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Fh BB 7 AF IR AR R 25 T 8 FR e B A ok R
FEM ik B E R, REITFRMFR SR T 2
by ke SR Bt BE PRI B AL R B, (R Tk
RS A i 2 PR, FZ R AR (1) B heE.
A SEAXTFRE U AARZE R, f2E kil e, HbEC—
A 4 A7 55 g 115440 kJ/mol, SEC-HE MG LR
M (2) HIEERYC-HEEAR 2 RE L BEfk47 k/mol, T3
A G it — 25 58N CO,. AN BEAE AR P 27,
FHAE T AR 1) FR e B8 5 W B A Ak ) R, DT
TUREA A RN TR, X S R 2 SO e R
Sy P A, PR R I EL B PR X A4, 38
T AT R AMERE FIBk .

CH,+H,0 — CO+3H,AH g = 206.2 kJ/mol, (1)
CO+H,0 — CO,+H,AHybe . = —41.2kJ/mol, )
CO+2H, — CH;0HAH, by = —90.7 kJ/mol. (3)

IV — A LA G Tl A A 5 v BE I A = 285
WAL T2, AR N ARFP AR TR k. Wtk 2
— K2 AT ARSI PR AN TE, W WL TR TR
Y. TREEHL L) K A s AL E SE R . XA
B RE % DL Be A Shy ik — Bl 5, 3 ok Y b B o AR il
(MMO)TEZ T A1 T8 FF g B Ab oAy PR R4, i
Be BN AR PR AT e BN Ui (sMMO)
AR 2 B o B A0 (pMIMO) S 33k 1 gt X £
MMOXIRERE e A Ao B, BT XA T2 R
JEVFIANE N A &, WEN TR, sMMO A L
REAJIH AV A5, pMMOII A 25 A 15 P37 5.

sMMO i 5, FRALREAITE T 8 = A8 4L,
IS PEAL i Ry ik S i WU Rl [bis(p-ox0) - di-iron].
sMMOEAL Y B S8 A A8 A R B A LB 2 45 BITR AT
FIAIE, il b 45 B XU Fe(TV) A #6388 -5 10 B Bl A2
TR P RIVE R, (Rt 5 R ES S A B, A T
BAsMMOH R IG PR, ISR O Bk A8 48 41
fifi(Fe-exchanged zeolites)# 17 T K& W5, Pan-
nov!' TV RIS B FE R A 43T 0 P A S B A
o 4a AL, IFIEIE RS R b nl LIS 3 . ks

B FF e Bl S 35 07 05 35 F T AU CH30—F11-OH,  #%;
MG K A BUSR FE. Snyder2 A PO i gk 5] —
ORI TG PR 5 N B i A e R FeY =09
i, FFERTE T 0 TR IR NS MR T A SCEETE FE, b
MR H AR R AR AL T 38 S A LA 203 DL 4k FFa-O
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Figure 1 (Color online) Active site motifs for Fe- and Cu-based
enzymes and zeolites''®’

S B A ZS . H v ORI ST e AR IR A 251 AT
ARG L. KR pMMO HAT 05B3y;—
RikghEty, Hra, . y=1 W55 pmoB . pmoA
FilpmoC*2 pMMOZ: 5 H L AL 40 1 N C 1R & A%
HIER—20 RN, BT T I AEECT T A I R A= i R e,
TEVER IR SRR | DR SRS AR R Jr T R R T
TR, BERTWFIEEE I IA N, T4 G pmoCilF 5 -
[ CucH L EpMMO R AL T 23723 i Peng %
N POURGE R A IR TR Ak 3 S pMMOZL 3, ahikig
SEHL LN pMMOLEH . AN 4L pMMO, R ZRHL
T I U 0 R4S A 1 pMIMO £ 7E 55 DU A4 47 45
(Cupfis), YEERHMD, QM/MM MD, QM/MMAI
QMITHTI I, fEbT 1 5PN pMMO A [R5 Hhucs M 28
FRIE DL RS R P22 5, R e Cup o7 s 1) i I T P
T Cuchi . A TR A H sy A Y AR,
TH SR b B BHF 5 T BA 2 PP g P A Bl 15 Ak FR e L
BN THE RO MR, LIIERM&M L
B e A VB PR AL R T . XSO A AL R B i B
TERFUMMOH G M P B 25 R AT, TR H R i i
¥ 4 SR TG AR O A TC 7 A5 RN SR AR B R LT
G TAARAL T 2 T A $ it T s L.
Lo T e — R HAT LS M (FLEE— N T
2 nm) ) SRR RE, XIS RGN K G LI (155
i AR AR SR R B AR 2. 0T O Y BIR S sss niz
ALEE M SR A= BT, XA SO
FEY B BE RPN R B E . BT £, 4
FAES T BRIRALAE Hh 094 1503 BORR 3 T 76 AR AR
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AR R 22 5, BIAnE A i RS Y BEAS8
FHBAC107 m?/s7K T, MTESSF IR (LI ) 2 R R T
A E(107°~107"% mP/s). 3 FofiuRs it AL I8 BRI 1
X R AR T BT HGR B AR, 1A
SZPRALIE N AP IR E TSR R | =) e
ARG . 230 FIR As L T P9 K A ) A e
WAL LN AR (1) RB5r M 835010
R (2) K51 A B A SN 71 FLiE N BT
PEFUGHEE; 3) RN TAETE PR LRI F T
FORE; (4) 700035 IS VE LB (5) 71
TE53 T fLIE NI BUZE 2 TR0 (6) 74170 T o3
TR TR, R DL, 237 Y BRI ER S X
P R RO S B R AR A TR 2. 5 HA
AR L, 70 A RE A (1) MERIAL
TESH R HEAL SOSTAR AL T BE BRI B (2) 737 i
AR E PE RN BRI E SR, FEdlom 25 1F R AThRE R4S
WRARE; (3) 2Tt e R I AR Al I 2 ) FLAR D 2240
AT T RIS MEOLR,  DATITHY SR A A0 A 1R e
TEpMMOFR, i 3 1 v 0 7 PP SR A S I P kS 3 2856
HEAEM, FET AT B2 ialTE 75 0 A
pMMOH BT PR . 0 B A U A 5 152 4k
PERE, AR A 5 2 6T A O R A A 2k
PR s ] R S AR 20T R RS
BT AR, AP 10 B AR A R, Ak TSR] g
T AL T A B Rl T BE SR SR AN [ 25 A 114 5 1

