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Simulation Study on Adsorption and Diffusion of CH, and CO, in Coal Molecular
Structure Under Different Temperatures and Moisture Contents
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Abstract: To study the adsorption and diffusion laws of CH, and CO, in the coal molecular structure model, the adsorption and
diffusion processes of CH,; and CO; in the coal molecular structure model under different temperatures, pressures and moisture
contents were analyzed using the grand canonical ensemble Monte Carlo method and molecular dynamics simulation method.
The results show that with increasing temperature or moisture content, the adsorption capacity of CH, and CO; decreases to a
certain extent, while the adsorption and diffusion capacity of CO, is better than that of CH,.With increasing pressure, the
adsorption capacity of the two gases increases, but it tends to saturate, exhibiting typical saturated adsorption characteristics.
The Langmuir fitting results show that the increase of temperature or moisture content leads to the decrease of adsorption
parameters a and b, and the parameter value of CO; is always higher than that of CH,, indicating that CO, and coal show
higher adsorption affinity. The increase of temperature can significantly enhance the kinetic energy of the two gas molecules and
reduce their local enrichment in the coal molecular structure model, thus improving the diffusion performance. The mean square
displacement of CO, at each temperature is greater than that of CH, , indicating that the diffusion ability of CO, is stronger and
the spatial distribution is more uniform. With increasing moisture content, the average mass density of the two gases in the coal

molecular structure model decreases. Although the presence of water molecules does not change the overall trend of the gas
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adsorption curve, the adsorption saturation point of the gas is significantly reduced. The high moisture content condition

(6.55%) will significantly inhibit the gas diffusion behavior. Water molecules fill the pores and interact with coal molecules,

resulting in restricted gas diffusion paths, weakening the degree of gas migration, and limiting the gas diffusion rate. The

diffusion coefficients of CH, and CO, decrease to 0.063X 10 ® m*/s and 1.33X 10 ® m*/s, respectively. The research results

provide a theoretical basis for improving coalbed methane recovery rate and optimizing CO, sequestration strategy.

Key words: Coal molecular structure, Adsorption and diffusion law, Molecular dynamics simulation, Adsorption capacity,
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Fig.1 Coal molecular structure model
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Fig.2 Coal molecular structure model under different moisture content conditions
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Fig.3 Adsorption isotherm curves of single-component CH, and CO, under different temperature conditions
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Table 1 Langmuir fitting parameters of single-component

CH,and CO, under different temperature conditions

. a/(mmol/g) b/MPa ! R?

W /K —— . - ‘ ‘ S
CH, CO; CH, CO, CH, CO,

293.15 0.843 1.371 4.702 7.865 0.99 0.99

303.15 0.760 1.130 2.740 4.231 0.99 0.99

313.15 0.692 0.950 1.333 2.043 0.99 0.99
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Fig.4 Adsorption isotherm curves of single-component CH, and CO, under different moisture content conditions
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Table 2 Langmuir fitting parameters of single-component

CH, and CO, under different moisture content conditions

k#,/ a/(mmol/g) b/MPa ! R?

% CH, CO; CH, COq CH,4 CO,
0.00 1.082 1.649 5.213 8.764 0.99 0.99
1.41 0.843 1.370 4.702 7.865 0.99 0.99
3.28 0.621 1.034 3.125 5.127 0.99 0.99
6.55 0.358 0.623 2.084 3.249 0.99 0.99
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Fig.5 Mass density distribution of single-component CH, and CO, under different temperature conditions
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Fig.6 MSD linear regression curves of single-component CH, and CO, under different temperature conditions
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Table 3 MSD linear regression curve fitting parameters of single-component CH, and CO, under different temperature conditions

/K y=ax+tb R? D /(X108 m?/s)
CH, CO; CH, CO, CH, CO;
293.15 y=0.861x+0.316 y=1.241x—1.491 0.99 0.99 0.143 0.206
303.15 y=1.039x+0.822 y=1.462x+0.375 0.99 0.99 0.173 0.244
313.15 y=1.2952+0.934 y=1.796x+0.292 0.99 0.99 0.216 0.297
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Fig.7 Mass density distribution of single-component CH, and CO, under different moisture content conditions
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Fig.8 MSD linear regression curves of single-component CH, and CO, under different moisture content conditions
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Table 4 MSD linear regression curve fitting parameters of single-component CH; and CO, under different moisture content conditions

