties of coal were studied by
Li et al. (2020). The adsorption pore structure and fractal
characteristics of coals (0.69–2.79% R-o, R-m) were investi-
gated by Li et al. through N2 adsorption/desorption and field
emission scanning electron microscopy. However, these stud-
ies were based on experiments and showed the macro

performance results of the coal. It is difficult to determine
the microperformance situation, which cannot fully reflect
the properties of the adsorbed gas in coal. Therefore, this
paper combines the two methods of simulation and experi-
ment to analyze the situation of coal adsorption gas from
micro- and macroperspectives.

You et al. (2016) studied the adsorption behavior of CO2,
CH4 and their mixtures in bituminous coal and established a
bituminous coal model through molecular dynamics (MD)
simulation. Under the conditions for CO2 adsorption, CO2

exhibits preferential adsorption over CH4, and as the pressure
increases, the selectivity of CO2 adsorption changes signifi-
cantly. At lower pressures, as the temperature rises, the selec-
tivity for CO2 adsorption decreases rapidly, while at higher
pressures, the selectivity for CO2 adsorption it is not sensitive
to temperature. The adsorption isotherms of pure CO2 and
CH4 on dry coal samples at temperatures of 45 °C and 60
°C were measured by Ottiger et al. (2006). Under any circum-
stances, the amount of CO2 adsorbed by coal is always greater
than the amount of CH4 adsorbed by coal. The adsorption of
CO2/CH4 mixed gas on different coal grades was studied by
Mastalerz et al. (2004). The research showed that as the pres-
sure increases, the adsorption rate of all coals for CO2 de-
creases, and the adsorption rate of coal to gas decreases with
increasing of coal grade. The effect of pore structure on the
combined adsorption of SO2 and typical benzene Volatile
Organic Compounds (VOCs, i.e., toluene) was investigated
systematically by Qie et al. (2019). The molecular dynamics
simulation further demonstrates that the hierarchical pore
structure enables the functional differentiation of pore spaces
with different sizes so that micropores dominate SO2 adsorp-
tion and toluene molecules tend to be stored in meso-/
macropores. These studies have provided a theoretical basis
for establishing the molecular structure of coal and the adsorp-
tion of coal on gas.

At present, CO2 is one of the most effective inert gases
to prevent spontaneous coal combustion. Previous studies
have shown that the ability of coal to adsorb CO2 is great-
er than the ability of coal to adsorb N2. However, in ac-
tual applications, the use of a single gas cannot achieve an
ideal extinguishing effect. The cost of CO2 is much higher
than the cost of N2, and this cost is expensive when the
gas is injected for a long time, making the economic ben-
efit relatively poor. Therefore, based on previous research,
the authors proposed the idea of using CO2 and N2 mixed
gas to prevent spontaneous coal combustion. The authors
built a coal molecular model and used Materials Studio
(MS) software to simulate coal adsorption of N2 and CO2

mixed gas in different proportions and verified the ad-
sorption by experiments using the self-built coal adsorp-
tion experimental system. The aim was to find a method
for fire extinguishing that is both economical and
efficient.
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Experimental and simulation methods

Coal molecular model

The experimental coal was bituminous coal taken from
Fangezhuang, Hebei Province, China, and its proximate anal-
ysis and ultimate analysis are shown in Table 1.

Considering the requirements of the experiment coal sam-
ples, large fresh coal samples were removed from the surface
and pulverize into pulverized coal with a particle size of 0.25
mm. Hydrofluoric acid was used to demineralize the coal
powder to reduce the influence of minerals in the coal on the
experimental analysis results, and the demineralized pulver-
ized coal was washed until the solution became neutral. The
pulverized coal was put into a drying box, dried for 12 h, and
then packaged quickly with a vacuum bag.

Solid-state 13C NMR spectroscopy

ABruker AVANCE III 600 MHz nuclear magnetic resonance
instrument was used to analyze the solid 13C NMR of the
Fangezhuang bituminous coal, and the spectrum obtained
was processed by peak fitting with Peakfit software (Bian
et al. 2019).