AT Z B A 32 5T, BB R A T HHEA MR
e (1) MR TS, T RER I e 2 T AL
EANAYRFE LA, TR B pMMO A 14 e 281 7 1
Yofh; (2) 010 FLIE R IR SE HA REAS PR IS E 54
M (3) BB Bk R E R, e
JE AR E BT (B2, sy 7t —E
JRBR: (1) IR SRR REN A TR TP 02 5
BE, —Se07 s BRI TG PR, Soma e R AR,
(2) R T BA B A E v, B R T
HRoP IR T RE SR RN, (3) FERBLARIET, Hid)
Fh o 2 T B RN SR AE A, BUEE MO
BRI . K, S0 AP R A pMMOH Y 4
JEIEPEAL AL, WFFEN GO B8 5 5e 4 0 AT 1R
HURABFFEES S AT AR E 7 U
WEARAET, M5S0t i AEARIEL (29473 K) ik
(R e 23T EA e A R TR I, X — e B e A e 4

PEEAITRE T s Ae. MG il ik T2, 45
o1 BRI AL PR REAS O IRIR AR T RERE, 103
PR B - My . X BEFST RS T B A E
e LA AL A ] P S I P B B, T A
TR T Bt T Z B SR, 2T i, A
T 2 A 48 P ot e 1 S A ) PP Tt A0 B F 7 2
I L £ B 52 4 i AR Y e e 1 PR B
BOTRYTAE, W TR ERE . PO A
AL S S RS 2245 1, i o 4 A A
REEHFSECR, BRI T R e P AL
i R AR O HRHE RS, DN R
2. ARREFERIEALIA R IR OEHT 0 8.

1 e e R A A I PR

AT, PR A A Y 32 EERE T AN A 2
AL e Rl =y e P, S B — HAR, F
FNGIT KT ZRMEGIIR R, RIIRRTTE £ 2kt
TETR . AR SE LR R, AT AR T 201 O Ry
(83 F LI 45 A R e JEE 23 A 175 1 A7 50 52 B BSOR  22 F) 5
. TICRN A RERAELR  RRTRER B2
o731 G A AR RV S8 50 i PR A 790 Py s SR L
HAE R R PERER I

L1 SR BRIt

TR YA AR AL T DAFEAR IR T 52 B0 g SR A il 45 H
B, E T BT A RN A RS e R AR R, 4
BT 5N IR, Perianal***7 ¥ ki iH
HeSOMEILF ARAR LR R, e 1o A7 A S H i
AL g P, P 0 0 1o P R R ER [T . E50%
HHBER AR T, Bl = H g s P b 85%, F=%N
43%. [ifif5Perianafl) o5 —IHFZE AT, SOOI BERC A
WA N T B0 L T v AR, A Ll R
TR, 4R A Y2 Sy AE M R R s oA, TN
1 s s L PR B v %) UK I i A ] $ oo e T 45
A, IR PE A, ZEGRER H T FH (2,2 -bipyri-
dine)PtCL AL, LA IR Sk 1 PAAE P 55 51 72%,
LB T HgSOMAR 2 . Perianafit (L FIfIT & 51 T £
WFET AR 248K, Palkovits®: A 85 i+ % Perianafii k.
FI BRI TR, R T AR e F e e R M AR
AR TS, AT TR N-(2- F SR 3 )4, 5- LR
AR (L) AR B v R 2R A PR e A b R
TR TF RN, A O R PR R, X —
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RIGER T ARG SIEH RN EZME. JonedF
VO 4 6 A i TR R S T R e STy
HIEE, & BLAU R AW Y T BE TG A C-HER AT P Fh.
MTERFEEA R, PERIHG A g S — 3%
PEYIF.

Sta BAEIL R (AR . B A ECE Y AR ks
Eb Y, FERRIRAESRERA TP 5 R, MELAAE R N PR
FERARE, TOVA 25 A0 I Tk PR B AT SR A 18 4 b R 22
PRl 33 PR 2R (A O LR T Tl

AR FEE 5 (single-atom  catalysts, SACs)JE—28
B EACR R, S P A A £ S R Ak
FERRAM B AN 70 . E A SRS B L. PR
& J@ AR5y T AR A R . o,
T4 )8 DRI e, B4 s e8] LA
S5, WS T BRI RCE. ok,
G3F Ui R LIE S5 A R AS by B SR A BRI e 3 PR R,
W T &EE TR, o i MeLE A B TR
U BTG PEOLT, BRI A R e M b
LA 0 B o R e o = e i o
e R AR A S5 S v 2 B O S (R A T P e
P, SO T | RE TR A5 40 E 2 A A5 7 1]

Harrath %5 A\ P0G 1o 55— M IR B A 9T 1 40 e
AALES 1Y R TR AL T (Rh1/ZrO,) 7E e SR AL R 1Y
HEALFIBLHI, BFE A B, Hy0.7ERK1/ZrOL 210 A & 1Y fif
R B2 I Bl G R 5 B S A IR AR SR IR i Fel/
ZrO, PR JEFHEALFIME T s, 45 R B8R, HHHORK/
ZrO, v £, TEOFe/ZrO, v b Az il W 35 [ ply F2 1 i
HIBE 227 BIFEAR 1 0.49F10.13 eV, EIIES4:J@Fel/Zr0,
AT U RN 1/ZrO AL R BT BTGP, Bunting%5
NPV 31 2% B 07 R P (DET)RF S 1 BR 5 T-5 1 307
ZSM-SHEFL AL F e A AL I PLEE, IR 2 BH F e 0%
b8 A AEAR IO, P 4 e Pt A A I U B e R v
HA C-OHE MY e BTG L pe i 2. CO54E4
Ja& A AT AN A EC-OHEE R TE A, (H ]
RES FEMHERI PR, MK AFEAR L BERSHBICOM
SEP LR, W REIEIEIE BT F L H [ ARhOOH.
LuoZ NP2Hf 38 7 B a0 K A 67 28 A B 7 4 i 51
(Aul/BP) 528 T HUBE AR A8 Ak AE B BE. . Aul/BP
Yk K- 7E33 bar(1 bar=0.1 MPa)fiE & S M4 (CH,:
0,=10:1)F1363 KK ARG, ZEG IR T H ™
FNIA113.5 pmol/gey, H RERESEMEEE99%. HLEEWFFY
T, FETOCHKRMT, Hhe SRR RIE B P=0Y)
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Pl Rz AR B CH*, H FR T2 [B) 037 PH G R E— 20 A il
B TEOGCHRET, AL A R R A ERI-OH H H 3,
AT —FR ). i A R e, RPE IR
PR AR R B SRR K, ok B 4. Huang
2 N3 44 T Pd104/ZSM-5 AL 7, WF5T & B4l 2 1
ZSM-5 AL 2R H P 1 O4 B 5 o7 S R I —E 1
e ERE, HAETE323~363 KIYWH i H,0, %
LB B A B . ECuOMILFI A HE B AI368 K, H
B A A RGH R 42,78 molecules/(Pd104 site s). BT A
ATETE PO RERE TR AL e C-HEE, BiX & R
] A BRIV F R RE AR LI AR A T . YudE AP
IR T ZSM-5 T 2 A ARAR XU P Ak 77 (Agl-Cul/
ZSM-5) K5 HFH TR H, 0.7 2 B AL be. 124k
HIFE343 KT . 30 minNSEEE 1720115 pmol/ge, HYH
PR, F PR M 81%, I HA Rk e, BR
S I B T A6 (hetero-SACs) SRR AL PERE. 4R
TRV AR5 22 [) e o [ A B T A e s P A
MEFY R, AR T CHLC—HEEATH,0,0—-0
SRR, PRTE T HEIRTETE . SRRk AR e b
B AR 7R R 8 A ST R SR S ) A
fbis & Z g H, (HAE RN 25T, AT i 4 e I
T AT AR e M m IRk . PRI & A B
AT EA BT, 54 T ST & R Ak i AR Bt
&I PR AR R AR R R A 7 1),

