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Research Progress of Pd/Al,O; Catalysts for Methane Combustion
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Abstract: Pd/Al,O5 catalysts are widely used to reduce and control pollutants emissions from gas engines
due to their excellent catalytic activity for methane combustion. By reviewing the research progress of
Pd/AL,O; methane combustion catalysts in the past 20 years, the effects of active components, additives
and preparation methods on the catalytic activity, thermal stability, anti-water and anti-sulfur poisoning
ability of Pd/Al,O; catalysts were systematically discussed. It is proposed that the use of new preparation
technology to prepare Pd/Al,O; catalysts with dual-precious metal or multi-precious metal active
components doped with non-metallic additives is the future development direction for low-cost and
high-performance methane combustion catalysts.
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Tab.1 Combustion rate and PdO size of Pd/Al,O; and Pt-
Pd/AL,O5 catalysts before and after continuous reaction

for 10 hours?"

Combustion

Catalyst rate/(pmol/(s-g)) PdO sizefnm

Oh 10h Oh 10h

23%Pd/Al,04 894 491 14.4 17.9

2%Pt-23%Pd/Al,0, 671 406 15.8 18.0

4%Pt-23%Pd/Al,0, 684 434 15.5 16.7

5%Pt-23%Pd/Al,04 674 445 15.1 16.2
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Fig.1 Methane combustion activity of various catalysts

in water vapor (5% in vol for 5 h) at 500°C*%
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Tab.2 Effects of promoters on catalytic activity of Pd/Al,O4

catalysts for catalytic combustion

» Toy/C (Blank Reaction
Additives Too/C . - Ref
sample) conditions
Mg 339 351
2%CH,, 8%0,,
Ca 330 351 [32]
90%N,
Ba 349 351
Ce 378 389
Ce-Ca 349 389 1%CH, in air ~ [33]
Ce-La 329 389
La 475 432
Ni 410 432
0.4%CH, in air  [34]
Mn - 432
Fe 598 432
Co 420 430 1%CHy in air ~ [35]
2%CHy, 8%0,,
Cr 432 488 [36]
90%N,
2%CHy, 8%0,,
Zr 434 455 [37]
90%N,
1%CH4, 5%02 in
P 345 454 [38]
N,
4%CH,, 10%0,,
Si 520 550 [39]
86%N,

*J%: Pd/AlLO; catalyst as blank sample

% JE Si. P N E AL REMY) Ce-La. Ce-Ca ¥
BIRe s PA/ALOs AL AL TEE s T &%
Fe. Mn N+ 45 )& La XF Pd/ALO; LTI IS
BT SRS . BB 502 B+ 4 )8 Mg Ca.
Ba 5 ALO; #AKIA (1 4H ELAE A A Bh T PO ki [41 5
T At PAO, A INGR 1 4@ ootE /) Pd/ALO; 1
AT I Y RLAF A PR e AR PR P . Lin 5P
Il Fe. Mn. La X} Pd/ALO; LA HEALTEPE R A
FN, T Niv Mg AR 2 = Pd/ALOs ALFIY
HEALTEME . & Niv Mg oM 5 2 78 800 T &
NiALO, REFAFT MgALO, R EEA, SRbAFITE
AT CAR 1 3& A7 s ) B4R, PAO 75 R BT FE R
R 80E . Li 2PV CoO HIMRINAENS $ 5
Pd/ALO; 4L PAO fIRaE 1, f# Pd° A1 PO LA
G L BIILAE, T B PA/ALO; AL B et
IRBEIEE . TSR PR BIAE Pd/ZrO,-ALO; fi
TeFER R > B AR AR ZrO, AFFE W3 S AL 7
f B AL R BTG . Thevenin 251 5% 2 IR AE
Pd-Ba/ALOs fEALFAIHANIN Ce J5, CeO, 25 Pd fil
BRAEABEAE AL Pd IR AR &, RS
PEIE5R . Chen S0V BRI FH ¥ - 1 201286 45 B
PURGRRIR P-BIA P fLEAAEEZ 1000°C il
FE I JE 3R P, A& BT BE R R 0 R e e A
BRTETE, P IR T ALO; WIS e, Uk
T y-ALO; FIERTHIR M, f# PA/PAO 75 45 (1) 53 A
AR IR SR B AR, (A TE MG o . (H 3
P EP SR KT 11%) S AEFIEERK . Xiao
2EVLHL PA/ALO; LTI Ce0-MO(M=La’".
Ca™HEE R ikt E, &R B T MBS CeO,
e g TE R CeO,-MO, [l 14, CeO,-MO, [l ik 5
PdO KAAEAEA, MIMfE PAO M8 i,
e A AR IV 1 1 5
2.2 X e YRR