. y=ax+tb R? D./(X10 8 m?/s)
K& % - - - - N N
CH, CO; CH, CO; CH, CO;
0.00 y=1.0442+0.681 y=1.717x—4.277 0.99 0.99 0.174 0.286
1.41 y=0.861x+0.316 y=1.241x—1.491 0.99 0.99 0.143 0.206
3.28 y=0.6142+0.101 y=1.029x —1.467 0.99 0.99 0.102 0.171
6.55 y=0.508x+0.479 y=0.798x —2.402 0.99 0.99 0.063 0.133

Hi 1 8 FiIge 4 WG, BB % KM 02638 A T
B 6.55 %0, CH, (1 il 2 &) % b 35 0l 2% , SR 9 K
e S R E N 85% ~90% ., XF I By H L &R B h
0.174X107% m*/s fE = 0.063 X 10 ° m” /s, X F %
JEH T CH, 0 F R AR S LY #0752 [
FLBRARF S . 24K 3 F 38 W 5 Rl L R AR AR
Ja ISy FAE R G E 2 L 6 CHL 8 8T A
B SZ BRSO A Z R .CO, 4T 1Y il 26 B
W& 2%, T R ME LS 8090 ~85% . HTHIR KA 0.286 X
10 m?/s FEZE 0.133X10 * m?/s, XEHTF CO,
I EA B B S LA KX 4y - 25 R RS 1 RE
W2 BFF A7 5 0 25 AN BE 77, CO, 75— 2 F2 JE L RE WS 3 4
HETH K 53 20 R - BBH 7 T CO, FEAN A5
KBFMTAE A —EEBEE T . Mo, Koo+
R A P R K AR P 1 L B 5 4t g A R o 5 AU B
VIt R T AR 2 o 48 5 A e AR 40 o5 s Y
15 BB R B 67 a5, DT BHL A A 43 1 A O B S5
[/ G | N = e <8 3 S W O o R R
Al PR W K I ik 5 BOURLFL A L A T RIS A2 1 — 2Pl
a5 Iy FiE R BB T . &R BRTR KA
XPAARY B B BELAG AR T EE AR BAE A 1 — T
A1 42 %5 [A] BHLZE , B K 70+ S 58 AL, 4 0 <R 73+ 1Y
AT S (8] 5 53— J7 T A 5 40 W B 7K 43 3 ok S5
T IR W B I o o5 0 R 3 1 4 A 2 T 118 W RS
R SRR ALBR i A & . JU X CH, i
T A B AR T LA L AR KRR
AT A, T CO, W) 2 B W 58 /9 9 0 AE
N ERBERE R RA W e .

3 Hik

AHEGE 44 W GCMC 5 MD B8 )7 i, %
CH, 5 CO, 7EM 5 45 My BB ep (1 W Bt 5 97 LA T
R AT RIRIE 5T, A0 M T IR R T R K R R AR
O F W B BT BT Ry ) RS ma ML, A DL R
.

