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Recent progress on catalysts for low—concentration coal mine gas oxidation

WU Jinwei, ZHANG Mingkang, YE Chengyin, RUI Zebao *

(School of Chemical Engineering and Technology, Sun Yat—sen University, Zhuhai 519082, China)
Abstract: During the coal extraction process, the emission of low—concentration coal mine gas signifi-
cantly contributes to greenhouse gas emissions. Catalytic oxidation is an effective strategy for converting
the coal mine gas to carbon dioxide, thereby alleviating the greenhouse effect. However, the activity
and stability of most reported catalysts remain inadequate for widespread application. The reaction
mechanisms of coal mine gas oxidation are summarized, and the recent progress and future perspectives
for catalyst design are presented. C—H activation is the rate—determining step in coal mine gas oxida-
tion reactions. Noble—metal catalysts with high activity for C—H activation and metal oxide catalysts
with high thermal stability are widely used for coal mine gas oxidation. Regarding the noble—metal cata-
lysts, the type of active metals significantly influences C—H activation. Modification of the supports
and the addition of additives can adjust the distribution of active metals. For metal oxide catalysts,

modification of catalyst structure and composition can regulate the surface areas, oxygen vacancy con-
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centrations, and chemical bonds, thereby improving catalytic activity. In addition, the water resistance

and sulfur resistance of catalysts are vital for the stable oxidation of coal mine gas. The construction of

an encapsulated structure and a specific active metal structure are conducive to water desorption. Fur-

thermore , the addition of dopants can adjust electronic structure of active metals, thus enhancing the

water resistance of catalysts. With regard to sulfur resistance, the construction of an encapsulated struc-

ture to weaken sulfur adsorption and the addition of a sacrificial component to delay sulfur deactivation

are two commonly—used strategies.

Keywords: Coal mine gas; Catalytic oxidation; C—H activation; Water resistance; Sulfur resistance
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Table 1 Performance comparison of typical noble—metal

catalysts and metal—oxides catalysts for CH, oxidation reactions
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Pd@S-1 24 000 1% CH,+%, 25360 [27]
Ni0O@PdO/Al, 05 30 000 1% CH, +%5%, 368 [20]
Pd/HZSM-5 15 000 1% CH,+25%, #9320 [28]
Pd,/Ce0,TS 36 000 1% CH,+25%, #5380 [29]
Pd/NiAl,0;GD 31 000 1% CH,+%5%, 381 [30]
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Pv/3DOM CZY 30 000 29 CH +Z35, 598 [32]
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12 000 1% CH,+75%, 370 [35]
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lean methane oxidation (LMO) catalysts''®

H B 6 SO, W% B A4 T B b+ 51 f 78 4
4, BELAS SO, 5575 107 s34 42 fih | DA 1T 2B 2% 4 41 541
T, ZHANG 25127 5% B LT B 60 48 T AL O, Al
S—1 43 L/ Pd K IE0RL, FIH S—-1 40+t
 Pd GRIEUR T DL S A6 SO, Bz B, R45 T
et A G e BE . e A, R 2 T T DA A



A HA AR R TU A AL AL R B 5t "9

ST Z . WU 25578 Nio 9K ok 4k
FIRMIGH T R A BERREL (SPP) {972, % AP
JZBHAS T SO, 76 NiO I i W B, K 2E 2% T fi Ak
RIBR B2 1%  IEHESE 8 h 2 I H F e s Ak 3R AL
BEAS T 24 5%, il SO, W B 2 A5 5038k G A A4 77
RIGHT-BL (0 B AT AR 98 7848,