1.2 BRASHyr T A

Fi Panov!' "1 201 209047 AR 1 YRR IE AL e 4y
T Fe-ZSM-5 FH 1 H o il FP BRI A il A8l K, 22K
BTN O Ak 1 8K 38 43 7 0 338 1 57 s 25 R 1 1)
WERLHE = . SRS TR, BA%Fe0 ]
REJE XS S B AT PE L. SR, BEE sSMMOH XL
BRIEPECL SR, AR5 N L R HE ZE Fe-ZSM-5
AT REAFAE AL 15 PR b

T LR 18 S G R A0 AT WG TE e IR — o
WA A, Snyderfs: APORIFSE T —Fh BAA% - T DU 77 Fe
Huls, IR Z BTHERAERIA A T*BEA ST
7S TEEREE R 55 i a-Fe(ID)P>%, 75718 R 514241
W RKIEILAIFe-*BEA /R H — 4> 5 W Y A7
(40000 cm ™ ')A = AN FFIEYLHF (15900, 9000 AN
5000 cm™Y). 7E523 KZN,OWEAL)E, 15900 cm ™ Ab Y1
WA IS R 538 91 17] 16900 em ™' #43h, TG kit Ha-
Fe(INH 25 N (Fe'V=0) G i s, 5 W Be s 5



ISk

16900 cm ™ A MICHT T I, BIAE R T 480 n P
CH;3(O,)H. DubkovZ: AP FiIPringrubers A P71 72
T8 RO 1% RN S R IR SR vE XU R BT I 5T, HEWT
[FeO]* "M [i1] 5K F (Fe''-O ™) JU HL T 254, SR Ber )
SIS LE R 5 (Fe'V=0) AUl T4 R4, it
[FeO1*"-ZSM-5 {57 H B 1 A B, Ya-Feflla-O
f L E SR BE 4y R 3 FN LI, [FeO1 i HE 1454 Jy
(Fe"-07)y; M7 A 235 E 43 ) 4RO, [FeO]* fHL T+
45K R (Fe'V=0),. HTHUE A2 aliFe-3dakO-2p#Lit i
JEALHGE, ABERE AR, Il DFTIH AR
XER I 4544, SRTMTPBE+U, meta-GGA MSI
FIHSEO6/E A 0 Mo A4 T F 38 0y i, B8 {0 ) 0000
(Fe'V=0), HL5 L T-2514).

A TR T E ARG, A% a-FeD
R RBESE T RAA AR AR T S5 T35 4 H
S T Wi 240 E AL F A BETE fba-Fe (11K H L A8 H
(Fe'V=0),. Hrip—Fa bl EN0, HERE RN
42 kecal/mol. FRN,O¥), Fe-ZSM-5ik BEMS7EAR IR i
(323 K, 30.5 bar)ffi FHH,0, T AfEL, H5HHR
N AR, H,0,/Fe-ZSM-51A 28 H A &5 1 Ji 56 45 %
(TOF=14000 h™"). 7Eitid e, B Geim Ak B Se A mie i
AL A (MeOOH)MHEH BE. #F98 & #, MeOOH /&
i SRR B LA Y, T BRI AN3Z PR 3
WPFN R m, BRES AR AR RS S
MeOOHMHERL, i &A= #FFe/Onk Fe-OOHH M {41
5. Hammond%: A\ P¥E T —FOR R B4k A3 #0017
HEALAEEAL R BE R vk, AR T FHL O S Ak 71,
ITES A Cu® . AP ELGa> S5 BH B 11 508 T iR AT
7, DAY IR PE. SR, XSRS i 45
(XANES)FIH" Jié X i 2 W os 4 25449 (EXAF S )il 1 2
B, GRS — N RARBERS A 1 1 B e /T AR XL
¥iFe(IIN&5H), A a-Fe(ID(i A, EdDFTITH,
YE# % PR [Fea(1o-OH),(OH),(H,0), 1> 5 A4 W) SEXAFS
BAR AR A HE TR ST, &Gy
FlE AL L2 TG AL fE M 14.6  keal/mol, S5DFTiHEAY
12.0 keal/molAH7F, {HHEEREREMEAUA19%. HATTEM
ACW R, F R R 2083%, MRkE k=Y
R LI F AR B S A 25 SR a0, RIHCu® U MR
PR, A EEES SR, EPROGIERY, HIE etk
2 E B R R TR H R R RRAG, W T
CH;OO0HFIHCOOHZE Rl =¥ i A= i

R AZ 3 T A AR R A e e PR SR A S 1

REPRME— 2 AUk, (A ZE B T AR I 52 311 2
7 TR RS 31 O A AR A S 0 PP S A e i
T RINL O S AR IE AL RIE AR, O X L i .
IR, NoORY AR =, (EfF RN A2 PF R E. AT,
BRASH T AR SN P AR E MR 22, TR A
MR, MLZT, 5oy HEA R nT ATEO, 55
GRS TR SR B e A R AR A 1,
PRI B3 Tl AR .

1.3 Sy 10 A

43T (Zeolite)J:—2EH TOL(T=Si, Al, P%5)PUih]
(A 3 FE ST % Y A H A AL TE 4544 1) TEHIL
Al AL, 4310 Hh A FLAE PR AR 14 S 40 KA LA () 7
AREEFIR N, X EEFLIE PR T 50 9 28 1) S LA A
AR M RE. B XTI LIE S5 A R 2, TR
A BR A (IR AL F A R e BT AN
fLIEF 4 (member-ring, MR), ¥ 70 /ML,
fL. RALFRERAL i, R 1IPTR. /ML
A AT T H A FLIE 454, IAFX, CHARILTA%S
FA 53 F-0. 32/ NFL A7 f LI RS RDN, dEH
TN, BRI EEN; Lo+
5 (R FLIE FH 10T IEF AR,  ANMFIZS 44 73+, oL
Sy T A FLIEE B, BERERSHR I i S R B e
A, MHA —E MBS, & T 2R ;K
Lo A FLIE 12T FFI s, 4TMOR, FAUR
*BEASSH 4> T KFLorF0i R A R LI RS
T SR RN B FLIEAEOR T 1209 FR
KALGFOf, anIzTorF0f) HEAMASLIE, e
BN KRR R B AT A, B T — SRR K
AR . RESR IR R 2 1 0 195 2R H [S1041 A0
[A10,] VU T A2 1, o [Si0,] Y I 1A &2 v v
[ALO,) U AT A — A S L, R 7 5 2 00
BB AN H B F-(WTHT, Na®, NH, 258k A f fir. 4 5
F-(H) S0 2 0] ) b S 4 A UM T L fer ), 259
AT BT A7 5 (Si-O(H)-Al). 1833 B 7328k, 4
PA[Cu(H,0)]* B [Cu(H,0)5]* 1 58 2K A TE A HEA 53
B aikee NGl S A WA LS = S VA =Y
B K A i B AR ST FLAE Hh 2 A8 Ry AN [ 45 44 £ 4l
YiFh.