(L) B2 7 B oK R 3 ] i 4 A 01 T

BHRRAIE L 7E 293.15~303.15 K & B B Y . CO, W Bt

w5 Langmuir B SH o .6 HIGA S T CH, , K

B i 2 P B 5 5 T ) T s T AR R AR R B T T

6 MPa J5 W BF 2 8 16 F  W Bff 25 i £ £ 5 Langmuir

W BF R WO AT 25 S 52 SO 1R 08 R BRF A7 st BR T 5 25 7Kk %0

Th e 23 WY ) 58 AR R L K o A T

I ZE AL B A3 ) AR AR I B ELXS C O, T B

A0 A T B SR M A K RO 6.55 0 I, CHL L CO,

18 ST 347 JoT o %85 BE 4 TR RAS 43 50l R R 65267204,
(2) W BE T i AT A RO AR BT R MR

- WA 1 2 NS W 7 N7 o ) 3 A A 7 (1 e

303.15 K B T M A AR 18 R B8 293.15 K $2

FE30% DL b RN EE T CO, ¥ T B IRE KT

CH, , Ul CO, FEIESS A0 T AL RE ) BE 0 L 3 A B Yy

5);293.15 K il 303.15 K i@ %1+ F CH,.CO, X

Ry R AE 22 8/ T & 313.15 K B4k g

S 0 3R OR L PR ST IOV T A R R ) 7

TEAFAE ] B X 5
(3) mE KR BERBA DAY e,

K o3 FEEREAAR AL B I 5 53 5k A A BT

S R 3E T, HE A AR YT BS 3w A KR

(6.55%) %A F, CH, . CO, W9 4 8 & %4 5l b &=

0.063>X10* m*/s,1.33X10 % m? /s, X 1 [ i 43 5]

N 64 .53 % » K FR X R AR B A R A

IR

£ % SLHK (References) :

(1] FW0, XUHEET A, S5 o [ e P o8 48 45 5 el ik v
I 1 5 5 B 96, 2023,51(1) :159-175.

Sang Shuxun, Liu Shigi, Han Sijie, et al. Coal methane
control and its emission reduction potential in Chinal[J]. Coal
Geology & Exploration,2023,51(1):159-175.

[2]  HORL, BT, 50, 45 8% A B AR T AR IR 25 1 1 1k 1 3 9
R 55 R [T ] AR T B, 2022,41(11) :5695-5708.
Huang Sheng, Wang Jingyu, Guo Pei, et al. Short-term
strategy and long-term prospect of energy structure
optimization under carbon neutrality target [ J]. Chemical

Industry and Engineering Progress, 2022, 41 (11 ):
5695-5708.



150 kAR5 TR 2026,46(6)
[3] ok, wh BN L 5k B A= A A 7R O BT R R 2% SR Zhou Junping, Xian Xuefu, Li Xiaohong. et al. Molecular

[4]

(5]

L6]

(7]

(8]

(9]

[10]

[11]

[12]

REIRATH & RS ()] 16 TARERL 2024 ,26(4) 1 72-83.
Zhong Bing, Han Yanru, Zhang Guosheng, et al
Innovative development of emerging gas energy in China
from the perspective of new-quality productive forces[]].
Strategic Study of CAE,2024,26(4) :72-83.

Damen K, Faaij A, Van Bergen F, et al. Identification of
early CO»
screening for CO.-EOR and CO,-ECBM projects [ ] J.
Energy,2005,30(10) :1931-1952.

A, EDE e, gk BB, S CO 4 LRI 5 B 17 3R K&
CO AT BR G K IELIL KBS A, 2023, 41(1)
28-40.

opportunities  for sequestration-worldwide

Guo Kexing, Yan Guanglong, Zhang Ayu, et al. Status quo
and development of the research on CO; capture, utilization
and storage technology and CQO, pipeline[ J]. Natural Gas
and Oil,2023,41(1) :28-40.

P L RAET BT SRR (LL CO2 2 ) Bl M 3K % 7 R
CH B it 5 52 80 #F 58 [J ). 8 J% 2 4. 2018, 43 (10):
2839-2847.

Liang Weiguo, Zhang Beining, Li Li, et al. Theory and
experimental study of CBM recovery driven by energy
boosting[ J]. Journal of China Coal Society,2018,43(10)
2839-2847.

Sun Xiaoxiao, Yao Yanbin, Liu Dameng. The behavior and
efficiency of methane displaced by CO; in different coals and
experimental conditions[ ]J]. Journal of Natural Gas Science
and Engineering»2021,93:104032.

Krooss Bm, Van Bergen F, Gensterblum Y, et al. High-
pressure methane and carbon dioxide adsorption on dry and
moisture-equilibrated pennsylvanian coals[ J]. International
Journal of Coal Geology,2002,51:69-92.

Day S, Sakurovs R, Weir S. Supercritical gas sorption on
moist coals[]]. International Journal of Coal Geology,2008,
74(3/4):203-214.

AERIA, 25 EEL XIS, 45 X No /CHL /CO2 IR & SR 4
W Bf R E 55 AL R 5 L) 0. o B ol K 2 4 2023, 52(3)
446-456.

