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PEREFIR G LS, T HHT&E S M 1k
Bl (SR P RN, FEAEAGTRI R R A T B 22 (1) AR
A Ce™, T A AN (2 TH IR
Bt m AT .

A TAERI T BA =460 7 RELES I TiO, &
WELEM TiO, #ifk, ## Ce-Mn HAHAMYRE
Fresh-CMT-3DOM K Fresh-CMT {4k 7], *FHCHFFT
2 T A IR A ¥7% % S b1 B 43 & (Cd . Pb Zn)PERE .
454 SEM.BET.XRD.XPS.H,-TPR % NH;-DRIFTS
GHORFAE THAKIIEIURFE . FLE5M . S 7
AN FAETRERE . BRI SRR, B
Fresh-CMT-3DOM 46750 B 4 B LEE.

1.1 EETIRH &

3DOM TiO, J¢ i 45 1) TiO, Akl & - fikis =
FCHR[2414RIE 1) 71526 7 3DOM TiO, kL. &
Sl 8 TiO, AT BR - K5 17 mL AKER DY T Bs 75 B 21045
FERZRIAE] 30 mL LK ZFEF, e AW W
ZETK(1.5 mL)5TEK L FE(10 mL) 1R A H
T IR AH R (65%, o1 573 %), W pH (A TR 2 2~3,
N B . BIZIEE NK B R A i, 15
B E1E I TiO, W H275 W 1] £ AT A5 1 5% R 3
PR FHER(PMMA) BRI TiO, BIIKE H, %
FHE 12 he R BETHIEER R EITIRE,
HF 50 CHE24 he BJEFEMTE 300 CREEE2 h )5,
FEIN#AE 500 CH:RE S h (FHES#EEN 1 C/min).
I8 2548 TiO, A ) #5 1 F2 ] 3DOM TiO,, HHA
in PMMA kR .

Ceo2Mng2/3DOM-TIO, (Fresh-CMT-3DOM) }%
Cep2Mng2/3DOM-TiO, (Fresh-CMT)#EALF il % o 1%
JEE IR ELECHI Ce(NO3)3-6H,0 A1 Mn(NOs), VAW
5325 3DOM TiO, A3l TiO,, iR+t 4h j5
R MRS 80 CHikE 6 h, #A)5 80 CUt 24 h,
BJELA 1 C/min FH2 500 CHAREFE 5h. FriSrE s
43 MACAE Fresh-CMT-3DOM. Fresh-CMT.

HEJE(CA. Pb. Zn)HEfEf iR & . RAHW
BREZE, KBEEETSHMAFKRER
(10%Cd. 10%Pb. 5%Zn)FCHI AR . BT B
FREE VR, 14 Fresh-CMT-3DOM K Fresh-CMT {84t
FU RN IR 48 SR, KRR R BT 43
WIHCAE 10%Cd-CMT-3DOM.  10%Pb-CMT-3DOM ,
5%Zn-CMT-3DOM Al 10%Cd-CMT. 10%Pb-CMT,
5%Zn-CMT.

1.2 FIE

KT 7 A5 (SEM, TESCAN MIRALMS,
Czech) ] f# A4 71) 1) 2 THI T 35 A0 GO0 25 ¥ 12E AT T 47
Mo K FH AL X (Micromeritics ASAP, USA)
TE WG PR I RO M SR 4R, R A BET
(Brunauer—Emmet—Teller) /7 F2 1 548 A0 77 1 BL 3% 1
M, Jr$L7r 4 B BJH(Barret—Joyner—Halenda)y%
o KM Cu-K, (Bruker D8, fH[E)ff) X HFLATHY
(XRD)F BT T HEALTRI I SR A S5 4 . 7E X 2ok T
HETE(XPS) Y 14 (Thermo Scientific K-alpha, USA)
AER AL K AEA X S RIESHE AT RN &IAT
Mo KH FINESORB-3010 1% (FinetecInstruments,
Hangzhou, Zhejiang, China)*J #1455 1% A0 7 4
HEATRAE . FREUEALTS) 50 mg 7E 300 ‘C. Ar <R
TR 1 h, BERESE 50 Cla, SN
Ha(5%, RF153%0)-Ar(95%) 18 &5 44 (20 mL/min),
PL 10 C/min FHEZE 800 C, FIH S #%
(TCDYIERfE 5, 1FEMEMFIN H-TPRAEEFFHEIE
Jiy i, eI AR T AR LA AR R AR IR S 1 R
K A Nicolet 6700 %! X #% (ThermoFisherScientific,
Waltham, Massachusetts, USA)IE 47 1 44, 771 A 20 <
Bt siRas, SR E AR IR . BT 1L )
1E 400 CHI N, SR FHUALEE 1 h, $BEETE 50 CiE
A 40 min ] 0.1%(16F1 50 %0) NHs, 28)5 )T NH;
FAEH Ny W3 20 min, 555 FRE L AT A A
FIILL AT
1.3 JEMEM