20054F, Schoonheydt BA g —IF TP GIPERT 5T o
TURIRIE T 55 8 270 e H b B S A i) FE s g iy
W, AR T RS e AL R B T T, 1%
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F 1 AT REBFEEMH PR RS FIRRI &L

Table 1  Structural features of various zeolite topologies used for MTM (methane to methanol)*”

b (TR T4 FLIERN
MOR 12.8.5.4 AN S AGMR
FAU 12,6, 4 7.4 A x 7.4 A(12 MR)
MAZ 12,8,6,5,4 7;‘1/3;&17;11/\&((1;1\1}4%)
0.6.5.4
CHA 8, 6, 4 3.8 A x 3.8 A(8 MR)
AFX 8, 6,4 3.6 A x 3.4 A(8 MR)
AEI 8, 6,4 3.8 A x 3.8 A(8 MR)

W KA G, 5K 2ZEAR PR 5S40 16 L5 P 45
Ko SN HLERAE T TR AR Z. 1545 100 T )
FRIRALIN, KA AIFST K B2 FhAS [R)H 4 N2 ) B4 -
BAEARE 1 (WLFS1), BIanRFLo F i (MOR |
FAU. *BEA). L4 (AnMFD)F1/ LA (40
CHA . AFX. KFI, ERD)JZEI A G5 P
JLN AR, I e TR A R A8 O A AR AR A F e S
el R S R B B T R, s T A
FFI R BB i — 2B F9Y. SmeetsZE A PYBFSE T4
ZHHEMT, FERFI*BEASTFiife P ek Btk A Ak il
FF S 7 P ) 6 R, 205 SR B /s X 3 7 14 P ey R
HeAI(0~12 pumol/g). ParkZE A%} e 1250 A ] 4 b4k
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Y5> T (f94EMOR, EON, MAZ, MEI, BPH, FAU,
LTL, MFI, HEU, FER, SZRFICHA)ZEAH[R] S H () 3%
PE, BF9Y % P T-1ECu-MAZIY = 4 FLIE /Y )\ TR S5 1
TR T e 2 B I A ST b, 43S e omegad T
i (Cu-MAZ) Y H B P %8 8% 55 (86 pmol/g). Knorpp4f
NV 0 i FH 405 5 38 e R 4 J 5 JEE 40 B Cu-MALZ,
R R = AT 15150 umol/g, 7E30 bar NI
%200 pmol/g. IHbAb, WFFEEAE R 14U BEXT 73— 1
M EE W EFET, S kERT
300 pmoley/g oo™, Cu-MAZTE ke E E AL I
HRCIE I, TSR R R R — IR AHE S, Cu-MAZR]
FRI = B A SR i Y B BR . MORZM T 4%
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M A 120 FLIE(7.0 A x 6.5 A)FIBRAE KIS ICH
WIEGS.7 A x 2.6 AWM EEZIE K, HP 12708 fLiEH
FIF = B B A%, 8T EAFLIE W REAS PRI R
SE RS HPEMA. GrundnerZsE A\ BYHRIE A T-Cu-MORFYS
JEH Y [Cus(n-0)5 1 P 1T i R0 1 R o 2 i Y e,
FH 7= 1 15 160 pumol/g, 128 [RIZEAF K13 pmol/g) 2,
Fue N1 58 it vk i 46 17 4R AR S 1 O MORfiEfk
F, KM FCug.sZng 35-MORFAY H 7= Ky
71 umol/(gey. h). WF5ERI, 50T B 2845 & 094
PR FBEAIETEALAL, BRI SIS T B A B,
FRAAE R, WTTHRTE T 87E 530t FLIE N R 408, 7
SN 3k AR Tk A R 4 i 1 SR AR R BUAE R R TR MAZ,
MOR, EMTAI*BEARJ@ F KFLo4F i, MMAZF
MORZ i & F 8 U FLIE,  REAEBR IR e Ho v 1)
R, XI5 MAZFIMOR 2 T 7 H b Ak
N R E ILEMT M BEA B & A9 H s F= % .
Groothaert% A P19 YR ARGE 4 22 #e Z SM- 5431+ i £ /Y
St 6 B A I P B S 0 T S PR, Cu-ZSM-5(Si/
Al=12, Cu/Al=0.32)7EH FE 1448 KA1 T Y H ity 32
M9 pumol/g, SR 24445 HL 3 N (Cu/Al=0.42~0.58) ) H
B IR e, XCRUITAE A S R AR REE
FTEPE A SOE A . Tinds AL 4R A B AT OK
il T —F51Cu-ZSM-5HE R, 5 HH TR
P F AHLO 0 58 AR B e S A B I, 76 B
FH = SR B 2 B S M . MRl i HA ADF-
TEMAE A ERAE LI, Cu,O0,40K Bk 5 CuOH
Z 6] P RSO A AL R IA 5] 15976 umol/(ge,, h)HY
=, A A PR E IR 73%. WulfersZE AP ki
1 T 83 e/ NFL Sy T (Cu-SSZ-13, Cu-SSZ-16F1Cu-
SSZ-39)7E H B e PRk Ak i FH B S g Hh A A, 2551
7 3 B /NFL A A R B SR T A i il Y AL
S FIRZSM-5P OV RR AL FHMORP Y, X — & B
T/ FIfiAEIZ RN g 1. 5 RFLA L5
TR L, ZNFLAT T SRR ZE AL B S T 2R, (9] 4NCHA
G AE AR R IS A — A TH A, X KH
fRIAL T HEAL R B i 2 SR AEME RS, B TR RE &
R et ALl (21110 S P s a0 N s o 1 i 1 e 1
PEALHLEE A ERAE R 2R 22 —19%),

FIFERFZE 2B, R B HE A2 T (IR AR ) o
o W ARST Y B )b, TIARCRE SR LU %) 73— (R R
S22 5 e %t R a5 4 A ek 4
Lo, AT LA R 0 v 0 40 P RS 48 . O