Li Shugang, Li Zefan, Liu Peng, et al. Experimental study
of competitive adsorption characteristics and mechanism of
N,/CH,;/CO,; mixture on coal [ ] ]. of China
University of Mining & Technology,2023,52(3) :446-456.
JEVEAE GBI E ., N, 55 COL R S FUHT 9 /& B0
W R0 S AF 5 L0 1048 D 5 18 4R, 2021, 49(1) : 81-86 +

Journal

Zhou Xihua, Han Mingxu, Bai Gang. et al. Experimental
study on the influence of CO; injection pressure on gas
diffusion coefficient[J]. Coal Geology &. Exploration, 2021,
49(1) :81-86+99.

JEVTE AR AR AT, 4 CO, /CH,y T8 Bk 48 1 FL 7 5% 4 %
B 89 23 - B[ 0. 08 ¢ 22 41 . 2010,35(9) :1512-1517.

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

simulations of the competitive adsorption of carbon dioxide/
methane in slit-shape pores [ ]J]. Journal of China Coal
Society,2010,35(9) :1512-1517.

AT, HA R R, A OR TR R R K CHL M
CO, W BF A 7 2 5 P 1 4> FRERLL) ] W™ 42 42, 2022, 53
(10):112-119.

Li Ziwen, Bai Yansong, Wei Hongjin, et al. Molecular
simulation of adsorption thermodynamic properties of CHy
and CO; at different temperature and moisture content
conditions[ J]. Safety in Coal Mines,2022,53(10):112-119.

AU BUIE B AU B B R R Y S A B 22 e
WEFELT . o [ %2 2R 25 41, 2020, 30(4) 1 60-67.,

Lou Hezhuang, Jia Tinggui. Competitive adsorption
difference during coal spontaneous combustion process in
noble gas atmosphere [ J]. China Safety Science Journal,
2020,30(4):60-67.

Zhao Xiao, Jin Hui. Correlation for self-diffusion coefficients
of Hy, CH,;,CO, Oz and CO: in supercritical water from
molecular dynamics simulation [ ] ]. Applied Thermal
Engincering.2020,171,114941,

F T O A A S OB IR IX 37 R X LR AT S 4 T R
CHu COo W B 43 F BT L i 52 L) 0 R B R 1-9
[2025-06-20 1. https://link. cnki. net/urlid/11. 2402. TD.
20230913.0925.001.

Xin Xinxin, Sa Zhanyou, Yang Shuai, et al. X-ray
diffraction analysis of 3% coal in Jincheng mining area and
comparative study on molecular simulation of CH, and CO;
adsorption[ ] ]. Coal Science and Technology: 1-9[ 2025-06-
20]. https://link. enki. net/urlid/11. 2402. TD. 20230913.
0925.001.

Xu Chao, Wang Kai, et al.

Wang Wenjing, Filling-

Adsorption mechanism and diffusive transport
characteristics of Nz /CO3 in coal: experiment and molecular
simulation[ ] ]. Energy,2023,282:128428.

Mg, 0 JUEE IR, % CH, /CO2 /Ho O 1E 853 F 45
PR g T AL LT ] B R R AR, 2014, 44 (7D
1418-1428.
Xiang Jianhua, Zeng Fangui, Liang Huzhen, et al.
Molecular simulation of the CH,;/CO,/H;O adsorption onto
the molecular structure of coal[ J]. Scientia Sinica ( Terrae) ,
2014,44(7):1418-1428.

Dang Yong, Zhao Lianming, Lu Xioqing, et al. Molecular
simulation of CO;/CH, adsorption in brown coal: effect of
oxygen-, nitrogen-, and sulfur-containing functional groups
[J]. Applied Surface Science,2017.,423:33-42.

Jia Jinzhang, Xing Yinghuan, Li Bin., et al. Molecular
simulations of multivariate competitive adsorption of CH,,
CO; and H; O in gas-fat coal[]J]. Colloids and Surfaces A:
Aspects, 2024,

Physicochemical  and Engineering

683:132917.



KA FRFRE A S

K&ETF CH, = CO, W2

FEMPTRWE T RGBT ].F LR L X ,2026,46(6). 151

[21]

[22]

23]

[24]

[25]

[26]

Zhang Shuo, Zhang Xiaodong, Wang Zhiming, et al.
Molecular simulation of CH; and CO; adsorption behavior in
coal physicochemical model and its control
mechanism[]]. Energy,2023,285:129474.

