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Research progress on comprehensive utilization and cascade upgrading of full-
concentration coalbed methane
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Abstract: Coalbed methane (CBM), a significant unconventional natural gas resource, holds strategic importance
for optimizing energy structure, ensuring the safety of coal mining operations and reducing greenhouse gas emissions
through effective utilization. This review systematically examines the comprehensive utilization and cascade
upgrading, including enrichment and purification, of CBM across the full concentration range. For comprehensive
utilization, differentiated approaches are adopted for CBM with different CH, concentrations, encompassing
chemical conversion, combustion and knock combustion power generation, and oxidation for heat supply. The
applicability and technical bottlenecks of these methods in different application scenarios are analyzed. In addition,
more promising high—value conversion pathways and direct energy conversion via solid oxide fuel cells offer new
development directions for enhancing the economic viability and utilization efficiency of CBM. For enrichment and
purification, with a focus on improving the quality and efficiency of low—to—medium concentration CBM, this review
introduces the basic principles, research progress, and industrial application status of mainstream processes. The

recent advances in pressure swing adsorption (PSA) separation technology are highlighted, including the design and
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development of high—performance adsorbents, continuous optimization of PSA processes, exploratory applications of

machine learning, and recent progress in novel PSA techniques. Although a comprehensive utilization technology

system for CBM across the full concentration range has begun to take shape, numerous challenges remain in safe

and efficient utilization, system integration, and large—scale operation across different concentration ranges,

particularly for ventilation air methane (VAM). Future research should further strengthen technological research and

development to promote the efficient, clean, and large—scale utilization of CBM resources.

Keywords: full-concentration coalbed methane; coalbed methane utilization; methane; separation; cascade

upgrading; adsorption

i =

I 2 S (CoalBed Methane, CBM) , X FRBED™ FL
W R A TR P R4 I EE(CH,) L R
THEH MR AR EZE AR . TR R A2
fitf 2 HE 24 1 =, © BRI o i 52 O B R
2000 K LA B IL B T 36 TN I oK™, PR
J2 SR ) S 1 3 N AU A 2 i PR
RARSMETT P G J7 1T, ST R 5 i ARk B IR 2R
AR

B AR AOTFR Bk B A7 A

Fig.1 Schematic of full-concentration coalbed methane

extraction and concentration distribution
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Fig. 2 Organic Rankine cycle with LNG cold energy utilization
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Fig.3 Reaction mechanism of methane fueled SOFCs
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Fig.4 Diagram of the porous medium combustion burner

142 ViR RMEAHAHE AR CHOGHEAAE AT
FHOR FHBE Ml —BE R IR, 7EIRIEL B 52 BE C-H HE Y
AL 38 i e i SR e CHL B S A, AR
T E B il is B AS E S AL E Y, i 5 B Rt
JGHEAL SR T B CH YR G Bl 2312,
R R S 20 I 2 KA s A A B T
RS/ E S

CB &

VB

K5 WL ARt ™

Fig.5 Schematic diagram of methane photocatalytic conversion
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Tablel Comparison of reaction performance of catalysts for VAM catalytic oxidation

REALH JEADALSA S REREE (C) CH, LR ERPYN
Pd/CeO, (HHA) 1 vol% CH,, 20 vol% 0,, 79 vol% N, 336 90% [42]
0.5% Pd/Ce0,~RE 0.5 vol% CH,, 3 vol% 0,, 96.5 vol% N, 400 90% [43]
Pd/Zx0:(700) 0.1 vol% CH,, 3.15 vol% 0,, 96.75 vol% N, 400 97% [44]
2105(2)-Co304 0.5 vol% CH,, 8 vol% 0,, 91.5 vol% N, 335 90% [45]
CoGOS0 1 vol% CH,, 10 vol% 0,, 89 vol% N, 400 ~100% [46]
Pd/Co304 0.5 = 2.0 vol% CHs, O, &, N, -4 270 - 550 ~100% [47]
Lao.7Ceo.3FeOs 0.5 vol% CH,, 3 vol% 0,, 96.5 vol% N, 510 90% [48]
Co - In-0.2 1 vol% CH,, 10 vol% 0,, 89 vol% N, 395 99% [49]
LaMnFeAl ;O 1 vol% CH,, 99% Air 674 90% [50]
Co5Mnl 1 vol% CH,, 10 vol% O,, 89 vol% N, 320 90% [51]
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Table2 Comparison of direct utilization technologies for coalbed methane
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Fig.7 Coalbed methane cascade enrichment and purification

schematic diagram
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Fig.8 Coal mine methane liquidization process diagram
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Fig.9 Synthesis of nanosized K-Chabazite by the seed—

passaging route; CH, and N, adsorption isotherms
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Cycling breakthrough tests of MOR—-Cu at 298 K and 1 bar
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Table 3 Table 4Summary of methane/nitrogen selective
separation adsorbentsSummary of nitrogen/ methane

selective separation adsorbents

W Bt 551 CH/N, M CH, P25 (em’/g) 75 3CHk
PZS-900 4.64 42.22 [67]
Cell-500 9.91 12.55 [62]
N-WAPC 7.62 22.62 [68]
PS-2-450 7.6 25.31 [63]