1E [8 58 PR A 95 S 87 d A 30 AT 48 4k 77 9 NH;-
SCR Jt A5 R, < A&ZH 43 4: 1000 mg/L NO,
1000 mg/L NHs, 5%(fEF17%1) Oz, No APl <44 o
AL RS2 38R 30000 b, SR AR A HT A0
SEMEALFIEE T NO R, #2201 TH S A7 1)
LA A3

o = [NO]E\;(E;IOX]M x100% (1)
A o N NO HALZE, %; [NOJ, . [NO,].. 7
SR N AR E I NO B HE T NOL NO, I i

2 HRE®

2.1 EAFREMNKXRARIZEEECI. Pb.
Zn)futk

Mn £ Ce #1713 3DOM TiO,. il TiO,
2 PRI RER -, 152 FIEAE Fresh-
CMT J% Fresh-CMT-3DOM, K 1 & Fresh-CMT ;¢
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Fresh-CMT-3DOM 3% 14 & $t Cd. Pb. Zn HEJH
PEREMIRSE B, #E 175~300 ‘CG X [a], Fresh-
CMT-3DOM }% Fresh-CMT 4L 7] NO 4k Z 1)
it 85%, fE 100~150 CHMKIEIEE N, Fresh-
CMT-3DOM [ NO #4k % 5T Fresh-CMT, JLHAE
100 CH4ZiT 100%, XK B Fresh-CMT-3DOM H
HHE OGRS 455N Cd. Pby Zn 3 Ff
HEEE, 2 M EAFIRI G BAR PP,
B 1 a5, 1E 175~300 CIREXE, 10%Cd-CMT-
3DOM. 10%Pb-CMT-3DOM. 5%Zn-CMT-3DOM [¥]
NO k%t 85%, MifE 100~150 CI it
S T M LA R RE BE R B . [RI3E,  E# CMT
K 3 Mg E R i, RILTE 100~300 C
iiF, 10%Cd-CMT K NO iz i3 AL BE 2 85%LA R,
10%Pb-CMT (1) NO fi & # LR A L 100%, Zn Xf
Fresh-CMT {8 FEAHX 155, 3 Fh&J@xs 2 Fhfi
A 550 11 B 5 2 B HE P A B3 9 s Cdy P Zns
BT UL EXT T, =4EE P RILGH— e g
3% 7 Fresh-CMT-3DOM {4k F%f Cd. Pb.
Zn [P 52 6 77 6
2.2 ISR SR

Bl 2 NETA AT SEM B F o I 2a 7T I,

(a) 3DOM TiO, (b) TiO;

-

(h) 10%Cd-CMT

(f) 10%Pb-CMT-3DOM

(i) 10%Pb-CMT

K12 Fresh-CMT-3DOM Al Fresh-CMT [24#22% Cd. Pb. Zn JEfiEALFIK) SEM [ )7
Fig. 2 SEM images of the Fresh-CMT-3DOM and Fresh-CMT catalysts and that after Cd, Pb, Zn doping

3DOM TiO, #fkEA R 7 1 =4h 7 KFLE
¥y, NSy il w0 FLEEN &2 K FLFLIE

KALFLRTEEAE 200~250 nm, & HFLFLAETERILE
(5010) nm. i3I8 TiO, AR M A, T
FLBRZE (ML 2b). 7E4HE, Mn. Ce 4 )8 )5 (LI 2¢),
TEATIRFLI A P AR B 2a A BT FEAR, XA
KILVEZE LG te oy, 5P 4 @ Bk e KfL