X-ray photoelectron spectroscopy

A Thermo Scientific ESCALAB 250XI X-ray photoelectron
spectrometer was used to analyze the chemical valence states
of C, O, N, and S elements in the Fangezhuang bituminous
coal, and Avantage software was used to perform peak fitting.
According to the displacement of the photoelectron kinetic
energy of each element, the chemical state of the element
was determined (Wang et al. 2019a).

Adsorption simulation method

TheMaterials Studio (MS) software was used to simulate coal
sample adsorption. The Compass II force field in the MS
software strengthened support for polymers and heterocyclic
systems compared with other force fields, and can be called in
multiple modules such as Amophous Cell, Force Plus,
Sorption, etc., applicable to the constructed coal molecular

adsorption simulation in this article (Lin and MacKerell
2019). Therefore, in all the optimization processes below,
Forcefield in Energy always uses the Compass II force field.

The geometric model of the built coal molecule was geo-
metrically optimized to make the energy of the model reach a
stable state, and the optimized molecular configuration was
reversed and distorted. The optimized model was put into a
cube box of the simulation system through the Amorphous
Cell module, and set the density was set to 0.90.

In the process of model construction, to prevent fused aro-
matic hydrocarbons and other functional groups from overlap-
ping, a low-density 3Dmodel was first constructed, and then a
series of compressions, decompressions and optimizations
was performed. The details are as follows.

(1) NVT optimization: The NVT system was used to keep
the system temperature constant. The virtual thermal
bath kept the kinetic energy of the system fixed. The
atomic velocity was used to stabilize the system. The
Temperature was set to 298 K, the time step to 1 fs,
and the total simulation time to 100 ps.

(2) NPT optimization: The NPT system was used to com-
press and decompress the system until the density
remained the same. The set pressure was 0.1 MPa.

(3) NVT optimization: The NVT system was adopted again
to make the system stable under the new density to meet
the actual density of bituminous coal;

(4) The geometrically optimized low energy model was
obtained.

At normal temperature, the pressure is proportional to the
amount of substance. Therefore, the gas pressure ratio is the
gas concentration ratio. In combination with subsequent ex-
periments, the two gases were selected to have a total of 351
kPa, and the proportions were 90%N2, 10%CO2 to 100%N2,
and 0 CO2. Eleven groups of gas ratios were used for adsorp-
tion simulation.

The Sorption module (Meng et al. 2018) and Compass II
force field were used to mix coal molecules at 3.51 kPa –
35.1 kPa CO2 and 347.49 kPa – 315.9 kPa N2, respectively,
so that 351 kPa mixed gas could physically adsorb the gas
under the condition of fixed pressure. During the simulation
process, multiple group simulations could be run simulta-
neously until all simulations were complete. The parameter
settings are shown in Table 2.

Experimental method

Since the reaction reference tank for this experiment is small,
the pressure in the tank must change after coal adsorption.
Therefore, the adsorption volume in this experiment was cal-
culated using the direct calculation method and the gas chro-
matography method. The direct observation method refers to

Table 1 Proximate and elemental analysis of the coal sample used in
the experiments

Proximate analysis (wt.%) Ultimate analysis (wt.%, daf)

Mad Vdaf Aad FCdaf C H O N S

1.27 17.37 7.33 74.03 80.17 4.76 4.73 1.51 1.29

Note: ad, air dry basis; daf, dry ash free
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directly observing the indication on the pressure gauge of the
system before and after the adsorption, and the calculation is
based on the pressure drop. The gas chromatography method
refers to using the gas sample just filled in the reference tank
and the gas sample obtained after the adsorption is completed.
The content of each component is measured by a gas
chromatograph.

The experimental device consists of a vacuum pumping
system, an adsorption system, a high-pressure gas cylinder,
and a data acquisition system. The vacuum pumping system
includes a vacuum pump and a vacuum pressure gauge. The
adsorption system is an independent experimental coal ad-
sorption system. A schematic diagram of the device is shown
in Fig. 1. The device is composedmainly of a gas sample tank,
reference tank, pressure gauge and hose.