HAC-1-700 5.09 35.92 [69]

TMAY 6.32 11.42 [70]

K-Chabazite 4.7 40.12 [60]

SS7-13 2.7 30.96 [71]
SAPO-34 3.1 16.46 [72]
T zeolite 53 34.4 [72]
ATC~Cu 9.80 64.96 [65]
Al-CDC 13.1-16.69 31.81 [73]
Cu-BTC 3.69 17.70 [74]

Ni(ina), 15.8 40.8 [75]

Cu(ina), 8.34 18.52 [76]

Uigl N/CH, 8 N A (em’g) S22 3k

MIL-100Cr 7.4 274 [77]
Cu-MFU-41 3.9 252 [66]
V,CL, (btdd) 38.0 425 [78]

ETS-4 8.7 (Wi kL) 6.72 [79]

MOR-Cu  62.1(HZ[ffH) 16.58 [61]
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Fig.11 The industrial demonstration plant for low—
concentration coalbed methane enrichment by pressure swing

adsorption
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Fig.12  Four—step vacuum—pressure swing adsorption with
N,displacement process; Product volume fraction histories of N,

and CH,

B (DR-PSA) T2 (W3 1R A v ] gk Ak iy 77 =X, )
7 325 T 1) 52 4 935 B I %) 0 2 4 S BT 4 Il e
AT S 3R 43 5 4 2l R 1) i — 2P A4k o Saleman
ZEN0 T — AR T CHYNIR A 0P 828 CH,
B4 [ i 5 A R[] 9 PSA 2K, AT L[] Fsf ok 795 ol
W ATk, KKK 2.4% 19 CH, N D) & £ &

x5 TERMESERRERAEESHCEHEKE

Table 5 PSA cycles and performance in literatures for coalbed methane enrichment

Fre R 51 T T2 JFECH, MR (%) 2GR (%) I (%) Z:7% 3k
1 ETS-Ba400 PSA 2-bed 4-step 90 98.2 90 [88]
2 K-RHO PSA 2-bed 6-step 80 96.1 72.3 [92]
3 Silicalite-1 VPSA 4-bed 8-step 75/80 95/99 99 [93]
4 MIL-100(Cr) VPSA 2-bed 6-step 75 97 92 [89]
5 CMS-G VPSA 4-bed 5-step 50.5/75 79.5/90.85 85 [87]
6 AC G2x7/12 VPSA 3-bed 5-step 53 96 90-92 [94]
7 YK-AC VPSA 3-bed 5-step 30 80~98 65~96 [95]
8 AC VPSA 3-bed 6-step 30 60-62 91 [96]
9 AC VPSA 2-bed 7-step 25 50.4 86.3 [97]
10 Silicalite-1 VPSA 2-bed 6-step 20730 45/57 80 [86]
11 AC VPSA 2-bed 5-step 20 30 80 [98]
12 TUTJ-1 Zeolite VPSA 4-bed 12-step 16~30 43.3~70.7 75~90 [85]
3 Homemade AC VPSA 6-bed 12-step 10~50 32.15~88.75 83% (2]

Two-stage 20 90 98%
14 Cu(INA), VPSA 4-bed 6-step 15 50 90.3 [99]
15 1LZ VPSA 6-bed 12-step 5.0/16.1 11.5/34.6 80 [83]
16 Homemade AC VPSA 2-bed 4-step 1 6.5 93 [100]
17 AC VPSA 3-bed 7-step 0.2 0.4 70 [101]
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Fig.13  The possible gas transport mechanism diagram of the
Z1F-62-Br/PEI membrane
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Fig.14  Principle illustration for the hydrate—based CH,
separation from LC-CBM
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Table 6 Comparison of coalbed methane enrichment and purification technologies
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Fig.15 Schematic diagram of comprehensive utilization and

stepwise upgrading of full-concentration CBM

IR BE 2 b CHL 1y s B S 4t 2 e it
HomE 2R MR 2P . 1634 T ERA
PRI T2 v 78 e R B AR AR TR 0] L 25 Y
SIS PE Bl 3RS P AR BE T, RE ST AR Mk BE A= <4
A v v B SEARTE Tl AR 5 T i BLAT A4
o AR Z AR U G s . BB R, £
Fift e P BE CHY/N, 73 B W B 5 2 S8 M SE B 2 391 T
A = A, W R 7 T R B B HAS
S A o TR £ B S (EASEEL L N T 2 I 2% 465 05 45
FEREBOA FFEES W SRR T 2 BT AT R G0
Br 55 S B A, 4275 (07 31 s 72 T WA A 2 AR 1) 2 4
PE AR R AR PR . BARIZEOR B S —E W
AR, SR v 1 BB IR AR B9 Tl A A P AR I A AR FOR
THUET , T 2 5 B AA R BE 55 A F i) XT3 i ) BR
il o B B RO W S B R A A, RV
Ak T /N B B, (B A AR BEAR DL 3, ol H n
AR FIEM 5 18], SR (R T2 <R e A
AR T ATRE. UK Wk A R R R TR
e R T T, AN SOV R B AR AR
TEATSIEAT T A DR A AL