23 RLE T BhFIRT PA/ALO; AL B Ak Bk
B e e PE it gm0,

MK 3 TLLEH, S48 V. Fe. Co. Nis
Cr. Sn. W+&J8 Mg, #tT&JE Ce. dELJE Si
K Ce-Zr BEEREMY). Ce-Zr EEHM SRS
Wi PA/ALO; IR HERE M. Willis
2L 4 R 5 P H X4 @ PAM 4K
A A R R E B b R TH ALO; 3K I 15
PAM/ALO; fEALF], KIL4EJE Fe. Co Fil Sn BEBZHT
#] PAO FHABESE, T Ni 1 Zn AEf53E R PAO HI#k
FaENE, M PAM/ALO; EATIE SRl 2 1 G TR KF
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Tab.3 Effects of promoters on the thermal stability of Pd/Al,O;
catalysts for methane catalytic combustion

T 90/ C

Aging

Additives _conditions 7, C (Blank Cfo{ﬁi‘ﬁg(‘)’;‘s
7/°C  th sample)’

A 850 5 468

Fe 850 5 416

Co 850 5 401 0.5%CH,,

495 2%0,, [41]

Ni 850 5 402 Ar balance

Zn 850 5 390

Sn 850 5 398
2%CH,,

Mg 1000 5 400 480 8%0,, [42]
90%N,
0.5%CH,,

Ce 1000 5 548 557 2%0,,  [43]
97.5%N,
4%CH,,

Si 1100 5 580 >700 10%0,,  [39]
86%N2
1.5%CH,,

Ce-Zr 1100 4 450 520 6%0,, [44]
N, balance

Ce-Zr-La 1100 4 432
Ce-Zr-Pr 1100 4 436 520
(Pd/Cezr0, 1-37CHa,
Ce-Zr-Nb 1100 4 446 6%0,,  [45]
/ALOs, N, balance
Ce-Zr-Sm 1100 4 425 Ty=450C) >
Ce-Zr-Y 1100 4 414
Ce-Zr-Cr 1100 4 453
Ce-Zr-Mn 1100 4 479 520 1.5%CH,,
(Pd/CeZrO, 6%0
Ce-ZrFe 1100 4 465 )y o 002, [46]
CeZr-Co 1100 4 489 T,=4507C) |2 balance
Ce-Zr-Ni 1100 4 434
Ce-Zr-Mg 1200 4 648 No T
0 I 1.5%CH,,
Ce-zr-Ca 1200 4 609  (pycerz0,  6%0, -
Ce-Zr-Sr 1200 4 /Alepo N, balance
Ce-Zr-Ba 1200 4 T5=629°C)

*VE: Pd/ALO; catalyst as blank sample

B E S . Yang MR I PA/ALO; HEALF
2 Mg UG, SESIREEIRR T R MgALO,
REAEE, MgALO, 2 A G52t — ) L
5 PdO KAMEAEH, Mt PAO #Fhr)
ANEFISF B, 8 PA/ALOs fEAL T S VERD A e 1
. Simplicio Z™WHER T Ce A1 Pd Al BT
Pd/ALO; HEALFIERERI R, KL CeO, REEHEm
PAO WA E M, A A 77 R v 1 A AR 1 3