The experimental process is shown in Fig. 2. First, the
amount of gas filled into the connected experimental system
was used to read the pressure indicator after the system was
stable. The pressure indicator was read after 12 h. If the pres-
sure indicator does not change, it indicates that the system has
good tightness, and the experiment can be carried out. Second,
the coal was ground into coal powder with a particle size of
less than 0.250 mm, and the coal powder was put into a vac-
uum drying oven for 12 h. Then, 100 g coal powder was

placed in the reaction tank, and all valves were closed and
evacuated. The gas tank was flushed with CO2/N2 gas in dif-
ferent proportions, the cylinder was closed, the valves of the
reaction tankwere opened, the number of pressure gauges was
counted when the system was stable, and the exhaust gas was
detected using a gas chromatograph. The pressure indicator
was read again, and the exhaust was checked after 24 h of
adsorption. Then, different mixed gas mixtures were used to
repeat the experiment.

Results and discussion

Coal molecule construction

13C NMR analysis

The 13C nuclear magnetic resonance analysis of the
Fangezhuang bituminous coal sample was performed to ob-
tain the combination and content of carbon atoms and other
atoms in the coal sample. The 13C NMR peak results are
shown in Fig. 3.

With reference to related literature (Chen et al. 2017), the
assignment and proportion of C atoms in coal samples were

Fig. 1 Adsorption experiment
system

Table 2 Simulation parameters

Project Equilibration steps Production steps Temperature (K) Charges Electrostatic van der Waals Quality

Parameter 106 107 298 Forcefield assigned Ewald & Group Atom based Ultra-fine
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determined according to the chemical shifts and peak areas of
the spectra, and the 12 nuclear magnetic resonance carbon
structure parameters in the coal samples were further deter-
mined. The results are shown in Table 3.

The ratio of aromatic bridge carbon to peripheral carbon
(XBP) reflects the degree of condensation of aromatic rings in
the coal molecules. Its size depends on the size of the aromatic
nuclei in coal samples. The calculation method is XBP = faB/
(faH + faP + faS) (Wang et al. 1996). XBP = 0.22 can be
obtained from the bi tuminous coal sample from
Fangezhuang in this paper through calculation.

According to the ultimate analysis, the carbon content of
coal samples is 80.17%. According to previous studies, the
average number of benzene rings in the condensed aromatic
ring is 2, 3, and 3–5 when the carbon content of bituminous
coal is 80%, 85%, and more than 90%, respectively (Li et al.
2010). Therefore, we inferred that the condensed aromatic
ring structure in the coal sample is dominated by 2 rings,

supplemented by 1 ring and 3 rings. According to the XBP,
the combination of aromatic structures was adjusted until the
XBP reached 0.22, and the coal-like aromatic structure com-
bination was obtained, as shown in Table 4.

XPS analysis

X-ray photoelectron spectroscopy (XPS) uses X-rays to irra-
diate a sample so that the inner electrons or valence electrons
of an atom or molecule are excited and emitted. Using the
kinetic energy of the photoelectron as the abscissa and the
relative intensity (pulse/s) as the ordinate, a photoelectron
spectrum can be made to obtain the composition of the test
object. XPS was used to analyze the chemical valences of C,
O, N and S in the coal sample. The results are shown in Fig. 4
and Table 5.

Table 4 shows that the number of carbon atoms in the
aromatic structure of the coal sample is 106, and the

Fig. 2 Experimental process
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aromaticity of the coal sample is 0.68 according to the nuclear
magnetic resonance test result, so the total number of carbon
atoms in the coal molecule can be calculated to be 156. The
numbers of H, O, N, and S atoms are 121, 10, 3, and 1,
respectively, according to the results of the ultimate analysis.
Therefore, the molecular formula of the sample is
C156H121N3O10S.

Construction and correction of the coal molecular structure

The molecular formula of the bituminous coal was de-
duced to be C156H121N3O10S according to the above
tests and analysis. The connection mode of some func-
tional groups was obtained according to the XPS results
analysis. A preliminary molecular structure of the bitu-
minous coal was constructed according to each structur-
al unit, analysis results and parameters etc. aromaticity.
However, due to the large molecular structure of coal,
numerous isomers can be composed according to the
different connection methods of organic matter and the

positions of various functional groups. Therefore, differ-
ent molecular structure models need to be optimized.