&% ik

(1]

2]

(3]

[4]

(6l

(7]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Moore T A. Coalbed methane: a review|J]. International Journal of
Coal Geology, 2012, 101: 36-81.

rpA N RILFIE [ SR LR . b R SRS (M. T
Bk, 2019.

Ministry of Natural Resources of the People’s Republic of China.
China mineral resources[M].
House, 2019.

Karakurt I, Aydin G, Aydiner K. Mine ventilation air methane as a

Beijing: Geological Publishing

sustainable energy source[J]. Renewable and Sustainable Energy
Reviews, 2011, 15(2): 1042-1049.

Miller S M, Michalak A M, Detmers R G, et al. China’s coal mine
methane regulations have not curbed growing emissions|J]. Nature
Communications, 2019, 10: 303.

Chai X L, Tonjes D J, Mahajan D. Methane emissions as energy
reservoir: context, scope, causes and mitigation strategies[J].
Progress in Energy and Combustion Science, 2016, 56: 33-70.

Wl plbk . BE)Z SBBGA FIBOARIR L. 97 %2 2 5 B0 R, 2016,
43(4): 94-97.

Yao C L. Discussion on cascade utilization technology for coal-
bed methane[J]. Mining Safety & Environmental Protection, 2016,
43(4): 94-97.

Kumar S, Kwon H T, Choi K H, et al. LNG: an eco—friendly
cryogenic fuel for sustainable development[]J]. Applied Energy,
2011, 88(12): 4264-4273.

He T B, Chong Z R, Zheng J J, et al. LNG cold energy utilization:
Prospects and challenges|J]. Energy, 2019, 170: 557-568.
Mehrpooya M, Moftakhari Sharifzadeh M M, Rosen M A. Optimum
design and exergy analysis of a novel cryogenic air separation
process with LNG (liquefied natural gas) cold energy utilization[J].
Energy, 2015, 90: 2047-2069.

Cao W S, Beggs C, Mujtaba I M. Theoretical approach of freeze
seawater desalination on flake ice maker utilizing LNG cold energy
[J]. Desalination, 2015, 355: 22-32.
Ribun V, Boichenko S, Kuzhewski H, et al. Analysis of
conventional and nonconventional GTL technologies: benefits and
drawbacks[M]//Modern Technologies in Energy and Transport.
Cham: Springer Nature Switzerland, 2024: 273-286.

Fei Q, Guarnieri M T, Tao L, et al. Bioconversion of natural gas to
liquid fuel: opportunities and challenges[J]. Biotechnology
Advances, 2014, 32(3): 596-614.

An Y L, Lin T J, Yu F, et al. Advances in direct production of
value—added chemicals via syngas conversion[]]. Science China
Chemistry, 2017, 60(7): 887-903.

Velasco J A, Lopez L, Cabrera S, et al. Synthesis gas production
for GTL applications: Thermodynamic equilibrium approach and
potential for carbon formation in a catalytic partial oxidation pre—
reformer[J]. Journal of Natural Gas Science and Engineering,
2014, 20: 175-183.

Wang S Q, Nabavi S A, Clough P T. A review on bi/polymetallic
catalysts for steam methane reforming[J]. International Journal of
Hydrogen Energy, 2023, 48(42): 15879-15893.

Wei J M, Iglesia E. Isotopic and kinetic assessment of the
mechanism of reactions of CH, with CO, or H,O to form synthesis

gas and carbon on nickel catalysts[J]. Journal of Catalysis, 2004,



.14 -

fb T

o
¥

Ejte XX

[17]

[18]

[20]

[21]

[22]

(23]

[24]

[25]

[31]

224(2): 370-383.

Alli R D, de Souza P A L, Mohamedali M, et al. Tri-reforming of
methane for syngas production using Ni catalysts: current status
and future outlook|[J]. Catalysis Today, 2023, 407: 107-124.
RS ARIR BE BUT 22 A BRI S B 2 A [0 7 AL T
2022, 42(3): 47-48.

Liang L Z. Analysis on current research situation of low
concentration gas power technology[J]. Shanxi
Chemical Industry, 2022, 42(3): 47-48.

FHEE, S, EEF, L P T RURS R G i
FR S TARREN]. B HBETSHHR, 2022, 50(9): 42-50.