B T B0 SO, 14 W B, 8 ATk 2 23 AR S i
Bt SO, th AT DATK BB iG A S B Y, M T
HHLAY P AT, Pr JR Ak 50 8 R B
{14 SO, W Bt B 7 R T AT P4 7 P £ 40 A i 3>
A Pd AL R P Al LA 35 4R e A 5
T T PE BE O . SADOKHINA 481 & ¥l T
Pt AR T B BB A a5, TR 3P Pd IS PR AR
A% S0,MF5E 5 Pd/AL O, M, SO, L5 1Y
PtPd/ AL O ML T 8 g 3G M, B T8
Pt, AL, 0, ZrO, 1 TiO, 55 i IR b 2 AR o 5 4 F A
HEER]OT9 | HOYOS 2610 % Bl T ALO, & 4
SRERPERL S SO, 5 AL O, A2 PAO A7 5 Kk A=
J L, T T PAO 6 3, Pd/AL O, Lk Pd/
Si0, Mt Atk RE 41

4 BESRE

ARSCRAGSE T HE R I B BL AT A Ak 7
TEPE SRR YR BO TS, RV FE I FOb A AL
B1E L-H E-R 1 MvK 3 FiHL3E  Hordh C—H B
T AR ROV P AL R BT IR 5 T 1 1 e 4
JERAHEAL TR R - ARG 1 1 3R B 4 8 AL W 4L
FAE P E AR B 50 B i 84k A 75
X B A B AL T &, 16 1 4 R R 2 A
PEXT HLE PE 28 06 F 2 3 2 A AR AR B 2 Bh )
AT LAPRRE TGRS R 808 . % AR SR A Ak
WAL, VR AR AL 750 5 45 4 55 20 T DLJR 2 e
PR S R B Al S B, DT A
TR, BT C—H T4k I% M, T K i A
S P R AT U B A R AL LA A7) 1) F RN
Feb5 . FEMT M RE 7 I, 38 43 04 SR04 78 45 40 sl A
SURRIR 42 8 45 ¥4 T LA U0 K 0 A g 5 3 0 48
Z= Bt AT AR 0 4 1) R A S AR R
2T AR 2 AR T K R e 1k, FE T AR AR E
P T, AR S0 A0 7 A L 5 2L A 3 M A7 A
P14 W -5 35 TN R0 S 0 o5 it 2 2 5 R 1)
A T B T B T SRS

H A, AR B B B 3 40 Ab A Ak 7R 1 T 3
g — SN T E I — 20 9E

(1) AR S Jm A ALY TG PR AR, i 45
ZRMWCR B 5t < AT LA 3 B e LT A SRR R
PG RRSAR A D3, (5L T 0 122288 28 A A1 50 A7) ake
Z RGN

(2) FESBRE g S5 F (1140 4R A5 B B 62 1)
AT 1 < o 0 R B O S 1) AR E 1, B
F ST 1 S A RTALBEATS AN T M

(3) ik SO, W B 7T LA R0 S e 1 570 4 o
BER T BT R e = AR50 e 1 T 2k A5 AR R AL 7
R GRS

S 2 3 HK ( References)

[1] AHMAD T, ZHANG D D. A critical review of comparative glo-
bal historical energy consumption and future demand: The story
told so far[ J]. Energy Reports, 2020, 6: 1973-1991.

[2] SHINDELL D, SMITH C J. Climate and air—quality benefits of
a realistic phase —out of fossil fuels[ J]. Nature, 2019, 573
(7774) . 408-411.

[3] WANG G F, XU Y X, REN H W. Intelligent and ecological
coal mining as well as clean utilization technology in China: Re-
view and prospects| J]. International Journal of Mining Science
and Technology, 2019, 29(2): 161-169.

[4] RASHID M I, ISAHU A, ATHAR M, et al. Energy and chem-
icals production from coal —based technologies: A review [ J].
ChemBioEng Reviews, 2023, 10(5) ; 841-851.

[51 XWeh, 30, BB, 5. B XE2R ST R R AR
PR B a3 [ 1], B2, 2020, 45(1) ; 258-267.
LIU Jianzhong, SUN Haitao, LEI Yi, et al. Current situation
and development trend of coalbed methane development and uti-
lization technology in coal mine area[ J]. Journal of China Coal
Society, 2020, 45(1) : 258-267.