{7 B FE . SushkevichZE A8 151 8 MOR S F1i
PIRERREL, AR T LR A R R, ZE R REA L
f)Cu-MOR(Si/Al=46, Cu/Al=0.60)" 5T AR Y
YRR, HHEEFE4080.316 molyeop/mole,, HEERE
FEPERK98%, (H ik LL B Fl HREAEAT S5 Pl
KA HCU™, TkgokE k. B—Irm, KRR
Cu-MOR(Si/Al1=6.5, Cu/Al=0.38) AV ELA7 i rr iy FP it
FEF(0.142 molyeop/moley), AT LLTERE S ok
AL R . X R ISR Y A AT SRR A5
TFRIRRFI B BN, TR AR B A
ZM R AR B Dinh %8 N MR STt — KM, Cu-
CHATE{RAR M B (Cu/cage < 0.3)FIE 45 & 2 (Si/Al < 10)
IR, BEAS0A S AUZAR YR [Cu-O-Cul* BITE L,
A T A A B e B AR N COL MY i b ok
#HCu, 0 A%, MmHE R P B e, Sun®E AR E
Cu-CHA4> i A RE B0 H AR 45 Hb X FE g e £k oA HE st
1) Sy PR e B B MR, 2 Cu-CHARESR L hy
LI, 4 %5 F00.14(1.38% Cu)#10.23(2.30% Cu)ftififk51)
FEI AR IE 23 772 238, T S8 B8 LIS N 220.35(3.51%
Cu)fif, BFzs P RME PR W3 TR, tb4h, iCu-
CHAIH 4 L AE0.21~0. 2335 N IF, Cu-CHA(SI/
Al=7.5, Cu/Al=0.22)1) H R 25 7= 1AL T Cu-CHA(ST/
Al=11.4, Cu/Al=0.23), TiiCu-CHA(Si/Al=2.9, Cu/
Al=0.2 D)W S W TG . P AT WL, X — e 45
F 50, R4S ELANER A0 L fb 2 0C 2, A 7
XA SEAF RIS, A BB e e Bt A b
FH L R R A .

O3 F- (A TE SR AR F e e M S A ol P e g 1z v
) THEEMH. KnorppE ANVOHRIE 13 M AEMAZ ST
A Lok, 8] T BAIESUN RS AR F BMAZ S
Tk BHMAZ-fast HIMAZ-slow). 3 BB 28454 |
AR L MBET R 1 BUEE, (HMAZ-slow /T B A
2~4 umt, 100 nm/E A XHERIEH; MAZ-fasthl] 5
300 nmK:, 10 nm/ERYBRIEERIES. 28 T35
J&, A T R e B A R R R N, 2
L RMAZ-slow ) ™ % 47150.9 umol/g, #EfLIE 12
MAZ-fastfi¥1.5~21%. 250K, MAZ-slowrF0ifi K
1) i AR RS R A8 A Rk G 2 g 490 7 A Ak 7 3% 1T SR i
A1, DR AR BOR SO 5. 1Ak, MAZ-slow
Iy FifiAE R P T R B AL, REREI 21173 K
L, MIMAZ-slow i W 7E873 KISt /3. Xiao
25 NV o8 B2 ABT 30 B4 B LSS A (A B s o
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T CTAB)AH 2 T Wy L (1) R ABL -, X Fh
TS0 ABLS -0 VR Al ) AR R KR RRAIE, 0> T
S A= o T A FLAE RO B, SRR T T
F B A G R PRI, 430 (B 35 RR S X iR )
PERE, W1/ BfHs R AR e v ELA 5 R, e
BAT BB 18 730 2 A 345 = i A AL
eS8

53U P TR P X A 2 Bk - A £ Y o 1B B 4
Pl R A 2 17 P i AT f 35 52 0. NarsimhanZ A5
HRAE RS S AL F e A i B A 45 F T, Cu-H-
ZSM-5(Si/Al=11.5, Cu/Al=0.31)FaZs HI L™= %k
1.81 pmol/(ge, h). 138 i Na " S8 H 5 e 73107 v s o
fRrhu 5, Cu-Na-ZSM-5(Si/Al=11.5, Cu/Al=0.37)7531
WA M. FEE, Cu-H-MOR(Si/Al=11.1,
Cu/A1=0.14) 1 Fa &5 H ™ % J& Cu-Na-MOR(Si/
Al=11.4, Cu/Al=0.14)WWiff. X UtBHZEAH T AR L
T, WA BT RRIR L S A AE R A A T e
A TE . KarolineZE AR 7E S A &1 T
Cu-MCM-22 1 FH b Bt A AL 1, HRE =R h
0.1 molyeon/mole,. COMZFHFTIRFINH,-TPDZ; 221,
MCM-22 9 A5 BT BRI 67 s B A/, T SE iR 1
O e A U T C-HAE TG AL B P A i OC B, 1EE IR
B IAECu-MCM-22FAEAEA Ik —Fhifi i, Hrhid g
FICIE AR, BRYENT s X A4y T I A
B8 11452 ) 348 AT LA 3 2o i 1 A< A v B S 3 i — 25 B0 IE.
Dinh% A 38 £ CH,-0,-H,0 5 i A, 8] ANH, 241
il FHEEA B, RIS COL A Bt R MR A, RIS AE 2
[NH; I F543 K F 18 ACH4-0,-H,O 1000 minji5, FEE
PR AR E ZWIHEKF. Di Torio%s A ISeRiHE
FE433 KO fif VR S0 AL BRI BFF T NH; ) Cu-SSZ-13,
& B BEEE Cufs m I NH REAS B 225, (IR i A B
IR EAONHS SRR B . X UL A NH R A TR IR
A B H EE AR, I8 mi S TS fb b B .
PE—2E X3 U TR 4R 2 BRE A (8.8 < Si/AL < 76) &, C—
LR () A AR R, (R A B R IR P A2 52
C-HEEIG LY SRl 251, I EL T R AR R T2
BRI A A 28 G
1.3.1 & AFA

(1) NLO. HAcH sy F AL I BRI L 2 PP S Ak
F, BT WAL, NOW E—Fps A, 5
O, O-OFEWTZ4T5 2L U4~ HL FAN[H], N,OIN-OE KT 4
XT3 5 36 Ak, TS Cu(T)Av T $R A
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L. FEN ORI b, 285478 2P Cu(DH?
DB R [Cuy(u-O) P S5 I BEAN,. N BRI S o T
T AN O JLAAT AL F-45 4, Tsai%E AV s DFTAF
FEAEZSM-5 1 10FP AN [F] Y Al-O-Si-O-Si-O-AlF
H a5 [Cu, O Al PR AR 5k BRI Hh Cu(TT) ¥ Fy
PIAS A E IR . S5, B PERCu
(DB AL SRR E R, 7RISR T A~ Cu(l) i
LRk, I —ANk AL S B AR S8R o — A A AR e Y
ABCHE, BCulalfEih4.17 A.