Li G F, Li C, Huo C X, et al. Key technology and engineering

generation

demonstration for cascade utilization of gas in key coal mining
areas of Shanxi Province, ChinalJ]. Coal Geology & Exploration,
2022, 50(9): 42-50.

Zhou F B, Xia T Q, Wang X X, et al. Recent developments in coal
mine methane extraction and utilization in China: a review|]].
Journal of Natural Gas Science and Engineering, 2016, 31:
437-458.

MrEosE, A, KB % . R PLd 7 98 RE
CN200520087726.X[P]. 2007-05-30.

Chen Y L, Mou S X, Zhang Q J. Electronic control equipment for
engine: CN200520087726.X[P]. 2007-05-30.

T M AR e )2 R L B R B B I ST, v B e
2014(S1): 277-279, 284.

Yang G S. Application research on low concentration coalbed
methane power generation technology[J]. China Coal, 2014(S1):
277-279, 284.

Singh M, Zappa D, Comini E. Solid oxide fuel cell: decade of
progress, future perspectives and challenges[]J]. International
Journal of Hydrogen Energy, 2021, 46(54): 27643-27674.

Wei K W, Wang X X, Zhu H, et al. Clean and stable conversion of
oxygen—bearing low—concentration coal mine gas by solid oxide
fuel cells with an additional reforming layer[J]. Journal of Power
Sources, 2021, 506: 230208.

Jiao Y, Wang L Y, Zhang L Q, et al. Direct operation of solid
oxide fuel cells on low—concentration oxygen—bearing coal-bed
methane with high stability[J]. Energy & Fuels, 2018, 32(4):
4547-4558.

Hibino T, Iwahara H. Simplification of solid oxide fuel cell system
using partial oxidation of methane[J]. Chemistry Letters, 1993, 22
(7): 1131-1134.

Hua B, Li M, Pu J, et al. BaZr , Ce ,, Y ,, Yb , O, ;enhanced
coking—free on—cell reforming for direct-methane solid oxide fuel
cells[J]. Journal of Materials Chemistry A, 2014, 2(31): 12576.
Setiawan H, Sakamoto M, Shiratori Y. Study on biochar as
desulfurizer for SOFC application[J]. Fuel Cells, 2021, 21(5):
430-439.

Mujeebu M A, Abdullah M Z, Abu Bakar M Z, et al. Combustion
in porous media and its applications - a comprehensive survey[J].
Journal of Environmental Management, 2009, 90(8): 2287-2312.
Liao M J, He Z, Liang X, et al. Effect of the cross—section of a
porous burner on the combustion stability limit of premixed oxy—
methane flames[J]. ACS Omega, 2023, 8(50): 48258-48268.
FIEE i . A3 JEE U 36 58 B BB R THE AR B SE ). AL Tk 5
1H, 2018, 55(4): 47-49, 54.

Gan H L. Research of technologies used in low concentration gas

(321

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

incineration and heat energy utilization[J]. Process Equipment &
Piping, 2018, 55(4): 47-49, 54.

He L, Fan Y L, Belletire J, et al. A review on catalytic methane
combustion at low temperatures: catalysts, mechanisms, reaction
conditions and reactor designs[J]. Renewable and Sustainable
Energy Reviews, 2020, 119: 109589.

Chin Y H, Buda C, Neurock M, et al. Reactivity of chemisorbed
oxygen atoms and their catalytic consequences during CH, - O,
catalysis on supported Pt clusters[J]. Journal of the American
Chemical Society, 2011, 133(40): 15958-15978.

Tang Z Y, Zhang T, Luo D C, et al. Catalytic combustion of
methane: from mechanism and materials properties to catalytic
performance[J]. ACS Catalysis, 2022, 12(21): 13457-13474.

Fan Y Y, Zhou W C, Qiu X Y, et al. Selective photocatalytic
oxidation of methane by quantum-sized bismuth vanadatelJ].
Nature Sustainability, 2021, 4(6): 509-515.

Liu Z, Xu B Y, Jiang Y J, et al. Photocatalytic conversion of
state of the art, challenges, and future

perspectives|J]. ACS Environmental Au, 2023, 3(5): 252-276.

Xu Y Y, Shen X F, Guo S, et al. Iron oxide clusters as electron

methane: current

donors under light enhance oxygen reduction kinetics at
atomically dispersed Fe for photocatalytic CH, partial oxidation[J].
Angewandte Chemie International Edition, 2025, 137(7):
€202419075.

AEAR I, kA, ZRICHE . BZ M HEOR WFFE 2 e D). th v 1k
1.,2018, 38(4): 41-44.

Ren J Q, Zhang W, Gong W Z. Research progress of utilization
technique in coal bed methane[J]. Shanxi Chemical Industry,
2018, 38(4): 41-44.

R AR B2 AR AL S BOR W5 5 0 D). 1
RFFERAR, 2023, 51(S1): 173-180.