100 F
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L
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Reaction conditions: [NOJ=[NH;]=1 000 mg/L, [0,]=5%(in volume),
balance Ny, and GHSV about 30 000 h™".
B 1 Fresh-CMT-3DOM Al Fresh-CMT J¢354% Cd. Pb. Zn
JE AT NO e fu
NO conversion of the Fresh-CMT-3DOM and Fresh-
CMT catalysts and that after Cd, Pb, Zn doping
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(j) 5%Zn-CMT
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B ERETRE S EGH 2 FLIEE . Y. FFEH,
I TiO, ARG 4B )5, Fresh-CMT 4L 7]
R IR — &R BRL(LE 2d). & 2e~
K 2g 43514 Cdy Pb. Zn 11#% 3] Fresh-CMT-3DOM
JE AT SEM JE 0T DU HORALAE 7 1 e e %
FEHI#ELT Fresh-CMT-3DOM #— 5 FEAI%, #4011
TEFEAEH LB ZE . BEEN, NS T &
RSB LING, X RLEH T ESBE N
TR B S A R . [FEE, 44Tt Cd. Pb.
Zn $13F| Fresh-CMT {#4b 55 (3R 5 (L K
2h~ & 2j), AT LA H A A0 77 3R THT HE BB K 1) 4 8
P RIE
2.3 {ELFIEI BET 94h

B 3 98 AT N 5 Bl P 25 28 S A AL
SATtESL, X1 NI EER AR, SLAFLAE
zE B & 3a 1] WL, Fresh-CMT-3DOM A Fresh-CMT
FKHAB 4 Cd. Pb. Zn G 8 MBI 2SR

5%Zn-CMT

10%Pb-CMT PP

10%Cd-CMT PP

Fresh-CMT 5 S>-PP

5%2Zn-CMT-3DOM PP-- = = o

Volume absorbed/(cm?-g™")

10%Pb-CMT-3DOM _

10%Cd-CMT-3DOM _ o o

Fresh-CMT-3DOM. o 3 qps 5 0-0—2

1
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure

(a) Nitrogen adsorption—desorption isotherm

(¥ IV U B ERIR 26, T FEARE 0.4<p/po<1.0 f77E
B L S B, UL 8 ML FAEANFLAE o
i BET W& (I FLAR G B2 BR, 10 =486 P K FL4S
I FLAR RSP AE 200~300 nm, [RGB A0 i
WAL . B 3b AT, AT FLFLAE
KRAFELT 5~15 nm 2 [[], X 5% 1 1455 AMH— 2
% 1 A%, Fresh-CMT-3DOM b 2 [ #H 2 FL25
(62.34 m/g, 0.15 cm’/g) it T Fresh-CMT(71.01 m/g,
0.19 cm’/g), X JE [ A K FLIIFELE AR T A FL A1
LR, SRR LALAEBME. E5IAN Cd.
Pb. Zn )5, Fresh-CMT-3DOM J% Fresh-CMT f# 4k,
FIRI LR TR B FLR A T R %, X AT Rg S RN 4
Ja& BURLAE AL TR B A LA AL FLTE N RS 22, &
HA LA B E D . 254 BET RIEZE R 5K 1
WS DRSS SR, EAGTRI LR I A R FL A
FHASBEMERE Fresh-CMT-3DOM A4 711 (1) 471 2 4 %
L F Fresh-CMT.,

5%Zn-CMT
10%Pb-CMT

10%Cd-CMT

Fresh-CMT

5%Zn-CMT-3DOM

Pore volume/(cm?-g™")

10%Pb-CMT-3DOM

10%Cd-CMT-3DOM

Fresh-CMT-3DOM

M\\\\Ff

1 L 1 1 1 L 1 L

2 4 6 8§ 10 12 14 16 18 20
Pore diameter/nm

(b) Mesoporous distribution

3 Fresh-CMT-3DOM Al Fresh-CMT 454 Cd. Pb. Zn Ji fHA 77 280G Pt B 240328 e A 7L 53 A P
Fig. 3 Nitrogen adsorption—desorption isotherm and mesoporous distribution of the Fresh-CMT-3DOM and Fresh-CMT catalysts

and that after Cd, Pb, Zn doping

# 1 Fresh-CMT-3DOM #1 Fresh-CMT J38%¢ Cd. Pb. Zn RENXFIMRILEMI DT
Table 1 Textural properties of the Fresh-CMT-3DOM and Fresh-CMT catalysts and that after Cd, Pb, Zn doping