[6] wohfh, 2R, HEN, & REBZEOTREARIRS
KR ]]. WER2ER, 2022, 47(9) ; 3212-3238.
HUANG Zhongwei, LI Guofu, YANG Ruiyue,et al. Review and
development trends of coalbed methane exploitation technology
in China[ J]. Journal of China Coal Society, 2022, 47(9):
3212-3238.

[7] M3, AT, £, %R R RE A
SRR FEHERE [ T]. MERRL 2 AR, 2023, 51(1): 343

-352.
FU Xuehai, XU Hanghang, WANG Qiang, et al. Review of re-
search on definition, distribution and causes of abnormal
coalbed methane composition [ J]. Coal Science and Techno-
logy, 2023, 51(1): 343-352.

[8] HIE. o MUHE P S AL R H BRI [T]. AL T,
2023, 51(4) : 33-36+49.
XIAO Zheng. Discussion on oxidation and utilization technology
of coal mine ventilation air methane[ J]. Coal Chemical Indu-
stry, 2023, 51(4) : 33-36+49.

(9] Ti%le. ARHEMED BT 2 LA BORAS KA b il 9 T 5%
[J]. HESRGE TR, 2024, 40(1) : 23-24+27.



- 80 -

AE RO 5 MR

5 38 £&47 3 M

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

FANG Yibo. Experimental study on hyper—enthalpy combustion
of low concentration coal mine gas in porous medial J]. Power
System Engineering, 2024, 40( 1) ; 23-24+27.
FENG X B, JIANG L, LID Y, et al. Progress and key chal-
lenges in catalytic combustion of lean methane[ J]. Journal of
Energy Chemistry, 2022, 75, 173-215.
JRESCH. WU ™ 5 5% 3R AR 2 i BIL ) i Jre BAR A5 i
[J]. "R EREE, 2024 (6); 1-4.
KANG Wenmei. The development status and recommendations
of China’s carbon pricing mechanism in the context of dual car-
bon goals[ J]. China Journal of Commerce, 2024 (6): 1-4.
SCHWACH P, PAN X L, BAO X H. Direct conversion of
methane to value—added chemicals over heterogeneous cataly-
sts: Challenges and prospects[ J]. Chemical Reviews, 2017,
117(13) . 8497-8520.
PARK J, KIM D, BYUN S W, et al. Impact of Pd; Pt ratio of
Pd/Pt bimetallic catalyst on CH, oxidation[ J]. Applied Catal-
ysis B: Environment and Energy, 2022, 316. 121623
-121633.
WEN W, CHE J W, WU J M, et al. Co®*—O bond elongation
unlocks Co;0, for methane activation under ambient conditions
[J]. ACS Catalysis, 2022, 12(12): 7037-7045.
DAL Q G, BAIS X, LOU Y, et al. Sandwich-like PdO/CeO,
nanosheet @ HZSM—5 membrane hybrid composite for methane
combustion; Self-redispersion, sintering—resistance and oxy-
gen, water—tolerance[ J]. Nanoscale, 2016, 8(18): 9621-
9628.
WU J W, CHEN J F, DING Z B, et al. Strategies for impro-
ving sulfur resistance of lean methane oxidation catalysts: Pro-
gresses and future perspectives[ J]. Chemical Engineering Jou-
rnal, 2024, 479 147640-147653.
DAL Q G, ZHU Q, LOU Y, et al. Role of Brgnsted acid site
during catalytic combustion of methane over PdO/ZSM - 5.
Dominant or negligible? [J]. Journal of Catalysis, 2018, 357.
29-40.
XIONG H F, KUNWAR D, JIANG D, et al. Engineering cat-
alyst supports to stabilize PdO, two—dimensional rafts for water
—tolerant methane oxidation[ J]. Nature Catalysis, 2021, 4
(10) ; 830-839.
AUVINEN P, KINNUNEN N M, HIRVI J T, et al. Develop-
ment of a rapid ageing technique for modern methane combus-
tion catalysts in the laboratory; Why does SO, concentration
play an essential role? [J]. Applied Catalysis B: Environmen-
tal, 2019, 258, 117976-117983.
ZOU X L, RUIZ B, JI H B. Core—shell NiO@ PdO nanoparti-
cles supported on alumina as an advanced catalyst for methane
oxidation[ J]. ACS Catalysis, 2017, 7(3): 1615-1625.
Z0U X L, RUI Z B, SONG S Q, et al. Enhanced methane
combustion performance over NiAl, O ,~interface—promoted Pd/
v-Al,04[J]. Journal of Catalysis, 2016, 338. 192-201.
CHEN J F, WANG X Y, ZHANG L L, et al. Strong metal—
support interaction assisted redispersion strategy for obtaining