Zhang T. Research and application of key technology for thermal
storage oxidation utilization of low concentration coalbed methane
[J]. Coal Science and Technology, 2023, 51(S1): 173-180.

Feng X B, Jiang L, Li D Y, et al. Progress and key challenges in
catalytic combustion of lean methane[J]. Journal of Energy
Chemistry, 2022, 75: 173-215.

B, XAUR, HR, 5 = KA AL AL R TR 35 5
PERIBEFEL]. BEDCE 4R, 2015, 40(1): 109-114.

Mao M M, Liu Y Q, Zheng B, et al. Investigation of temperature
distribution uniformity in a preheating catalytic oxidation bed[J].
Journal of China Coal Society, 2015, 40(1): 109-114.

Ma J, Lou Y, Cai Y F, et al. The relationship between the
chemical state of Pd species and the catalytic activity for methane
combustion on Pd/CeO,[J]. Catalysis Science & Technology, 2018,
8(10): 2567-2577.

Liu Y X, Hu C H, Bian L C. Highly dispersed Pd species
supported on CeO, catalyst for lean methane combustion: the
effect of the occurrence state of surface Pd species on the catalytic
activity[J]. Catalysts, 2021, 11(7): 772.

Kim C, Hong E, Shin C H. Improvement of methane combustion
activity for Pd/ZrO, catalyst by simple reduction/reoxidation
treatment[J]. Catalysts, 2019, 9(10): 838.

Pu Z Y, Liu Y, Zhou H, et al. Catalytic combustion of lean
methane at low temperature over ZrO,—modified Co,0, catalysts

[J]. Applied Surface Science, 2017, 422: 85-93.

Gong D, Zeng G F. Low—temperature combustion of methane over



5 XX

www.hgxb.com.cn

.15 -

[50]

[52]

[53]

[55]

[57]

[58]

[59]

graphene templated Co,0, defective—nanoplates[J]. Scientific
Reports, 2021, 11: 12604.

Ercolino G, Grzybek G, Stelmachowski P, et al. Pd/Co,0,~based
catalysts prepared by solution combustion synthesis for residual
methane oxidation in lean conditions[J]. Catalysis Today, 2015,
257: 66-71.

Xiang X P, Zhao L H, Teng B T, et al. Catalytic combustion of
methane on La, _ Ce FeO, oxides|J]. Applied Surface Science,
2013, 276: 328-332.

Zheng Y, Wang C, Li J J, et al. Enhanced methane oxidation over
Co,0, - In,0, = composite oxide nanoparticles via controllable
substitution of Co*/Co™ by In* ions[J]. ACS Applied Nano
Materials, 2020, 3(9): 9470-9479.

TR, MR AR, KT . ANIF B T35 440 il S FR R R A AL 7
LG B T B A RE TERE RS2 AL HRRHE 242312, 2011, 39(9):
717-720.

Ren X G, Zheng J D, Song Y J. Effects of different ion dopants on
the structure and lanthanum

catalytic  performance  of

in methane combustion[J]. Journal of Fuel

Chemistry and Technology, 2011, 39(9): 717-720.
Li J H, Liang X, Xu S C, et al. Catalytic performance of

hexaaluminates

manganese cobalt oxides on methane combustion at low
temperature[J]. Applied Catalysis B: Environmental, 2009, 90(1/
2): 307-312.
You C F, Xu X C. Utilization of ventilation air methane as a
supplementary fuel at a circulating fluidized bed combustion boiler
[JI. Environmental Science & Technology, 2008, 42(7): 2590-
2593.
ZErp e IRV BE R SR BORWF ST SR B HY R 22T, RE IR
LR, 2018, 40(6): 152-156.
Li Z J. Research status of low concentration coal mine methane
utilization technology and application prospect[J]. China Energy
and Environmental Protection, 2018, 40(6): 152-156.
Wresl . E A2 B S A] T EZ R, 2007, 4(4):
20-22.
Yang K J. Separation and liquefaction of oxygen—bearing coal
mine methane[J]. China Coalbed Methane, 2007, 4(4): 20-22.
VMG T, EHEAR, sd . AR IR A2 S P A ET]. AR
LT, 2005, 30(4): 43-46.
Tao P W, Wang X D, Huang J B. Separation of methane from coal
seam gas by cryogenic distillation[J]. Natural Gas Chemical
Industry, 2005, 30(4): 43-46.
Va7 . B DX 2 SRR 3 B VR AL T 22 AR A A (0. v
JZ, 2009, 6(1): 37-41.
Tao P W. Analysis of power consumption of the liquefaction
technology for separation of CMM at low temperature[J]. China
Coalbed Methane, 2009, 6(1): 37-41.