Catalyst Surface area A/(m*-g™") Pore volume V/(cm®-g™") Average pore size d/nm
Fresh-CMT-3DOM 62.34 0.15 14.35
Fresh-CMT 71.01 0.19 7.79
10%Cd-CMT-3DOM 53.33 0.11 9.90
10%Pb-CMT-3DOM 40.92 0.12 10.75
5%Zn-CMT-3DOM 46.99 0.13 10.51
10%Cd-CMT 52.60 0.15 8.75
10%Pb-CMT 45.28 0.14 9.32
5%Zn-CMT 39.17 0.12 9.94




. 1612 - CREFR Eh22 4D

J Chin Ceram Soc, 2024, 52(5): 1608-1620

2024 4

2.4 fEL5TIEI XRD 34f

&l 4 4 Fresh-CMT-3DOM #1 Fresh-CMT } 45 44
Cd. Pb. Zn Jaf#{b5fH XRD it . fE4LFIAE 25.56°,
38.42°. 48.28°, 54.22°. 55.44°, 62.97°. 69.23°F
7527 AL L AT, XN BLERE Y TiOL(JCPDS
21-1272)f3(101)~ (004). (200). (105). (211). (213).
(116). (215)&4 1™, 2T 28.92°. 33.37°. 56.56°.
70.45° 40 AT T U JE T8 A 45 CeO,(JCPDS
34-0394), XIRi(111). (200). (311). (400) >,
BAKME] MnOy MATHRHIEKE, XEH Mn 7E
Fresh-CMT-3DOM J¢ Fresh-CMT #4671 _F 4> Bk B
If. K 4 77 W, Fresh-CMT-3DOM 4k FIAHE T
Fresh-CMT AT SHUEETS, AN G o) 5k ik
R AEM EAER, TEMEARIR R TR T b5 5
Ce-O-Ti, MIMIEZE T M EHEIRIER, BT TiO,
Je CeO, 45 ME, T3 Fresh-CMT-3DOM 4L 7]
RTSTIESREEIRTS, XK 3DOM £5#) 5 45 F) T35
HorIIor i, WAEILTAIN Cdy Pby Zn J5, f&

& TiO,(anatase) * CeO, O PbO

* fos
(1) x o o g

Intensity
S

L 1 1 L L 1

10 20 30 40 50 60 70 80
20/(°)

(a) Fresh-CMT-3DOM and that after Cd, Pb, Zn doping

£ TiO,(anatase) * CeO, © PbO
jogee o

(5) 2 o o

(6)

Intensity

(7) (0]

®

10 20 30 40 50 60 70 80
26/(%)
(b) Fresh-CMT and that after Cd, Pb, Zn doping

(1) Fresh-CMT-3DOM; (2)10%Cd-CMT-3DOM; (3)10%Pb-CMT-3DOM;
(4) 5%Zn-CMT-3DOM; (5) Fresh-CMT; (6) 10%Cd-CMT; (7) 10%Pb-
CMT (8) 5%Zn-CMT.

Kl 4 Fresh-CMT-3DOM Al Fresh-CMT J#57% Cd. Pb. Zn

JEHEALFIK) XRD
Fig. 4 Powder XRD patterns of Fresh-CMT-3DOM and
Fresh-CMT and that after Cd, Pb, Zn doping

WA LT A AR AL, (BT S 06 Hh AN (R P 1)
Aff. 5 Fresh-CMT-3DOM f4LFIFIEL, 10%Pb-
CMT-3DOM [T 5 06 i B A7 I 39 0, 7E 32.22°4b tH
BLT %55 PbO HFAEAT ISR, KB Pb AU NG K
TR ZE B, X PREE 10%Pb-CMT-3DOM
AL R B R R 2 — 27 e, AT
Fresh-CMT-3DOM 455, 10%Cd-CMT-3DOM J&
5%Zn-CMT-3DOM AT HHRFIEIE SR BERE G T B, 1X
F W] Cd. Zn X} Fresh-CMT-3DOM Ak 571 i 45 i i
SCMAEL /N o 5 Fresh-CMT fEALFFIFHEL, 10%Pb-CMT
TR AT S U5 FE A6 i B4 n, HLAE 26.60°.32.01°,
35.83°4bHBL T PbO HIATHTHRAEIERT, XKW Pb
(IR AN FERERE N T Fresh-CMT HEAL 745 5 o Bl
% Cd. Zn IO, 10%Cd-CMT. 5%Zn-CMT f#ifk
AL BEHI T T, X5 10%Cd-CMT-3DOM,
5%Zn-CMT-3DOM fEEALFIFRLL, KB Cd Zn 520
T TiOy B 45 KA
2.5 ELFIEI XPS R