ultrafine and stable IrO,/Ir active sites with exceptional

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

methane oxidation activity[ J]. Applied Catalysis B: Environ-
mental, 2021, 297 120410-120417.

ZHANG L L, CHEN J F, GUO X M, et al. Combination of re-
duction—deposition Pd loading and zeolite dealumination as an
effective route for promoting methane combustion over Pd/Beta
[J]. Catalysis Today, 2021, 376. 119-125.

TANG Z Y, ZHANG T, LUO D C, et al. Catalytic combustion
of methane: From mechanism and materials properties to cata-
Iytic performance[ J]. ACS Catalysis, 2022, 12(21) . 13457
—-13474.

WU J W, GAO J, LIAN S S, et al. Engineering the oxygen
vacancies enables Ni single—atom catalyst for stable and effici-
ent C—H activation[ J |. Applied Catalysis B: Environmental ,
2022, 314. 121516-121527.

HE L, FAN Y L, BELLETTRE J, et al. A review on catalytic
methane combustion at low temperatures: Catalysts, mecha-
nisms, reaction conditions and reactor designs[ J]. Renewable
and Sustainable Energy Reviews, 2020, 119. 109589 -
109619.

ZHANG Z S, SUN L W, HU X F, et al. Anti—sintering Pd@
silicalite— 1 for methane combustion: Effects of the moisture
and SO, [ J]. Applied Surface Science, 2019, 494. 1044 -
1054.

LOU Y, MA J, HU W D, et al. Low—temperature methane
combustion over Pd/H-ZSM~-5. Active Pd sites with specific
electronic properties modulated by acidic sites of H-ZSM -5
[J]. ACS Catalysis, 2016, 6(12) . 8127-8139.

TIAN J S, KONG R, WANG Z, et al. Enhancing methane
combustion activity by modulating the local environment of Pd
single atoms in Pd,/Ce0, catalysts[ J]. ACS Catalysis, 2023,
14(1) . 183-191.

PAN X Q, ZHANG Y B, MIAO Z Z, et al. A novel PdNi/
Al, 05 catalyst prepared by galvanic deposition for low tempera-
ture methane combustion [ J]. Journal of Energy Chemistry,
2013, 22(4) . 610-616.

ZHANG Y, GLARBORG P, JOHANSEN K, et al. A Rho-
dium—based methane oxidation catalyst with high tolerance to
H,0 and SO, [J]. ACS Catalysis, 2020, 10 (3). 1821
-1827.

ARANDIYAN H, DAL H X, JI K M, et al. Pt nanoparticles
embedded in colloidal crystal template derived 3D ordered
macroporous Ceg g Zry5 Y, O,: Highly efficient catalysts for
methane combustion[ J]. ACS Catalysis, 2015, 5(3): 1781
-1793.

SONG L H, XIONG J X, CHENG H R, et al. In—Situ charac-
terizations to investigate the nature of Co®* coordination envi-
ronment to activate surface adsorbed oxygen for methane oxida-
tion [ J]. Applied Surface Science, 2021, 556 149713
-149724.

QIU R S, KONG Y, WANG W, et al. The high activity of Co—
Mn-based solid solution catalysts for lean methane combustion
[J]. Journal of Alloys and Compounds, 2023, 952 169973
-169981.