1 FINL O 1% AL A 58 04310 (1) (2 B A B R BE S 4R
o R PR A L, NLORBAE 5540 3 o5 B U i 2B
BT A (N[ Cuy(u-0)17), Ml THEILPERE. Xu:
NS ML T AR 5] ANLOF110 vol. %Yk,
i FHCu-BEA > T-eks F ot L4248 A R T, JHLrp i i
FEARIR242.9 pmol/(gey, h), HEEESENEHF171.6%, #£70 h
PR RE A B H B, 38 33 DOl AR iC S A Sk 54
TB 1% BHU(AIMD), UESE 1 /K ATt B A HL I
S5 BT RS AN, S P g BT AR A
ST DFTI 2 SR, (7 T 22 s AR i )
N,Offt BSRE22(1.31 eV), T KU 1 BN, Ot B g 22 5%
f5(0.91 eV), FAFTIE AR E G FIGLCH,. 1L
Ab, KA T R AL A UV AR g A o, T
TE SR 25 R 7K SR B AT I B RR R, Bl 7 Al
HE— AU ST U 7 5 A SRy 388K 5 T B4 07 5.

NLOVENEMAMAFAEL B (1) NL,OTE R iR 53
i A BTG PSR, DR I B O 4 S IR B ORI
AARCR, TS 2O S A RERE B E A, (2) NL,O
JE— R AR, e AR T S TR, 2%t
PREE P A AR FIFEI; (3) No ORI HE AT 1o, 76K Ik ]
AN OTHFER IE LT, HPrEnT gEA K A
1B,

(i) H,0,. A TFAAHSAE T A Beis Ak, 7eH
HIRRISRE N AT b B AL A RERE TR, A HREA
SR VRV A 70 7 SR R 1 %) i MR AL I ol FE o S Ak A R
SR AR, HHK A P B 2 A A R Y
SO,, HY . HEFIEN4A . AAEfELR T
FHFH Besa b, (0 a8 S CRNAR R ) 23 A vt #1558
AFIEI =8, Mok — R, iF58 B sl (il 3
PRI HL O R S8 AT, SRS A B 48 A

Hammond % A PEHR I8 (5 FH & Bk 4R (1) 43 1 0 1
WA S FHHLO, DR F e e Bk S AL R, AF9E &
B, TR Cu AR AR A — 3 A3 S R as s
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AR ZR, #RE 2D i E AL ROV B & A, H e
BEVEAEIT85%, MCu™ IR S 5H LRIk, BT
IR R GG S5 R R, FECu-ZSM-5FR AAG I 31 2 3
AL, R PR PEE AP IR TR 3 A R
AIREAG. o A S RIE P D T R 3 S fb & P
VAR, 0 30 e 4 ) Y 7 R — S i Bl = 7 A A
HET BRI, SEELT A I EARIERR, FBErFE i
RiK10%, HIEEERENE M90%. AgarwalZE A\VCHRFi
A, HIEER R O B (PVP) R g 1Y 4 -8 48 K
AT S AR TR 254 T 1 FHH, 0, A0 i A 7 F e S Ak
M. BFGR B, Au-PAAKIOR: 138 E TiO R B H 3
IH,O0 /i R, SIS F e Fe 43 IV, 1l Au-Pd/
PVPTE R A = 2, HH,O0,{HFE=RA{UH
38%. R ZRARICES AR LA H EEL A 70%K H A
R, HE RSN i T IHFERH,L0,. TR W
H,0,7E Au-Pd 34z ileOH, «OHZFHCH,H I HA: BT
[J«CH; 5 O, ELIE/EH™ A= T CH300H, B )5 53fi =&
CH;0H. J34b—4& 642 W H,0, 3 A BLO, FTHOO-, 5
«CH; W A il CH;00H.

B T LR RO P B RS ITHL0,, 18 5 4 B 40 K ok
PEALH, RO, S A A S H, O th BB S B F e s £ 1 S Ak A
B, (L2330 5 N AN S ITHL O, R R i, X
JE L o T R R B T HL, O, e JE IR,  HHL, O A i,
HO,F R AR B8, Jin5 AUTHR H T o1 FIRL i)
WES, K AuPd S 490 KR T 2R 2= 4 i K AL AL BE Y
ZSM-543F- i L3 T (76 & il B rh as ek ke A i),
225K M A H, O, 1E AuPd g K A 22 187 A iR, ik ik
53 F i FLAE AT BHAFH, O, 4 SR TG PR s A0 P 1, ik
R H O K4 A T v B R i 2. IR R
SEPL T R N 92%, HEEL R N17.3%, HIEE
FEERIK91.6 mmol/(gaypa h).

132 Wy sEH

AN TR NS A 1 43 0 DR EL e L T PR SRR 5,
FHT YA U 2R Ze . L,
i A R 45 R B HAE B e e B A S N R AL T
PRI B A T AR, R4Sk, BFSE A bl 45
T AR SR 12 24 FIDFTH A, B A8 R T4 TE Pk
7 55 B ST FIEE AN 28540, I %o ] A P e A7 235 4 S e
B RS, BIAH IS RO S A IR e, (H
R VAL R AT UL ) B TG A FR e 1) S g LTS 75
288, WRS2FUR, WYFLE S i rE 2R, &
PSR YR . SRR R AL . BT EA A

A A OS5, D e Ak 52 i v ) T 5 7
SEPERAAME. T SCH PRGNS 3 A [ S 7 (14 i
Yifp, AT e AT B e S Akl R R AV A
AN ) SR ATLER, - DA A AR 2548 I I AL S bRt 2
WA

(1) AR, FE4RscH i, SR can
Cu” FI[CuOH] " &L i 1 f PG ARG 1% (EPR), f#H
AR LT AN G R (FTIR) 4R AE T B 2 A 912
51 T OV Rt . VA s e 1t O K N RO ]
[CUOH]+W\UW%%:J:§J\¥%%§5E‘J%‘Eﬂﬁi}ﬁ. Fischer
285 NS A e, 7 R A B 6 A HE B Cu-MOR Hh i) =
FRPIFIE S S1(Cu™), S2(Cu*)FIS3([CuOH]"), HHr
S15S24b FRIRI b2 F 3085, EPRIW I N AE A Ir A
[, 55 HBE S W J ik — i b {5 - AR A DL ALK, 156HH
N EA —E RN G, RIVEEHR)E, Cu-MORH
4R R £ B S 1(Cu™), RIICu™ HATE[CuOH] HY
fEE T A RS S P bk, FFPE RN FE gl i 5o
Cu’. KEIIHAEAE AR R, Cu® e 5SSZ-
1343 F-1i Hr A 6 TR AR X7 15 38 #(6MR-Z2Cu), 46T
WA AR, 0 L [CuOH] T Xt 8 ye ¥
() BARR 7 15 4% 7 (SMR-ZCuOH). A I 78 AR B 2 1 1
CHAS T, ANERIER 50 2 FEUR Y A e FLIE
(53 A T 25 5%, Zhang 5 NP @ ik Cu™ e bk
51 ASSZ-135r T 6 TuAFLIE S, A A BA REe R
BAEE I [CuOH] 07 s AL, ZAMEILRIFE673 KT
ST v K R o S A A A R e, R A R
iK%F]2678 mmol/mole,/h, FEFEM:F93%. FRISTTHH KM,
5SSZ-13/8 T FLIEAH HE, 6JCIRAYBRIRAE ok, AE
HEREARCulif M S A B AL R N IR A5 R, AT
T = Y ) R MO