R o U B R E RS S B e i 2 4 T2 TR ). KRR
AL T(CL 2 51ET), 2014(3): 57-62.
Zhu J. A safe process for purification of oxygen—bearing coal bed
methane by direct cryogenic separation|J]. Natural Gas Chemical
Industry, 2014(3): 57-62.
Nguyen T V, Rothuizen E D, Markussen W B, et al.
Thermodynamic comparison of three small-scale gas liquefaction
systems[J]. Applied Thermal Engineering, 2018, 128: 712-724.
Wang Q, Yu Y X, Li Y H, et al. Methane separation and capture

from nitrogen rich gases by selective adsorption in microporous

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

materials: a review|J]. Separation and Purification Technology,
2022, 283: 120206.

Yang J F, Liu J Q, Liu P X, et al. K-chabazite zeolite nanocrystal
aggregates for highly efficient methane separation[J]. Angewandte
Chemie International Edition, 2022, 61(8): €202116850.

Tang X, Bai X W, Wang Y T, et al. In situ synthesis of copper—
based mordenite for nitrogen/methane sieving[J]. Nature
Communications, 2025, 16: 8065.

Jing J X, Wang Y G, Yang C C, et al. Green and facile synthesis of
cellulose=based porous carbons for effective CH,/N, adsorption
separation[J]. Chemical Engineering Journal, 2025, 519: 164803.
Liu F, Zhang Y, Zhang P X, et al. Facile preparation of N and O-
rich porous carbon from palm sheath for highly selective
separation of CO,/CH/N, gas—mixture[J]. Chemical Engineering
Journal, 2020, 399: 125812.

Yang J F, Zhao Q, Xu H, et al. Adsorption of CO,, CH,, and N, on
gas diameter grade ion—exchange small pore zeolites[J]. Journal of
Chemical & Engineering Data, 2012, 57(12): 3701-37009.

Niu Z, Cui X L, Pham T, et al. A metal - organic framework based
methane nano—trap for the capture of coal-mine methanelJ].
Angewandte Chemie International Edition, 2019, 58(30): 10138-
10141.

Zhang F F, Zhao Z W, Wang Y T, et al. Nitrogen adsorption sites
with low polarizability for benchmark N,/CH, separation[J].
Angewandte Chemie International Edition, 2025, 64(36):
€202510242.

Wang S M, Wu P C, Fu J W, et al. Heteroatom—doped porous
carbon microspheres with ultramicropores for efficient CH,/N,
separation with ultra~high CH, uptake[J]. Separation and
Purification Technology, 2021, 274: 119121.

Li Y, Xu R, Wang B B, et al. Enhanced N-doped porous carbon
derived from KOH-activated waste wool: a promising material for
selective adsorption of CO2/CH4 and CH4/N:[J]. Nanomaterials,
2019, 9(2): 266.

Zhang C J, Wang Y G, Jing J X, et al. Green synthesis of
ultramicroporous carbons by in-situ ionic activation of coal-
derived humic acids for efficient CH,/N, separation[J]. Chemical
Engineering Journal, 2025, 510: 161605.

Wu Y Q, Yuan D H, Zeng S, et al. Significant enhancement in
CH,/N, separation with amine-modified zeolite Y[J]. Fuel, 2021,
301: 121077.

Shang H, Li Y P, Liu J Q, et al. CH,/N, separation on methane
molecules grade diameter channel molecular sieves with a CHA-
type structure[J]. Chinese Journal of Chemical Engineering, 2019,
27(5): 1044-1049.

Li Y, Zhou Y, Zhang Y Z, et al. Template—free synthesis of
intergrown T zeolite with high CH,/N, selectivity[J]. Separation
and Purification Technology, 2025, 377: 134500.

Chang M, Zhao Y J, Liu D H, et al. Methane-trapping metal -
organic frameworks with an aliphatic ligand for efficient CH,/N,
separation|J]. Sustainable Energy & Fuels, 2020, 4(1): 138-142.
Qing M W, Shen D M, Biilow M, et al. Metallo—organic molecular
sieve for gas separation and purification[J]. Microporous and
Mesoporous Materials, 2002, 55(2): 217-230.

Wang S M, Shivanna M, Yang Q Y. Nickel-based metal - organic
frameworks for coal-bed methane purification with record CH,/N,

selectivity[J]. Angewandte Chemie International Edition, 2022, 61



- 16 -

o
¥

fb T

Ejte XX

[76]

[77]

[78]

[79]

[80]

(81]

(83]

[84]

(86]

(87]

(88]

[89]

[91]

[92]

(15): €202201017.

Hu J L, Sun T J, Liu X W, et al. Separation of CH,/N, mixtures in
metal - organic frameworks with 1D micro—channels[J]. RSC
Advances, 2016, 6(68): 64039-64046.

Yoon J] W, Chang H, Lee S J, et al. Selective nitrogen capture by
porous hybrid materials containing accessible transition metal ion
sites|J]. Nature Materials, 2017, 16(5): 526—531.