RIS AR P S A A R BIF 5T ik i

- 8] -

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[46]

[48]

LID Y, XU R D, TIAN M S, et al. Encapsulated Co;0,/
(SiAl@Al,05 ) thermal storage functional catalysts for cata-
lytic combustion of lean methane[ J]. Applied Thermal Engi-
neering, 2020, 181; 116012-116022.

ZHONG L, FANG Q Y, LI X, et al. SO, resistance of Mn—Ce
catalysts for lean methane combustion: Effect of the preparation
method[ J]. Catalysis Letters, 2019, 149(12) . 3268-3278.
CHEN J H, ZHANG X Y, ARANDIYAN H, et al. Low tem-
perature complete combustion of methane over cobalt chromium
oxides catalysts[ J]. Catalysis Today, 2013, 201 12-18.
WU JZ, DU K M, CHE J W, et al. Deactivation mechanism
study for sulfur—tolerance enhanced NiO nanocatalysts of lean
methane oxidation [ J |. Journal of Physical Chemistry C,
2021, 125(4) . 2485-2491.

MAY D, LI S S, ZHANG T H, et al. Construction of a
Pd(PdO)/Co;0,@ SiO, core—shell structure for efficient low
—temperature methane combustion|[ J ]. Nanoscale, 2021, 13
(9): 5026-5032.

OH S H, MITCHELL P J, SIEWERT R M. Methane oxidation
over alumina—supported noble metal catalysts with and without
cerium additives[ J |. Journal of Catalysis, 1991, 132(2):
287-301.

BECK I E, BUKHTIYAROV V I, PAKHARUKOV 1Y, et al.
Platinum nanoparticles on Al,O5: Correlation between the par-
ticle size and activity in total methane oxidation[ J]. Journal of
Catalysis, 2009, 268(1) : 60-67.

CHEN J J, ZHONG J W, WU Y, et al. Particle size effects in
stoichiometric methane combustion; Structure—activity relation-
ship of Pd catalyst supported on gamma—alumina[ J]. ACS Ca-
talysis, 2020, 10(18) : 10339-10349.

CHEN S Y, LIS D, YOU R Y, et al. Elucidation of active
sites for CH, catalytic oxidation over Pd/CeO, via tailoring
metal—support interactions[ J]. ACS Catalysis, 2021, 11(9) ;
5666-5677.

NIUR Y, LIU P C, LI W, et al. High performance for oxida-
tion of low—concentration methane using ultra—low Pd in sili-
calite—1 zeolite [ J ]. Microporous and Mesoporous Materials,
2019, 284 235-240.

7Z0U X L, CHEN J F, RUI Z B, et al. Sequential growth re-
veals multi—spinel interface promotion for methane combustion
over alumina supported palladium catalyst[ J]. Applied Cataly-
sis B: Environmental , 2020, 273. 119071-119077.

WILLIS J J, GOODMAN E D, WU L, et al. Systematic identi-
fication of promoters for methane oxidation catalysts using size—
and composition—controlled Pd—based bimetallic nanocrystals
[J]. Journal of the American Chemical Society, 2017, 139
(34): 11989-11997.

PECCHI G, REYES P, LOPEZ T, et al. Pd-Ce0, and Pd-
La, 05/ alumina-supported catalysts: Their effect on the cata-
lytic combustion of methane [ J]. Journal of Non - Crystalline
Solids, 2004, 345. 624-627.

YANG J, GUO Y B. Nanostructured perovskite oxides as prom-

ising substitutes of noble metals catalysts for catalytic

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

combustion of methane[ J ]. Chinese Chemical Letters, 2018, 29
(2) . 252-260.

BASHAN V, UST Y. Perovskite catalysts for methane combus-
tion: Applications, design, effects for reactivity and partial ox-
idation[ J]. International Journal of Energy Research, 2019,
43(14) ;. 7755-71789.

JIANG Y H, LIW Z, CHEN K, et al. A rod-like Co;0, with
high efficiency and large specific surface area for lean methane
catalytic oxidation[ J]. Molecular Catalysis, 2022, 522; 112229-
112236.