Wang 25V T Si BRI 4] ALOS FIFIAZ, %

. ALO; G ENE, MZ4Hd Si it FHI ALO;
B P £ BT I v A v P R AR e
Eg BRI Ce-zr BEAEMMIRINTTR &
PdO /MBI E, {23k PAO IR, FE4MH] ALO;
[FIAHAZ, {8 PA/ALO; EALTFIZE 1100°C S Ak 517
A R A TE . EIEIERE |, Yue &1
R T 48 @La. Pr. Nd. Sm Al Y). i
P4 JE(Cr. Mn. Fe. Co A1 Ni)&Hfi 148 Mg
Ca. Sr #1 Ba)Xf Pd/CeZrO/A1,0; AT RE 5
W, RO AR AR RN
Al $E 1 Pd/CeZrOy/A1,0; AT FvAS E MM
W, P YL Ni fl Ca BIBCREE. Y. Niv Ca
s ] LA PO mrlibess, $2m PO ik J5i-
FAAERE, PEAK PAO Bl o AR JR R A
MAE Pd/CeZrOy/A1,05 fEAFITE Erlld s 14F T O # g
EERER
2.3 X K/ AR A R R
BRININEE 35 R4 2 ok R4S PA/ALOs fHEALTTIFY
[ AR e e A R 1 B W S N 1 B | B o g 2
2 YRS A R A/ it B P A R A IR AR
Chen 2P BUAEEALER PRI P ATFRE Pd/ALO;
TEATRIE 3~10% HoO fRESRAE T IRTE, ALO; %
fH P=0 fE/KAFAE 64 T T FE KA TE % P-OH,  f#
IKFE PA/ALOs AL FRIE PEAL A B AW B, ik
%K B UM BTG . Liu 254 R B MgO+ NiO 14
ININAT$E i PA/ALO; AL K 81k Re, L7
H1 NiALO, Fl MgAl;O4 2R it A1 S5 F IR T BRRSS T %%
ARRIERYE, $0H] 7 Pd LA PA(OH), TR, i
Pd/ALO; fiEFITE 4% H,O FALE NHFEERN 160 h
ARHE 95% LA b ) F e AL SR BTG 1 - Friberg 251
RIAE 5% H,O f71EF Ba [ IR 5% Pd/ALO;
TEA TR e AR e TE B AAONS PR A v 1 1)
Fom, (RIS E REAR B AL A K 2R S BR 5R JE e T
RS AR T AR RIS P A, R T
500~600°C T FAERCRE NEE . Alyani ZWEH]
CeO, W fiti A PERE TR R S 5 3k 2 TR 1
AR, R ALE BT EIE R PAO, f# OH 1£
PAO F IR, AT FEAE T KOS P A7) () e o
YER, i CeO./Pd/ALO; HEALFIFE 5%H,0 fF1E 51
TRK I B ELAE PA/ALO; (AT _E K IR B 5 /D
Ma 5P BLLE B e Ak R 58 S 7 3 A5 R AL
M 58k ALO; KAEMEAEA, AR Aly(SO;);
Aly(SO4)3> LA Ba(NO3); JET IR 1] ALO; Hifk s
BN Ba, xfE#EAH AR Ba(NO,),. Ba(NO,), 7%
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FCAT 4] SO, A1 SO M AL(SO5); A1 Aly(SOy); Hii
i, W SO, 5 PdO KA, ff Pd-Ba/ALO; f#
AEFILE 200x10°° SO, 7146 FFFEL B 6.5 h Ak
TEPEATRERAE 77% A L . Arosio 255U R CeO,
SEARAE EAEH, aTH0H] PA/ALO; EALFIZE S
WA R IBRERIL, f# Pd/CeOy/ALO; 1L B A
e Sr R i 1 B

K 4 fFITIEX Pd/ALO; BEALTH F ke AL RR B2 12 HE IR

3 HIEHE

i VAR AR B T AL a5 AT
A&, R AL T IEF PA/ALO; BTG 44777 il
7% BRI SRR .

Tab.4 Effects of preparation methods on catalytic performance of Pd/Al,O5 catalyst for catalytic combustion of methane

Preparation Activity Stability Anti-poisoning
Catalysts method TW'C TC uh %%ﬁ/%@W/MmW%IWCRﬁ
Pd/Al, 04 Wet impregnation 483
Pd/CoO/Al,05 Wet impregnation 500 [53]
Pd/Co0O/Al,05-GD Galvanic deposition 430
Pd/AL, 0, Wet impregnation 486
Pd/NiO-AL O3 Wet impregnation 498 [54]
Pd/NiO-Al,0;-GD Galvanic deposition 381
Pd/Al, 0, Wet impregnation 425 425 50 99 67 9 503
Pd/NiO/Al,04 Wet impregnation 410 425 50 99 82 9 470 [55]
NiO@Pd/AlL,0O4 Self-assembly 375 425 50 99 94 9 425
Pd/Ce0,/Al,04 Wet impregnation 634 (561
Pd@Ce0,/Al,0; Self-assembly 352
Pd/ZrO,/Al,0;5 Co-precipitation 434 (37]
Pd@ZrO,/Al,04 Self-assembly 401 10 495 [57]
Pd@Si0,/Al,0; Self-assembly 425 500 12 100 100 10 518  [58]

M 4 ATULE Y, SRS RR AT HE AR
b, SRAHBEVIR. B H % 5 ik nT Be
BHEE PA/ALO; AT AT E . #ivia e PR
B RER Y, Mahara 2515 B1R ) B0 ik
%[ Pd/CoO/ALO; AN PAO 5 CoO, Al HE T
FEMFME, {§ PO =E 5 HTE CoO/ALO; KM,
PO (i JRVERS S, fEALIEPESR . Pan 250 thim
i B BETUREI 4 T PA/NIO-ALOs AL, KB
PAO S5 &AM AR, A ML 3 =
Zou 5PV PSR [ 2H %5 BOR #1410 NiO@Pd/
ALO; AT 45 P R 471 PAO BURLAE NiO #% JH
FIAMEAE K, S PAO Fofl NiO 2 A1 S
KAk, PAO 521 NiO #% 2 5] 5 25 e ful o R A s AH
YERL, f# PO Bokifa e thtlam, JHmdl 1 sOniid Fe
R R IE KB . b, PAO Bk AE 5T b AR 2 2
BT B0 A B BE T IR N KA, 8 NiO@Pd/
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