Kl 5 5 Ce 3d 1) XPS 1. Ce 3d 17 XPS 13- %E
B 8 ANUEEZH (LI Sa), 15 B AR AR R4 55 o [R] IR A7
7 Ce™ A Ce* 2 P &5 Heh 7E 883.8~884.5 eV K
903.2~903.9 eV U [ P4 ¥p ta i R bR ic A A 06 & T
Ce’, HAtkric Kt ki 8 Ll &ig)E T
Ce" V20, e SRIE T, HE R R A
TR, Ce R4 A5 AL A7 1E 45 72 AL LT AT 4
AR 225, 5B T2 T A 255 R B A
., AR EE Ce*/Ce™ AR RIEEAC T, it it
B Ce™/(Ce™ +Ce™ ) I AR L RT 73 51 Ce A R EL
B, 1% 2 fion. MK 2 W E H Fresh-CMT-3DOM
H Ce’ I E(19.0%) 1 T Fresh-CMT(15.7%), iX 7]
fE4E CMT-3DOM fiEAb A TS AL S 1 R R 2 — .
7RI Cd. Pb. Zn J&, Fresh-CMT-3DOM 4k
Ce™ &R 19.0%5 B4 15.6%. 16.7%- 17.8%,
I Fresh-CMT fi#4Lst Ce® & 15.7%7 MIfEE
11.2%. 12.7%. 14.3%, 2 Ffdbs)d ce™ /852
HE RPN = EMEHT N: Cdy Pby Zn. 5
Fresh-CMT fiEfb7MH L, Fresh-CMT-3DOM 14k 7]
T Ce™ S BB EE BN, WL T Fresh-
CMT-3DOM fiAL A B A T m i E 4w R

K 6 4 Mn 2p 1) XPS i, & 6b 1 JL, Mn
2p3/2 W HA 3 Mg, A REITE 640.7~641.5.
642.0~642.5 eV 1 643.3~644.9 eV LN, 55
YR Mn?"y Mn® R Mn* B, X i B AL
Mn BTEAZMNE, HEK Ma" /M E AL
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Cet Ce 3d

f‘ﬂ\
n/ \W/\)/
‘w 15 6% w

\NL

\W/J \

Intensity

4 \lgjj/,o, Al

*178%

Ce’* ratio

Ce 3d
Ce4+

A

6) MM
ﬁ

A.(_Q/‘ | 12.7%

A
/A
8) / \143%
- W
Ce’** ratio

Intensity

920 910 900 890 880
Binding energy/eV

(a) Fresh-CMT-3DOM and that after Cd, Pb, Zn doping

920 910 900 890 880
Binding energy/eV

(b) Fresh-CMT and that after Cd, Pb, Zn doping

Note: (1) Fresh-CMT-3DOM; (2)10%Cd-CMT-3DOM; (3)10%Pb-CMT-3DOM; (4) 5%Zn-CMT-3DOM; (5) Fresh-CMT; (6) 10%Cd-CMT; (7) 10%Pb-CMT

(8) 5%Zn-CMT.

K5 Ce3dHJ XPS il
Fig. 5 XPS spectra of Ce 3d

72 Fresh-CMT-3DOM #1 Fresh-CMT X$22%% Cd. Pb. Zn REXFIETRENS AL
Table 2 Valence proportions calculated from fitted XPS spectra X%
Catalyst Ce*/(Ce* +Ce*h Mn*/(Mn**+Mn**+Mn*" 0,/(0,+0p)
Fresh-CMT-3DOM 19.0 36.1 352
10%Cd-CMT-3DOM 15.6 22.0 244
10%Pb-CMT-3DOM 16.7 24.8 25.5
5%Zn-CMT-3DOM 17.8 31.1 279
Fresh-CMT 15.7 29.6 28.4
10%Cd-CMT 11.2 11.7 17.2
10%Pb-CMT 12.7 222 20.1
5%Zn-CMT 14.3 24.9 21.1

X is mole fraction.