(ii) CuOFh. BREHIYIFISS, SRt
FETETH B e m B o vh . iF9E 30, XU
REAL I AL e i C—HEE, HIFZ W58 IA N IR P Fh
FR ot e PR S AR i FH B 1 P 1) SR LG PR L. Vanel-
deren%: A\ a3 1 8 63 RAFF 2, 7ECu-MORWFT
TEPFRZEFIAR LA T P07 15 [Cuy(u-0)]>, HCu-0-Cu
SEFA ST 1375 (MOR1)FI141 3 (MOR2). 8l /)24t
FEFRH, MORI15 HBEfY S 8% EEMOR2 BT 60%.
Sushkevich% A PRI [Cuy(u-0)1* AT #EMOR 731 Y
STCFRFLIA BRI FaE . i XANESSL 45 5 s 7E 5 1
BER VR, [Cuy(u-O)* i Cu” Bk o Cu”™, FIA
H,O/5 Cu R A AL Cu? . 455 BObRic K R 252
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5, GESE ) T EOR A HL0, R IHAE R A %A
T, HOnERA T ERE AL BE. Grundnerds
NP i Bt (9 VM B A e ik i A T B [Cus (p-
O) 1 1H HEE A5 B Cu-MOR. W58 & FH, e B 5 T FEAY
A BT RO S AR 328 MR R, VAR RS e — N
THFEPIA AT T RR IR (07 a5;  [RIERE 40 Ve B 5 W i kA2
3NEMRR, W =55 e SO A h
— R meE R BRI L 254, AT DA R AE
MOR ) 120 338 18 DA K 8 TCEMIUNAS 11 () A B3 4 iR
i by IECEEH T A S K EE, HigS 12708 g Au
HTRER 7 S5 R . I MORKT I FIE O B4 F iy
JEAk, B FTIRFAEE &4 T MOR R [RIM & 1R
PAITRA IR S . 25 R B, BEE WM N, HA ST
A% F1 A A B HTRR R VR BE RIS, TESCAR P Fh =2 T
AL, FET I, HERTZECu-MORFHE A T 7 T8 H Il
RO = A FEE L, WE2), (b)Fis. X
— AR AR, FIFHIDFTES A ITAL T 2 i
SERRIRROEE, I SRURIE A ST IR, SRR
W, 7E700 K F[Cus(p-O)s]* Al iAa s, I H[Cus(p-
O): " L F = EE/AAEO L, BEWREOHCulE K.
B RNEE, WE2c) R, KDETEA[Cus(u-0);1* 1
HBEXAFSEE, K ICu—OFICu—Cuf K 5 525645 e —
B, BN T ECu-MORM Y = 4% 4 A7 06 M o0
[Cus(n-0)31%", NERAFHH PR EMOR Y 42 Z 45 F Al
BN R R AL TR A .
ZSM-54F i Ak 52 e R LN FH ) I2 38R 2
—. 20054F, Groothaert%: AP 1t £ 40 ] WGk RAF,

o~ )
(BAS)AI'sp
/) (Cug0,)Al'sP

K IRA E IR A AL B S A Cu-ZSM-57E22700 cm ™' (5)
130000 em ™' (555) 4k Hi BLAY W Wi, 98 Fbis(u-0xo0)
dicopper([Cuy(p-0),1* A O—-Cuti fif %%, 43 ACH,
J&i, 22700 em b B ICHE I 2%, BRI AR P RS 5
TRV 20094F, Woertink5E A PO 1) 80, Al ZFRic
PiE SR 20,5 AL F I Cu-ZSM-5, #41£736 cm™!
(A"0,=41 cm™!, O-OEZN) 1269 cm ™ (Cu—CuiE5h)4b
WELH (3R S VT 8 T p-(n?m?)peroxodicopper([Cu,-
(ODT™). JELT ZAIaT WO FAE F W, 22O, 1 fhid
FErf, 29000 cm b A IS IGE B B 2R HIT G 3R, T 24 7E
SANTHE 648 KiF, XM IIEZR S G, 7£22700 em™
(& T [Cuy(u-O)1* )4 Wiz g i B 1858, 5 T3 ke 1
[Cuy(0,)]* E[Cuy(n-0) P BYRTERA. 20214F, Yus
AN FDFTHIS IR, KB Cu-ZSM-5 1
[Cuy(0)]* FI[Cuy(u-0)]* L [FIFE K FF he ik Btk AL
R TE M S b A MarkovitsZ5E A& B T #ECu-
ZSM-5Hh i =S R [ Cus(n-0)s 17", i DF T AL
W 5 Cu-ZSM-5JFT EXAFSSLEBIRILE, &M
Cu-OFICu—Cui K 5550 s — 3, #IA T — %4 1A
FRIGPEHOD AR, MR TSR R, = A HA
B R P 2R T R S g T

IAERSE R, /ML R PR UL T rp
FLIICu-ZSM-5FI K FLCu-MOR, HFE T S B WL 1] /)N
Lo T Ipek@E ABUHGHE, 48R E LR 1)
Cu-SSZ-13(CHA, /IML)FICu-SSZ-39(AEIL, /NML)H, %k
PR T XU 5 A R0 [Cua(0),]* A Cua(u-0)]*". L4 a] W,
HAEFAF R, #£22200~35000 cm ' JuFEN A IHE T

spin & charge [Cu304J2*

Bl 2 (M2 RUR (L) MOR S 1 HH [ Cus(u-O)s > LR, (a) A0 5 AR X (LR ST A1 (L) Y 43 SRS (b) P 38 1ok 7 TMOR
D% 1 AR BTSSR AR (¢) DFTHHSETIII[Cus(u-0)s > 7EMOR TR iy iy TV i (S/AL=11)