The model was applied in Chemoffice and ACD/LABs
software to predict the NMR carbon spectrum, and obtain a
model with higher carbon spectrum similarity to the experi-
mental test (Pagenkopf 2005). The plane model is shown in
Fig. 5. The comparison between the predicted spectrum and
the actual spectrum is shown in Fig. 6.

The predicted carbon spectrum is in good agreement with
the actual carbon spectrum, and the coal molecular model
constructed is closer to the real situation so it can be used as
the molecular model for this simulation.

Coal molecule adsorption simulation

The optimized three-dimensional model is shown in Fig. 7.
The optimized structure model is very compact and has a good
three-dimensional structure, with aromatic carbons arranged
almost in parallel.

The simulation results of the sorption module in MS
software are presented in the form of the number of

Fig. 3 The 13C NMR result of a
coal sample from Fangezhuang

Table 3 Structural parameters of NMR carbon in coal samples

fa fa
C fa' fa

N fa
H fa

P fa
S fa

B fal fa* fa
H fal

O

73.43 5.44 67.98 19.26 48.72 2.76 4.39 12.12 26.57 8.52 15.93 2.11

Note: fa, total aromatic carbon; fa
C , carbonylδ (chemical shift) > 165 × 10−6 ; fa', in an aromatic ring; fa

N , nonprotonated and aromatic; fa
H , protonated

and aromatic; fa
P , phenolic or phenolic ether; fa

S , alkylated aromatic; fa
B , aromatic bridgehead; fal, total aliphatic carbon; fal*, CH3; fal

H , CH or -CH2;
fal

O , bonded to oxygen
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molecules. The results of this simulation showed how
many gas molecules were adsorbed on one molecule.
To have a good contrast effect, the following formula
was used to convert the results in the simulation into
consistent statistics.

A ¼
a

NA⋅V ⋅1000

� �,

b
NA⋅M

� � ð1Þ

where A represents the unit conversion results (mL/g); a

represents the gas molecule number; b represents the
coal molecule number; NA represents the Avogadro con-
stant; V represents the gas volume in standard condi-
tions; and M represents the relative molecular weight
of coal.

The results of coal adsorption with different proportions
after conversion are shown in Table 6.

The relationship between the CO2 partial pressure and the
amount of adsorption is shown in Fig. 8 according to Table 6.

The adsorption volume of coal to CO2 is greater than
N2 according to Fig. 8, because the gas adsorption by

Table 4 Aromatic structure combination of Fangezhuang coal sample

Name Types Number

Benzene
3

Naphthalene
6

Anthracene
2

a XPS C spectrum of coal sample from Fangezhuang b XPS N spectrum of coal sample from Fangezhuang

c XPS O spectrum of coal sample from Fangezhuang d XPS S spectrum of coal sample from Fangezhuang

Fig. 4 XPS peak. aXPS C spectrum of coal sample from Fangezhuang. bXPSN spectrum of coal sample from Fangezhuang. cXPSO spectrum of coal
sample from Fangezhuang. d XPS S spectrum of coal sample from Fangezhuang
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coal is essentially the interaction of gas molecules with
the coal surface. Generally, the gas that is more easily
liquefied adsorbs more easily. At the same time, solid
adsorption of gas is essentially due to the interaction
between atoms or ions on the solid surface and gas
molecules. According to molecular thermodynamics
and surface physical chemistry, these forces are divided
into two categories: physical forces and chemical forces,
which cause physical adsorption and chemical sorption,
respectively. The adsorption of coal to N2 and CO2 is
physical adsorption, which is caused by van der Waals
forces, including electrostatic interaction, Debye induc-
tion, and London dispersion force. Polar gas molecules
have a permanent dipole moment, and the polar groups
on the coal surface will generate electrostatic interac-
tions. CO2 also has a quadrupole moment, which also
has a certain influence on the interaction between mol-
ecules. In the bituminous coal model, the electrostatic
interaction between CO2 and heteroatom groups is
stronger, so the adsorption performance of bituminous
coal with CO2 is stronger. The amount of CO2 adsorbed
by the coal gradually increases as the CO2 partial