R XF, HHTF NH;-SCR Je M ()i 4r. Hrh,

Mn* B m AR R AE F, ATLMEHE NO Atk
NO,, Mt “Heid NH;-SCR” BB, sk 2
T Mo fARX SR, #E CMT-3DOM 45
Mn** 1 5 . (36.1%) T CMT(29.6%), X5 Ce 3d
] XPS 73 #4588 4075, B Fresh-CMT-3DOM {4k,
FFR ) Ce® 4 B T Fresh-CMT AL, X2 HT
RAH) Ce 5 Mn Z A HLFAZHFTEL. Mn® K
Mn* TEEAL IR R PR BT, BT Mn™ o
Mn> " Mn* ) B FAEEEEPY . Mn™ J2 Mn* k1
BT Ce* RGBS S Ce™, BALIT JRIEFR
SR TR, MnfEd R BPEi, A

7 Fresh-CMT-3DOM #4471 ) NH5-SCR it i
tERER, 23PN Cd. Pb. Zn J5, Fresh-CMT-
3DOM ¢ Fresh-CMT L7721 (1) Mn*/Mn"" L 451
AHTRE, Xe g2 TESBERRM, REEE
B T Mn', SEUEATE K. ST
i Ce’ 5 Lb N B AL, Fresh-CMT-3DOM K
Fresh-CMT 7£ Cd H &5 ) Mo AIXH & & PR %
(36.1%—22.0%; 29.6%—11.7%), Pb HEFIRZ(36.1%—
24.8%; 29.6%—22.2%), Zn HEEX Mn* RN E T
B& 52 Wi 558 /N (36.1%—31.1%;  29.6%—24.9%). R
Pak 2 g5l 50, 3 AP 48 1B 5 1Y Fresh-CMT-
3DOM E [ Mn* A% & B35 T X RifY) Fresh-
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CMT f#1L5, #i#] Fresh-CMT-3DOM 4L 5 1)
Mn*" % B 57 & R B RN, X R TR
Fresh-CMT-3DOM A5 140 88 4 @ PE e

K7 50 1s [ XPS it .529.7 eV &L [RHFAEIE (b
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Extended Abstract

Introduction Ammonia selective catalytic reduction of NO, with NH; (NH;3-SCR) is an effective technology for NO, removal.
As a catalyst, V,05-WO3 (Mo0O3;) /TiO, has a high denitrification activity, but suffers from the problems of poor low-temperature
activity, high V-toxicity, and susceptibility to heavy metal toxicity at 300-400 °‘C. Heavy metals such as Cd, Pb, Zn, etc. widely
present in the flue gas of solid waste incineration and coal-fired power plants. The toxic effects on catalysts are manifested via
covering the active sites on the catalyst surface, reducing the redox properties, acidifying the surface and chemically adsorbing
oxygen, leading to severe catalyst deactivation. CeO, as an effective catalyst has a higher oxygen release/storage capacity, which is
characterized by a higher oxygen release/storage capacity, compared to the conventional catalysts. CeO, is used as a main active
component in the preparation of rare-earth-based denitrification catalysts due to its high oxygen release/storage capacity. Manganese
oxide (i.e., MnOy) exhibits a good low-temperature catalytic activity, which is often used as a modified component to improve the
low-temperature denitrification activity of catalysts. TiO, interacts with the active component and has a higher thermal stability and a
sulphur resistance. However, Ce-Mn/Ti catalysts are susceptible to poisoning by toxic substances in the flue gas, and there are more
studies on the poisoning of Ce-Mn/Ti catalysts by SO,, H,O, etc.. However, a few studies on the poisoning of Ce-Mn/Ti catalysts by
heavy metals are reported. Catalysts with three-dimensional ordered macroporous structures have superior redox properties, sufficient
chemisorbed oxygen and suitable acid sites to promote its NH;-SCR denitrification reaction. In this paper, Ce-Mn/Ti catalysts with
three-dimensional ordered macro-porous structures were thus prepared to increase the redox properties and acidic sites and promote
the denitrification activity.