Figure 2 (Color online) Structure of [Cus(p-O)3]*" in MOR zeolite B!, (a) The zeolite model contained paired (type I) and isolated (type II) Al atoms
located at the pore mouth of the side pocket. (b) The cluster is stabilized by two anionic centres due to Alp lattice sites at the entrance of the MOR side
pocket. (c) Electronic properties of [Cus(u-O);]*" cluster in MOR zeolite model predicted by periodic DFT calculations (Si/Al=11)
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[Cus(0), ]2 FI[Cuy(n-0)1* I BL AR - 45 J H fif 55 7%
(LMCT)R3 R A X3, SR G A b T X 2t
Hel W) Fh R AR 4R B, B Cu-OFR 3% (360, 510,
580 cm ") HO-OR 214 (837 cm™") I J& T X4 47 Fif
trans-p-1,2-peroxo dicopper([Cu(0),]*"), TMifE617 cm™
(A"™*0,=24 cm ™I Cu—OFR 114 )7 J& Fmono(p-oxo)di-
copper([Cuy(u-0)1*"), HrhCu-O-Cufyfd ffi-h90°. BT
WERM, ZESEERICu-SSZ-131, HHIEIE(360,
510, 58011837 cm™ "X I [Cuy(0),]* 5 S b i) 72
W, 1617 em b A [Cua(n-O) P BN M FH-E . X
PEITECU-SSZ-13H1, [Cuy(n-0)]* Hi[Cuy(0),]* HERE,
HE—UESE T [Cuy(O), 1 FIAETE R LR AR iR R 1.
SRR, A[FEFEBE RN 0 o3 A
eSS R4 A b C AR E PR AL R PR RE Y B 25
MR, BRI 2R AT BORERS A s, B4
R T BRI RS RAE B bee B AL TR A E R, JF
St R T TR AL T S R A S e R

2 fEAETTR: PR B AL S

1b2# ¥ (chemical looping)/&—Fh L LIS FE, |
T T4, ke sk G E
O A A FETVR T o AT s R, 72
e e SR AL T BRI 9T v, AR 2R 3R —Fh Rk
(AR A SR, 38 3 SR A AR I 9 3 522 TR S B AR b
FIRPEER AT, FEEALBBE, A5 E A0,
N, AR ASTE TR, TR IR B, XS PR
SR, T C-HERAE B BERTORAA, (Rl
RIPOA R BANVNA, SEAT —50E3F. fhf A AR
PSRRI R 43 B8, AR08/ T IO & A, A
MHEES TP et EBFTR, ekt et
il A R 2t = A, ARSI i
HR] BE T B A Cu i 13 [ FH DA S B e S A
Eﬁ@[”,&)]:
AL : 2Cu'(H,0) + 50, — Cu>’0Cu> + H,0
SR Cu*'OCu”" + CH ; —Cu’(CH;0 )+H (4 1)
KA+ Cu'y(CH,0 +H (4> T9i) + H,0 — 2Cu'(H,0)

+CH,0H

e, MEARITERIRGE T }723 K) T TAAHN
PEATIEAR, WS Al 22 S LS G473 KO
PEPERRE L LS S8R, iR IE B B Y = ik
Bt DR Ry TR SO e A v S AR R E Y

Cu(CHy)
intermediate CH,
H0 398 K -473K
Reaction
: -413 Cu, O, species
Methanol desorption process ;
0,
CH;OH High temperature
Cu-modified activation

zeolites

CH,, 0,, H,0 CH,OH

Continuous
process

B 3 (SRR () A = B3 20 SO ) Rl R S PEAfAL K20 Y i 7
Figure 3 (Color online) Schematic diagram of stepwise and
continuous reaction processes of MTM over Cu-zeolites
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Methane, as the primary component of natural gas, is abundant in nature and considered a promising clean energy source.
Efficient methods for methane utilization are crucial to achieve sustainable energy development. Currently, methane is
typically converted into methanol based on steam reforming, a process that requires high temperature and pressure, leading
to significant energy consumption, complex equipment, and economic and environmental challenges. Therefore, there is an
increasing interest in developing direct methane conversion technologies that operate under milder conditions with high
efficiency and product selectivity. Methane monooxygenase (MMO), a natural enzyme, catalyzes the oxidation of methane
to methanol under mild conditions, offering a valuable model for the design of biomimetic catalysts. Inspired by the
function of MMO, copper-exchanged zeolites have emerged as promising candidates for methane oxidation, owing to their
tunable structures and the presence of highly active copper species. Copper-exchanged zeolites are believed to have
significant potential for catalyzing methane selective oxidation to methanol. However, these zeolites face challenges in
achieving both high selectivity and conversion in the methane-to-methanol oxidation process. This review focuses on the
progress of copper-exchanged zeolites for the selective oxidation of methane to methanol.

Firstly, it discusses the rational design of methane oxidation catalysts, including precious metal catalysts, single-atom
catalysts, and iron-exchanged zeolite catalysts. This section provides a detailed analysis of their respective advantages and
optimization strategies. Special emphasis is placed on copper-exchanged zeolite catalysts, covering the role of different
oxidants and the diversity of copper species structures.

Next, the review discusses the catalytic approaches in methane oxidation and their respective advantages. Chemical
looping, by separating the oxidation and reduction steps, effectively reduces side reactions, ensuring high selectivity for
methanol production. However, its complexity, particularly in terms of frequent gas switching, heating and cooling cycles,
and catalyst reactivation, limits its large-scale industrial application. Future research should focus on enhancing the
material’s reactivity and optimizing the cycle time to improve process efficiency. In contrast, continuous catalytic oxidation
offers a simpler operation and allows for the continuous conversion of methane at lower oxygen concentrations without the
need for frequent changes in reaction conditions, leading to a higher methanol production rate. However, this method faces
challenges related to the balance between catalytic activity and catalyst stability, especially in maintaining the efficient
Cu**&Cu’ cycle and preventing the over-oxidation of methanol.

The final section provides a detailed review of the reaction mechanisms of diverse copper species in selective methane
oxidation reactions. Monocopper, binuclear and trinuclear copper species exhibit different levels of activity and stability
during the oxidation process. Typically, binuclear and trinuclear copper species, due to their multinuclear structures, show
higher catalytic activity and thermal stability. In contrast, monocopper species, although exhibiting relatively lower
activity, can still participate in the reaction under specific confined environments through unique redox cycling
mechanisms, demonstrating a certain degree of catalytic activity. Therefore, a deeper understanding and differentiation of
the activity and stability of these copper species is crucial for designing more efficient and selective catalysts.

Copper-exchanged zeolites enable selective methane oxidation under mild conditions due to the synergistic effects of
their unique pore structure and active sites. In these catalysts, copper typically exists in the forms of Cu" and Cu**, which
can undergo redox cycles to facilitate the selective oxidation of methane to methanol. The geometry of the zeolite pore
structure not only influences the dispersion of copper species but also dictates the diffusion and transformation pathways of
reactants and intermediates. By optimizing copper concentration and its distribution within the zeolite framework, the
activity and methanol selectivity of copper-exchanged zeolite catalysts can be significantly enhanced.

methane oxidation, C—H activation, copper-exchanged zeolite, methanol, active sites
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