pressure rises, which is consistent with the Langmuir
model. However, the adsorption of N2 by coal decreases
with increasing CO2 partial pressure. The initial de-
crease is fast, but the decrease is basically unchanged
afterwards, indicating that there is a competitive adsorp-
tion relationship between CO2 and N2. With an increase
in CO2 pressure, the total adsorption capacity also in-
creases in the curve in Fig. 8. The whole adsorption
process is divided into a rapid decline stage, a slow
growth stage and a stable stage. When the pressure
reaches a certain level, the trend of gas adsorption in-
creases slowly and eventually reaches saturation adsorp-
tion because there is a residual valence force on the
surface of the coal, and adsorption occurs when gas
molecules collide with an unabsorbed solid surface.
With the occurrence of adsorption, the adsorption on
the solid surface gradually reaches saturation, so that
adsorption will not continue.

The state of atomic adsorption is shown in Fig. 9. N2

is in red and CO2 is in green in Fig. 9. N2 and CO2

adsorb at almost the same site in the coal molecular
model, and these sites are all functional groups,

Fig. 5 Chemical structure model
of the coal sample

Table 5 XPS spectrum-specific structural parameters and properties

Atoms C O N S

Area fit 31,776.32 10,376.05 1908.42 856.57 2538.82 215.63 7920.54 138.31 354.90 573.99 256.79 194.67 680.93

Centre max 283.54 284.45 287.64 289.73 531.78 532.29 531.60 532.57 398.37 399.04 396.99 397.76 163.04

FWHM 1.14 1.40 N/A 1.56 1.95 1.50 2.86 0.50 0.69 1.00 0.79 0.92 1.74

Attribution C-C C-H C-O C=O C-O C=O C-O C=O′ N-5 N-5 N-6 N-6 Thiophene-S
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indicating that functional groups have a great influence
on the adsorption capacity of bituminous coal. The ad-
sorption of N2 on coal molecules decreases with in-
creasing CO2 because hydroxyl has a strong adsorption
capacity for CO2, which also indicates that there is
competitive adsorption between CO2 and N2, consistent
with the results from the above adsorption curve.

Adsorption experiment

Direct observation method

The adsorption amount of coal on the mixed gas can be de-
rived according to the ideal gas law. The specific derivation
process is as follows:

Fig. 6 Actual and predicted 13C
NMR spectra of the coal sample

Fig. 7 Optimized 3D coal
molecular model of the coal
sample
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P1V1 ¼ n1RT ð2Þ
P2V2 ¼ n2RT ð3Þ
where P1 represents gas pressure before adsorption (Pa). V1

represents the total volume of the gas before adsorption (m3).
n1 represents the amount of the mixed gas before adsorption
(mol). P2 represents the gas pressure after adsorption (Pa). V2

represents the total volume of the gas after adsorption (m3). n2
represents the amount of the mixed gas after adsorption (mol).
T represents the system temperature (K). R represents the gas
constant, which is approximately 8.314 J/(mol K). Since the
temperature of 298.15 K and the reference tank volume were
both constant during the experiment, V = V1 = V2.

From (2)–(3), the following equation can be derived:

Δn ¼ n1−n2 ¼ P1−P2ð ÞV
RT

ð4Þ

The molar volume of gas is 24.5 mol/L at normal temper-
ature and pressure, and the gas adsorption volume of coal can
be expressed as

W ¼ 1000� 24:5�Δn
100

ð5Þ

Gas chromatography method

Since the gas chromatograph has two independent chromato-
graphic columns for measuring N2 and CO2, the test results for
mixed gases need to be processed.

The calculation process of the adsorption amount accord-
ing to the ideal gas law by gas chromatography is as follows:

PiVi ¼ niRT ð6Þ
PkVk ¼ nkRT ð7Þ
where Pi represents the gas pressure before adsorption (Pa). Vi
represents the volume of the gas before adsorption (m3). ni
represents the amount of the mixed gas before adsorption
(mol). Pk represents the gas total pressure in the reference tank
(Pa). Vk represents the gas total volume (m3). nk represents the
total amount of mixed gases (mol). T represents the system
temperature (K). R represents the gas constant, which is ap-
proximately 8.314 J/(mol K).