Methods 17 mL of tetrabutyl titanate was added drop by drop into 30 mL of anhydrous ethanol under vigorous stirring, which was
recorded as liquid A. Concentrated nitric acid (65%, in mass fraction) was added dropwise into the mixed solution of deionized water
(1.5 mL) and anhydrous ethanol (10 mL) at pH values of 2-3, which was recorded as liquid B. The solution was then mixed into a
mixture of deionized water (1.5 mL) and anhydrous ethanol (10 mL). Liquid B was slowly mixed into liquid A under vigorous stirring
to obtain a homogeneous and transparent TiO, solution. A certain amount of PMMA template was added to the TiO, precursor
solution, sealed and stayed for 12 h. The remaining precursor solution was removed by vacuum filtration and baked at 50 “C for 24 h.
Finally, the samples were baked at 300 ‘C for 2 h, and then heated at a heating rate of 1 ‘C/min at 500 ‘C for 5 h. The ordinary
structure TiO, carriers were prepared in the same process as 3DOM TiO, without PMMA template. After the preparation of TiO,
carriers, Ce(NO3);-6H,O and Mn(NOs), mixtures were prepared at different molar ratios, and impregnated with 3DOM TiO, and
normal TiO,, respectively, and stirred at room temperature for 4 h. Afterwards, the catalysts were transferred to an oil bath and stirred
at 80 ‘C for 6 h. They were baked at 80 ‘C for 24 h, and finally, the catalysts were heated at 1 ‘C/min at 500 ‘C for 5 h. The
obtained samples were recorded as fresh-CMT-3DOM (i.e., fresh-CMT). The catalyst with heavy metals (i.e., Cd, Pb, Zn) were
prepared by an excess impregnation method. A certain amount of cadmium nitrate, lead nitrate, and zinc acetate solution was prepared
at different mass ratios of metal ions to catalyst (10% Cd, 10% Pb and 5% Zn), and fresh-CMT-3DOM and fresh-CMT catalysts were
added to the heavy metal salt solutions, respectively.

The morphology structure was detected by a scanning electron microscope (SEM, TESCAN MIRALMS Co., Czech Republic).
The specific surface area and pore size were determined by specific surface area intruement based on BET (Micromeritics Co., USA).
The crystalline phase structure of the catalysts was analyzed by an X-ray diffracometer (XRD, Bruker Co., Germany). The elemental
valence states of the catalysts were analyzed by an X-ray photoelectron spectroscope (XPS, Thermo Scientific Co., USA) using Al K,
as X-ray sources. The redox properties of the catalysts were characterized using a FINESORB-3010 adsorption apparatus (Finetec
Instruments Co., China). The ammonia adsorption experiments of the catalysts were carried out by a Nicolet 6700 instrument
(Thermo Fisher Scientific Co., USA) to determine the type of acid on the catalyst surface. The NH;-SCR denitrification activity was
analyzed in a fixed bed quartz reactor at 1 000 mg/L NO, 1 000 mg/L NH;, 5% (v/v) O, and N, as ab equilibrium gas. The
denitrification efficiency of the catalyst was calculated according to the results that were determined by a flue gas analyzer.