Jaramillo D E, Reed D A, Jiang H Z H, et al. Selective nitrogen
adsorption via backbonding in a metal — organic framework with
exposed vanadium sites[J]. Nature Materials, 2020, 19(5):
517-521.

Kuznicki S M, Bell V A, Nair S, et al. A titanosilicate molecular
sieve with adjustable pores for size—selective adsorption of
molecules|J]. Nature, 2001, 412(6848): 720-724.

Jayaraman A, Hernandez—Maldonado A J, Yang R T, et al.
Clinoptilolites  for nitrogen/methane separation[J]. Chemical
Engineering Science, 2004, 59(12): 2407-2417.

Zhou S, Shekhah O, Ramirez A, et al. Asymmetric pore windows
in MOF membranes for natural gas valorization[J]. Nature, 2022,
606(7915): 706-712.

Lu B, Shen Y H, Tang Z L, et al. Vacuum pressure swing
adsorption process for coalbed methane enrichment[J]. Chinese
Journal of Chemical Engineering, 2021, 32: 264-280.

Hu G P, Xiao G K, Guo Y L, et al. Separation of methane and
nitrogen using ionic liquidic zeolites by pressure vacuum swing
adsorption[J]. AIChE Journal, 2022, 68(7): e17668.

Hu G P, Guo Y L, Zhao Q H, et al. Separation of methane and
nitrogen using heavy reflux pressure swing adsorption:
experiments and modeling[J]. Industrial & Engineering Chemistry
Research, 2023, 62(18): 7114-7126.

Shang H, Bai H H, Li X M, et al. Site trials of methane capture
from low—concentration coalbed methane drainage wells using a
mobile skid—mounted vacuum pressure swing adsorption system
[J]. Separation and Purification Technology, 2022, 295: 121271.
Yang J F, Bai H H, Shang H, et al. Experimental and simulation
study on efficient CH,/N, separation by pressure swing adsorption
on silicalite-1 pellets[J]. Chemical Engineering Journal, 2020,
388: 124222.

Zhang ] H, Qu S J, Li L T, et al. Preparation of carbon molecular
sieves used for CH,/N, separation[]J]. Journal of Chemical &
Engineering Data, 2018, 63(5): 1737-1744.

Bhadra S J, Farooq S. Separation of methane — nitrogen mixture by
pressure swing adsorption for natural gas upgrading[J]. Industrial
& Engineering Chemistry Research, 2011, 50(24): 14030-14045.
Shang H, Zhang X R, Li X M, et al. Nitrogen replacement strategy
to efficiently enhance methane recovery of the methane
purification process using nitrogen equilibrium selective sorbent
[JI. Chemical Engineering Journal, 2023, 452: 139538.

Sant Anna H R, Barreto A G, Tavares F W, et al. Machine
learning model and optimization of a PSA unit for methane—
nitrogen separation[J]. Computers & Chemical Engineering, 2017,
104: 377-391.

Fu Q, Yan H Y, Shen Y H, et al. Optimal design and control of
pressure swing adsorption process for N,/CH, separation[]].
Journal of Cleaner Production, 2018, 170: 704-714.

Wang B X, Bao Q, Chen Z R, et al. K-RHO zeolite with high

nitrogen selectivity for N,/CH, separation by PSA process[J].

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Separation and Purification Technology, 2024, 338: 126586.

Zhang X R, Shang H, Yang J F, et al. Nitrogen rejection from low
quality natural gas by pressure swing adsorption experiments and
simulation using dynamic isotherms[J]. Chinese

Journal of Chemical Engineering, 2022, 42: 120-129.

Olajossy A. Effective recovery of methane from coal mine methane

adsorption

gas by vacuum pressure swing adsorption: a pilot scale case study
[J]. Chemical Engineering and Science, 2013, 1(4): 46-54.
teth, KR IERE, SKRAOM . F045 78 He R o3 B8 A AU B il
SCBRAIFFEL)]. A2 Tl 5 TR, 2013, 30(5): 55-60.

Yang H W, Zhang Z W, Zhang D H. Modeling and experiment of
vacuum pressure swing adsorption process for N, and CH,
separation[J]. Chemical Industry and Engineering, 2013, 30(5):
55-60.

JEBII, A e, TR AR . P e/ a0 T R B 8 1 S92 6 5
). RASKAT, 2011, 36(5): 21-27.

Zhou Y Y, Yang H W, Zhang D H. Simulation and experiment for

the pressure swing adsorption separation of methane and nitrogen
[JI. Natural Gas Chemical Industry, 2011, 36(5): 21-27.

Zhou Y, Fu Q, Shen Y H, et al. Upgrade of low—concentration
oxygen—bearing coal bed methane by a vacuum pressure swing
adsorption process: performance study and safety analysis[J].
Energy & Fuels, 2016, 30(2): 1496-1509.

o, XN, 2K ¥, A5 . FET T 1R ¢ 1) B0 23 748 s I 418 e A4
JEAH B SIS MR, 2010, 35(6): 987-991.