The volume and temperature of the system remain un-
changed in this experiment. Then Vi = Vk, T = 293.15 K, and
the gas pressure ratio and the gas molecular ratio are the same
and are expressed as

Table 6 Adsorption simulation results

Partial pressure (kPa) Average adsorption (mL/g) Average adsorption heat (kcal/mol) Absolute of total system energy

CO2 N2 CO2 N2 Total CO2 N2 Total

0 351 / 0.05 0.05 / 4.68 4.68 2.65

3.51 347.49 0.06 0.04 0.10 9.36 4.70 14.06 2.99

7.02 343.98 0.08 0.03 0.11 9.26 4.70 13.96 3.39

10.53 340.47 0.10 0.03 0.13 9.17 4.70 13.87 3.73

14.04 336.96 0.12 0.02 0.14 9.12 4.69 13.81 4.09

17.55 333.45 0.12 0.02 0.14 9.09 4.69 13.78 4.45

21.06 329.94 0.13 0.02 0.15 9.08 4.69 13.77 4.79

24.57 326.43 0.14 0.02 0.15 9.02 4.68 13.70 5.08

28.08 322.92 0.14 0.02 0.16 8.96 4.68 13.64 5.40

31.59 319.41 0.15 0.01 0.16 8.95 4.63 13.58 5.82

35.10 315.90 0.15 0.01 0.16 8.91 4.64 13.55 5.97

Fig. 8 Relationship between the CO2 partial pressure and adsorption
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Pi

Pk
¼ ni

nk
¼ φi ð9Þ

The amount of the mixed gas before adsorption can be
calculated by substituting the above formula into the ideal
gas law:

ni ¼ PiVi

RT
¼ φiPkVi

RT
ð10Þ

The amount of the mixed gas after adsorption can be ob-
tained in the same way. Furthermore, the adsorption amount
per gram of coal can be expressed as

V ¼ ni−n
0
i

� � � Vm

m
� 103 ð11Þ

Calculation results

The adsorption capacity calculated by the two methods is
shown in Table 7.

To improve the accuracy and avoid the inaccuracy caused
by methods and operation errors, the two methods are used to
calculate the adsorption volume. Due to the instrument error,
subjective error, accidental error and the different precision of
the equipment used in the two methods, the small differences
are produced in the measurement process. However, the error
of the two methods is very small, which does not affect the
final result. Therefore, both methods for calculating adsorp-
tion capacity are feasible, and the accuracy of the experimental
results is also confirmed.

Analysis of experiment and simulation

Due to the small range of variables in the simulation, it is
impossible to accurately manipulate their changes during the

(a) Pure N2 adsorption (b) 2% CO2 adsorption (c) 4% CO2 adsorption

(d) 6% CO2 adsorption (e) 8% CO2 adsorption (f) 10% CO2 adsorption

Fig. 9 The state of atomic adsorption. a Pure N2 adsorption. b 2%CO2 adsorption. c 4%CO2 adsorption. d 6%CO2 adsorption. e 8%CO2 adsorption. f
10% CO2 adsorption

Table 7 Adsorption volume calculated by direct observation and gas chromatography method

N2 (MPa) CO2 (MPa) P1 (MPa) (× 10−1)/n1 (mol) (× 10−1) P2 (MPa) (× 10−1)/n2 (mol) (× 10−1) Adsorption capacity (cm3 g−1)

1.00 0 3.51/1.800 3.47/1.780 0.52/0.490

0.98 0.02 3.51/1.800 3.45/1.771 0.78/0.711

0.95 0.05 3.51/1.794 3.44/1.754 0.91/0.980

0.93 0.07 3.51/1.780 3.43/1.735 1.04/1.103

0.90 0.10 3.51/1.762 3.42/1.712 1.17/1.230

Note: P1, the pressure before adsorption;P2, the pressure after adsorption; ni, the amount of the mixed gas before adsorption; ni′, the amount of the mixed
gas after adsorption
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experiment, so the range of variables was expanded in the
experiment, aiming to verify the variation trend of the simu-
lation through experiments.