Results and discussion The NO conversion for 10% Cd-CMT-3DOM, 10% Pb-CMT-3DOM, and 5% Zn-CMT-3DOM exceeds
85% at 175-300 ‘C. However, the denitrification activity decreases at 100-150 ‘C. Compared to the activity of CMT and the three
metals after poisoning, the maximum NO conversion of 10% Cd-CMT decreases to less than 85% at 100-300 C. The maximum NO
conversion of 10% Pb-CMT is less than 100%, and fresh CMT is weakly poisoned by Zn. The three-dimensional ordered
macro-porous structure enhances the CMT-3DOM catalyst's tolerance to Cd, Pb, and Zn to some extent.
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The ratio of Ce*" can be determined via calculating the peak area ratio of Ce**/(Ce*" + Ce*). The proportion of Ce*" in
fresh-CMT-3DOM (19.0%) is greater than that in fresh-CMT (15.7%), accounting for the favorable denitrification activity of
CMT-3DOM catalyst. After adding Cd, Pb and Zn, the content of Ce** in the fresh-CMT-3DOM catalyst shows a better resistance to
heavy metals, compared to the fresh-CMT catalyst. This indicates that the fresh-CMT-3DOM catalyst is more resistant to heavy
metals. Based on the calculation results of Mn*" content, which decreases similarly to Ce*" content, fresh-CMT-3DOM and
fresh-CMT display the greatest reduction in Mn*" content after Cd poisoning, followed by Pb poisoning. Zn poisoning has a smaller
impact on the Mn*" content reduction. The Mn*" content on the surface of fresh-CMT-3DOM is relatively higher after three heavy
metals poisoning rather than that on the corresponding fresh surface. Also, the relative contents are higher than those of the
corresponding fresh-CMT catalysts. This indicates that the Mn*" content of fresh-CMT-3DOM catalysts is less affected by heavy
metal poisoning, which is beneficial to improving the anti-heavy metal performance of fresh-CMT-3DOM catalysts. The relative
content of O, in the catalysts is obtained via the calculation. The amount of chemisorbed oxygen in fresh-CMT-3DOM catalysts (i.e.,
35.2%) is greater than that of fresh-CMT. The relative content of O,, Ce*" and Mn*" depict a consistent pattern of variation in these
catalysts, which coincide with the outcomes of the NH3-SCR activity. This further shows the safeguarding ability of the catalysts
active species through the three-dimensionally ordered macropore structure. Based on the H,-TPR reduction peak results, the
reduction peaks of fresh-CMT-3DOM move to lower temperatures, compared to those of fresh-CMT catalysts. The relative peak areas
of fresh-CMT-3DOM are greater, indicating that the 3DOM structure is more favorable for the redox reaction of the catalysts. When
Cd, Pb, and Zn are introduced, the reduction peaks of both catalysts shift towards at higher temperatures, indicating that the heavy
metals form bonds with the active species of the catalysts. The reduction peaks of all catalysts are analyzed to determine the relative
peak areas. The influence of Cd, Pb, and Zn on the catalytic redox activity aligns with SCR denitrification performance. This
indicated that the catalysts ability to undergo redox reactions is a crucial factor affecting their heavy metal resistance and SCR
denitrification activity. The NH;-DRIFTS characterization results indicate that the Lewis acid is a primary acid type in both
fresh-CMT-3DOM and fresh-CMT catalysts. Moreover, fresh-CMT-3DOM catalysts have a higher concentration of the Lewis acid
sites rather than fresh-CMT. Fresh-CMT-3DOM after the heavy metal poisoning has the more Brensted acid sites, compared to
fresh-CMT catalysts, and the influence of heavy metals on its acid sites is reduced. Fresh-CMT-3DOM catalysts possess a larger
number of acidic sites, resulting in a greater resistance to heavy metals.

Conclusions TiO, carrier with a three-dimensional ordered macro-porous structure was prepared using PMMA template, and
fresh-CMT-3DOM catalysts were obtained after loading with Ce and Mn. The activity and heavy metal resistance performance were
investigated. The experimental results showed that the fresh-CMT-3DOM catalyst had the excellent activity with the NO conversion
rate of more than 85% at 100-300 “C. The low-temperature activity was higher than that of fresh-CMT, which still remained at 85%
at 100-150 ‘C. When Cd, Pb and Zn were introduced, NO conversion rate of fresh-CMT-3DOM at 175-300 ‘C, while the
fresh-CMT activity after Cd, Pb and Zn poisoning decreased, in which the maximum NO conversions of the catalysts corresponding
to Cd and Pb poisoning were less than 85% and 100%, respectively. The characterization results indicated that the NO conversions of
the catalysts corresponding to Cd, Pb and Zn poisoning were higher than those of fresh-CMT-3DOM and fresh-CMT-3DOM. 3DOM
and fresh-CMT catalysts had the similar crystalline phases, but the diffraction peaks of fresh-CMT-3DOM were weaker in intensity
and its active components were more dispersive. Compared with fresh-CMT catalysts, fresh-CMT-3DOM catalysts had excellent
Mn*/Mn**/Mn*" and Ce*"/Ce®" redox cycling, higher redox capacity and more acidic sites, thus improving the anti-heavy metal
performance of fresh-CMT-3DOM.

Keywords three-dimensional ordered macroporous; catalyst; low-temperature selective catalytic reduction of NO, with NHj;
(NH;-SCR); heavy metal poisons resistance