Yang X, Liu Y S, Li Y L, et al. The experimental study on upgrade
of coal mine gas by vacuum pressure swing adsorption with
activated carbon[J]. Journal of China Coal Society, 2010, 35(6):
987-991.

Qadir S, Li D F, Gu Y M, et al. Experimental and numerical
investigations on the separation performance of [Cu(INA),]
adsorbent for CH, recovery by VPSA from oxygen—bearing coal
mine methane[J]. Chemical Engineering Journal, 2021, 408:
127238.

FEIRTN, SRAOE, J3Ah, A5 78 He Mg B ImD g 0 v A i Y
Bi: S SRR KA T(CLE: 56T, 2008, 33(6):
1-5, 10.

Cui L Y, Zhang D H, Su W, et al. Recovery of trace methane from
nitrogen by PSA: experiment and model[J]. Natural Gas Chemical
Industry, 2008, 33(6): 1-5, 10.

Li Y L, Meng Y, Liu Y S, et al. A novel VPSA process for
ventilation air methane enrichment by active carbon[J]. Advanced
Materials Research, 2012, 479/480/481: 648—653.

Saleman T L, Li G K, Rufford T E, et al. Capture of low grade
methane from nitrogen gas using dual-reflux pressure swing
adsorption[J]. Chemical Engineering Journal, 2015, 281: 739-748.
Dias R O M, Ferreira A F P, Cho K H, et al. Methane/nitrogen
separation by SMB using UiO-66(Zr)_(COOH),[J]. Brazilian
Journal of Chemical Engineering, 2022, 39(4): 973-990.

Liu C M, Zhou Y P, Sun Y, et al. Enrichment of coal-bed methane
by PSA complemented with CO, displacement[J]. AIChE Journal,
2011, 57(3): 645-654.

Adil K, Belmabkhout Y, Pillai R S, et al. Gas/vapour separation
using ultra—microporous metal - organic frameworks: insights into
the structure/separation  relationship[J]. ~Chemical Society
Reviews, 2017, 46(11): 3402-3430.

Lokhandwala K A, Pinnau I, He Z J, et al. Membrane separation



5 XX

www.hgxb.com.cn < 17 ¢

of nitrogen from natural gas: a case study from membrane
synthesis to commercial deployment[J]. Journal of Membrane
Science, 2010, 346(2): 270-279.

[107] Buonomenna M G, Golemme G, Tone C M, et al. Nanostructured
poly(styrene—b—butadiene—b—styrene) (SBS) membranes for the
separation of nitrogen from natural gas[J]. Advanced Functional
Materials, 2012, 22(8): 1759-1767.

[108] Carreon M A. Molecular sieve membranes for N,/CH, separation
[J]. Journal of Materials Research, 2018, 33(1): 32—43.

[109] Li S G, Zong Z W, Zhou S J, et al. SAPO-34 membranes for N/
CH, separation: preparation, characterization,  separation
performance and economic evaluation[J]. Journal of Membrane
Science, 2015, 487: 141-151.

[110] Ning X, Koros W J. Carbon molecular sieve membranes derived
from Matrimid® polyimide for nitrogen/methane separation[J].
Carbon, 2014, 66: 511-522.

[111] Ma C, Li N, Xue W J, et al. Polarization enhanced CH,/N,
separation in bromine functionalized ZIF-62 based mixed—matrix
membranes|J]. Journal of Membrane Science, 2023, 683: 121829.

[112] Ma C, Yang Z B, Guo X Y, et al. Size—reduced low—crystallinity

Z1F-62 for the preparation of mixed—matrix membranes for CH,/
N, separation[]J]. Journal of Membrane Science, 2022, 663:
121069.

[113] Happel J, Hnatow M A, Meyer H. The study of separation of

nitrogen from methane by hydrate formation using a novel
apparatus[J]. Annals of the New York Academy of Sciences, 1994,
715(1): 412-424.

[114] Li X Y, Ge B B, Yan J, et al. Review on hydrate—based CH,
separation from low—concentration coalbed methane in Chinal]J].
Energy & Fuels, 2021, 35(10): 8494-85009.

[115] Zhang B Y, Wu Q. Thermodynamic promotion of tetrahydrofuran
on methane separation from low—concentration coal mine methane
based on hydrate[J]. Energy & Fuels, 2010, 24(4): 2530-2535.

[116] Wang Y W, Du M, Guo X Q, et al. Experiments and simulations
for continuous recovery of methane from coal seam gas (CSG)
utilizing hydrate formation[J]. Energy, 2017, 129: 28—41.

[117] S5 . 8 FLT K A A6 3 B il g i 5 0 SR (0], B BR R,
2014, 42(6): 81-85.

Wu Q. Research progress of separation experiment of mine gas
hydrate[J]. Coal Science and Technology, 2014, 42(6): 81-85.