The adsorption capacity of the experiment and simulation is
shown in Fig. 10. The adsorption capacity of the experiment and
simulation increases gradually, as shown in Fig. 10, and the
increasing rate of adsorption decreases with increasing CO2 pro-
portion. MS software has proven to be feasible to simulate the
adsorption capacity of CO2 and N2 in bituminous coal because
the simulation and experiment showed the same upward trend.
However, there are still some differences between the experimen-
tal adsorption amount and the simulated adsorption amount,
which may be caused by the following aspects:

(1) In real life, coal is a kind of macromolecular material that
has some heteroatomic groups in addition to the main
carbon skeleton. However, the simulation only con-
structs the carbon skeleton of coal, which is different
from the real life, leading to the difference in adsorption
amount between the experiment and the simulation.
However, the carbon skeleton of the coal molecule is in
a dominant position, so it has little impact on the overall
result.

(2) Only one molecular model was used for the adsorption
simulation, but in the experiment, 100 g of pulverized
coal was used, which contains a large number of coal
molecules, possibly leading to the difference in the ad-
sorption amount between the simulation and the experi-
ment. However, these differences do not affect the over-
all trend the results.

(3) The adsorption of gas on coal occurs mainly in the solid
pores, and the simulation is only for coal molecules.
However, this effect is only reflected in the difference
in adsorption amount and has little influence on the over-
all adsorption trend.

In addition, molecular simulation and adsorption have also
been studied. The molecular model of coal was constructed
and the adsorption of methane to a single molecular model of
coal was studied by Meng et al. (2018). Xia et al. (2020) used
the graphite sheets as the hydrophobic mineral, and the force
characteristics and interfacial adsorption structures of
undecane (a model collector) on graphite surface with differ-
ent hydrophobicities were investigated by chemical force
microscopy and molecular dynamics simulations. Xiang
et al. (2014) studied the adsorption characteristics of CH4/
CO2/H2O to coal by molecular simulation. These studies have
shown that it is feasible to study adsorption characteristics by
using molecular simulation. Generally, the simulation and ex-
periment have proven to some extent that the adsorption ca-
pacity of coal tomixed gas increases gradually with increasing
of CO2 ratio. To better understand the principle behind this
phenomenon, much work needs to be invested, and further
studies need to be carried out in the future.

Conclusions

In this paper, a molecular model of bituminous coal was
established. MS software was used to simulate and design
experiments to explore the relationship between the adsorp-
tion capacity of CO2 and N2 in bituminous coal.

The molecular structures of bituminous coal are composed
mainly of aromatic rings with a ring number of 2 and a lower
degree of condensation. Aliphatic carbon exists mainly in the
form of methyl side chains and a few naphthenes. The molec-
ular heteroatoms in the coal include mainly O, N, and very
few S. The molecular formula of the sample is
C156H121N3O10S.

Simulation results showed that the adsorption rate of bitu-
minous coal for CO2 is greater than the adsorption rate for N2,

Fig. 10 The adsorption capacity
of the experiment and simulation
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and there is a competitive adsorption relationship between
them. In the mixed gas, the adsorption volume increases with
increasing of CO2 concentration. In the rapid increase stage,
when a small amount of CO2 is added to N2, the adsorption
capacity of bituminous coal for mixed gas is greatly increased.
The experiment used two methods to calculate the adsorption
volume and the specific adsorption volume is the average of
the results of the two methods. The coal has adsorption
amounts of 0.5050 cm3/g, 0.7455 cm3/g, 0.9450 cm3/g,
1.0715 cm3/g, and 1.2000 cm3/g for pure N2, 2%, 5%, 7%,
and 10% CO2, respectively. The experimental results showed
the same trend as the simulation.

Combining the simulation and the experimental results, the
injection of a small amount of CO2 into pure N2 will greatly
improve the gas adsorption volume of coal, showing that the
mixture of N2 and CO2 has a better fire prevention effect than
pure N2 and is cheaper than pure CO2. Therefore, mixed inert
gas has a higher economy and practicability, which is of great
significance to the prevention and control of coal fires.
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