SERLET B OB TR T Ak A O R TR T AR A T A A R A
) SRR 3 AT L) B A 2 4. 2022,47(12) : 4504-4516.

Chai Shuangqi, Zeng Qiang. Molecular model construction

structure

and structural characteristics analysis of Wucaiwan coal in
Eastern Junggar Coalfield based on quantum chemistry
theory[ J]. Journal of China Coal Society, 2022, 47 (12);
4504-4516.

X%, T4 ek VEVLHE  BE 43 F B0 T 2k 19 7K 43 %) BRI TE A
ARG BA FE e e A B e S LD ) 42 42, 2022, 53(8) 1 20-27.
Liu Xing, Ma Jinkui, Xu Jiangtao. Effect of moisture on

methane adsorption characteristics of soft and hard
anthracite based on molecular simulation method[ J]. Safety
in Coal Mines,2022,53(8) :20-27.

57 = MR G K AL B 25 0 SR 0 By M s LD bt
Rl K57 (dE R0 . 2020.

Lun Jiayun. Study on gas adsorption characteristics in coal
nanopore[ D]. Beijing: China University of Mining and
Technology-Beijing,2020.

R T AKONF TG AR R R R
e TR B TR 2, 2021,

Kang Ningning. Molecular dynamics simulation of the effect

B oy 13 1 A [ D] 4R

ofwater on the adsorption of methane onanthracite coal[ D].
Jiaozuo: Henan Polytechnic University,2021.

2 RW] L SR S5 R 1 X CO. IR B 5 1
HALHE 5T ()]0 % 42,2023, 54(9) :60-65.

Zheng Xuezhao, Wu Shuo, Wen Hu, et al. Study on CO;
adsorption and diffusion law of coal under differ-ent
temperatures and pressures[ ] . Safety in Coal Mines,2023,

54(9):60-65.

[27]

[28]

[29]

[30]

[31]

[32]

I, VAT B A 6] i r%ﬂ*?iﬁ'&ﬁﬁ CH4/CO IRAX M
ii’@ﬁﬁ?ﬁ[]lﬁ‘ﬁﬁ%f AR, 2013, 32 CHE ) 2)
3291-3296.

Wu Di, Sun Keming. Experimental study for coal briquettes
adsorption of CH,;/CO; mixture under different
temperatures| J ]. Chinese Journal of Rock Mechanics and
Engineering,2013,32(Suppl.2) :3291-3296.

PN PR SRR L 5. CO2 /N —IT MR Y e 76 J4 v
R W 14 23 T ERULAIE 72 [0 0. 88 B b T 5 B4R 2022, 50 (3)
127-136.

Sun Zhixue, Min Cheng, Zhang Wanlu, et al. Molecular

simulation of the effect of CO;/N; binary gas on methane

adsorp-tion in coal[ J]. Coal Geology &. Exploration, 2022,

50(3):127-136.

R A B KR P SR R R - R A TR AT O
(DI < P4 R 73 K 2%, 2015,

Han Jinxuan. Molecular simulation of gas adsorption,
desorption-diffusion in the aqueous coal [ D]. Chengdu:
Southwest Petroleum University,2015.

Yang Hongmin, Kang Ningning, Chen Xiangjun, et al.
Exploring the inhibitory effect of H>O on CO,/CH;
adsorption in coal:insights from experimental and simulation
approaches[J]. Energy,2023,284:129317.

H 73.CO2 . CH, TE M 5 45 1 8 78 o 1% [ 69 43 7 150 400 BF 5
(D13 &« i E Al (R 4D , 2014,

Tian Li. Molecular simulation study of the adsorption of methane
and carbon dioxide in bituminous coal model [ D]. Qingdao:

China University of Petroleum (East China),2014.

VPR WA . 288 =5 . CHL /Ho O/COL R4 T A 37 Ry
S PRI 4 42, 2024,55(9) :85-93.

Xu Jiang, Chen Qian, Li Juyun. Molecular simulation of

self-diffusion of CH,, H20O and CO; in coal macro-molecule

[J]. Safety in Coal Mines,2024,55(9) :85-93.