FARAHANI M D, WOLF M, MKHWANAZI T P O, et al.
Operando experimental evidence on the central role of oxygen
vacancies during methane combustion[ J]. Journal of Catalysis,
2020, 390 184-195.

AKBARI E, ALAVI S M, REZAEI M, et al. CeO,—promoted
BaO—MnO, catalyst for lean methane catalytic combustion at
low temperatures: Improved catalytic efficiency and light —off
temperature [ J . International Journal of Hydrogen Energy,
2022, 47(26) : 13004-13021.

KUMAR R S, HAYES R E, SEMAGINA N. Effect of support
on Pd-catalyzed methane—lean combustion in the presence of
water: Review[ J]. Catalysis Today, 2021, 382, 82-95.
PENG H G, DONG T, YANG S Y, et al. Intra—crystalline me-
soporous zeolite encapsulation — derived thermally robust metal
nanocatalyst in deep oxidation of light alkanes [ J]. Nature
Communications, 2022, 13(1): 295-304.

PENG H G, RAO C, ZHANG N, et al. Confined ultrathin Pd
—Ce nanowires with outstanding moisture and SO, tolerance in
methane combustion [ J ]. Angewandte Chemie International
Edition, 2018, 57(29) : 8953-8957.

HOU Z Q, DAI L Y, DENG J G, et al. Electronically engi-
neering water resistance in methane combustion with an atomi-
cally dispersed tungsten on PdO catalyst[ J]. Angewandte Che-
mie International Edition, 2022, 61 (27): 202201655
-e202201663.

XIONG W, WANG J, WANG Y H, et al. Effects of phosphor-
us addition on the hydrophobicity and catalytic performance in
methane combustion of theta—Al, O; Supported Pd Catalysts
[J]. Catalysts, 2023, 13(4) . 709-722.

WILBURN M S, EPLING W S. Formation and decomposition
of sulfite and sulfate species on Pt/Pd catalysts: An SO, oxi-
dation and sulfur exposure study[ J]. ACS Catalysis, 2019, 9
(1): 640-648.

SADOKHINA N, SMEDLER G, NYLEN U, et al. Decelerat-
ion of SO, poisoning on PtPd/Al, O; catalyst during complete
methane oxidation [ J]. Applied Catalysis B: Environmental ,
2018, 236: 384-395.

GREMMINGER A, LOTT P, MERTS M, et al. Sulfur poison-
ing and regeneration of bimetallic Pd — Pt methane oxidation
catalysts [ J ]. Applied Catalysis B: Environmental, 2017,
218 833-843.

VENEZIA A M, DI CARLO G, LIOTTA L F, et al. Effect of

Ti(1V) loading on CH, oxidation activity and SO, tolerance of



.82 .

AE RO 5 MR

5 38 £&47 3 M

[62]

[63]

Pd catalysts supported on silica SBA-15 and HMS[ J]. Appl-
ied Catalysis B: Environemntal, 2011, 106(3-4) . 529-539.
VELINOVA R, TODOROVA S, DRENCHEV B, et al. Com-
plex study of the activity, stability and sulfur resistance of Pd/
La,0;-Ce0, — Al, O; system as monolithic catalyst for abat-
ement of methane[ J]. Chemical Engineering Journal, 2019,
368 865-876.

FRIBERG 1, SADOKHINA N, OLSSON L. The effect of Si/Al

ratio of zeolite supported Pd for complete CH, oxidation in the

[64]

[65]

presence of water vapor and SO, [ J]. Applied Catalysis B: En-
vironmental, 2019, 250, 117-131.

CARAVAGGIO G, NOSSOVA L, TURNBULL M. Effect of
zirconia on Pd—Pt supported SBA—15 catalysts for the oxidat-
ion of methane[ J]. Catalysts, 2023, 13(6) : 926-941.
HOYOS L J, PRALIAUD H, PRIMET M. Catalytic combus-
tion of methane over palladium supported on alumina and silica
in presence of hydrogen sulfide[ J]. Applied Catalysis A-Gen-
eral, 1993, 98(2): 125-138.



