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Abstract

In this paper, MnO,-CeO2/TiNTs catalysts (denoted as MnCe/TiNTs) with TiO, nanotubes (TiNTs)
as the carrier and MnO-CeO; as the active component were prepared by a combination of the
sol-gel method and the hydrothermal method for the NH3-SCR reaction. The results showed that
the MnCe/TiNTs catalysts with a hydrothermal temperature of 150 °C and a hydrothermal time of
24 h exhibited the best low-temperature catalytic activity and resistance to sulfur poisoning. The
NO removal efficiency was above 95% in the temperature range of 150~350 °C. This is mainly at-
tributed to the more significant enhancement of the low-temperature activity of the catalyst by
TINTSs as a carrier. On the one hand, the large specific surface area of TiNTs can promote the high
dispersion of catalyst active components on its inner and outer wall surfaces, which improves the
redox ability of the catalyst; On the other hand, the quantum size effect of TiNTs can make more
atoms in the catalyst active components exposed on the surface from the inside of the crystalline
phase, which increases the active sites on the surface of the catalyst; In addition, the capillarity of
TINTs can make it easy for the reactant molecules to enter into its tubular channels, which this
enhances the catalyst’s ability to capture the reactants and accelerates the catalytic reaction rate.
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1. 4R

BEAM(NO) A A RRIRIAbe = A M E 5 e 2 —, BRblE— RFIFAETG G/, I aER R
HA I . REEIRSE[L]. LA NH3 i J5 77 rE B A1 I8 SR 352 AR (R NH3-SCRY), LB iE B2 B |1
AT A RS AR o 7 Vo0s-WOS/TiO, 44 713 14 i B B #5072 (300~400°C) [2] [3]. Ak
AL b S BB 4T, (A% B oA B TR A PR 2b 2 5, IRAMHIRA 150~170°C, BRIt 7 % AR <3k
AT IMBCAPRAE R B I AR R0 o VA TR I BN & SOHFEA M e . IhAh, SRR AAMEN,
JE SRR AR IR E S g fa g, LS A BT HME 4] . DRI, AR AL BB m iR E M AR
PR R A B GGk as A B A5

A (MnO) M S AIC B ELEREE AL, FEARIRAA[S] ¥R A PG G(VOCs) [6]HFIRE APEA ML
154 (POPs) [7]58 4k /3 il 25 J5 THI 3 R B AL S IR RS 1, AR AR BT 8. S0, MnO, X
THA RS AR (D SO, A HC BN BUR, Sy bini h 5. &85 425 m MnO, Bt SO, B MERER 2L
FB 2z —[8]. FAAbli(CeO,) T B At il S8 BB I Wk SCR AL 77 (9 {2 32 77 B PR 4H. 43 [9]
MnO, 5 CeO, 45 &7 il MnO,-CeO, BG AT, BERF I I AL IR IEFRA AR &, PRt A0 77 P 351 42 )8 5
TR A REAS A, B e AL AR BE[10] . RARA BT 10T 78 I MnO,-CeO, L7 CeO,
YE i, Ptoes SO #HEAEFH, Mk G iif P Hh 0 428 )5 7 Min B8R R 1L [9]

SR b, A A TR IR S M AN B BE AL TRV E AN 20 . BT TiO, 49K ikE, TiNTs
VERFAR S ARG P B A o B 25 3R FHE A (1] [12] [13]. ATt se[14]1 88, MnO,-CeOy/TiNTs
HE A )35 U P8 R 11 I 5 9 B, 7E 150~400 °C il 5 5 Bl A TR &A% 21 4E RF7E 80~100%: 1l MnO4-CeO,/TiO,

DOI: 10.12677/japc.2024.132024 201 W ERAY, 2


https://doi.org/10.12677/japc.2024.132024
http://creativecommons.org/licenses/by/4.0/

PUIE

AT AE 200~250°C 35 FE X 18] i Al 2 26 R R 7E 90% 7545, 400°C I A A A 20% A F

T BRI V2 R 33— 2D IS P 28 7 5 R AR (A ELAE S R b 5 P A 40 7 R AR 2R T e 0 v EL T
B2 T0E JE I MnCeOy [l 744, AT 18 B = (IR A AL 5 VR IR H F[15] [16]. AR SCANHT Vb S R A e vk
R 4 MnCelTiO, #f i, iR HAE K FAIA B s i BB A0k b S EIRZE M MnCe/TiNTSs 4L,
DLk — 4 s e A TR IR S T S B B Ve B s B E 17 KRS 1] A SOK B BEXT MnCe/TiNTs 46751 i
TEIEPERCI, T3 MnCe/TiNTs #EALFI TR TE BEREAT VR -

2. MRl E
2.1, {EUFIHIESRIE

AR S 2 P T I B e v ) 46 MInCel TiO, FE & FEFEAS A /K A T80 oK H o il s K EDIR (1) MnCe/TiNTSs
AL, e, DARBERER(1.34 ). /N/KEREERAN(0.27 g)« £KBRIE T /5(0.2 mol) MR URA, R PRIk
IL[5]HE MnCe/Ti BEdhs BlJE, #41% MnCe/Ti £ 5 10 mol/L NaOH il iR A 2RJE, KiZREY
BN KA N 38 150°C 46 0F R ROV 24 h G A IR =R, HHA RS 7/KES: 2 )5, 7E 0.1 mol/L HCI
Wil =R 12 h, FHEBE KRR B, B E 100°C T 12 h 5 i (40~60
H): |5, 7E400°CZSH Bk 2.5 h £33 MnCe/TiNTS1s0.00 HEAL T o B 7K FAE BRI ZK FA ()75 31— 2
5| MnCe/TiNTs fiEfb 70 1 Fran. X ST (XRD). &5 A (TEM) ELR AN K LR FLAA MR
(BET) NHz-F2 /7 F i B it (NHa-TPD) . Ho-F2 /7 FHil 6 J5 (Ho-TPR) . #4 i 2 i AR 14 (TG-DSG). X
SR LT BT (XPS) 55T Bl FH T R AEHE A0 A BRAK 22 Mo

Table 1. Catalyst labeling and preparation conditions
= 1 TR SHIE IR

FERFRIC K AR K B[]
MnCe/TiNTS130.24 130°C 24 h
MnCe/TiNTs1g0.24 180°C 24 h
MnCe/TiNTs1s0.24 150°C 24 h
MnCe/TiNTs1s0.16 150°C 16 h
MnCe/TiNTs150.32 150°C 32h

MnCe/TiO, \ \

2.2. HEALFIFEM K

HEALFRIE BEMRAE T I R A (AR x K =10 mm x 500 mm) k4T . [E € 2.5 g FIEEALFIR A
BT A R N N IE B U, S S PR fIFE 150~400°C N o BRI B NO (500 ppm). NH; (500
ppm). O, (11 vol.%). SO, (50~200 ppm)Fil N, ZH Ak, oS A & i S i 4% Hi T4 676 1000 ml/min, =5
M 30,000 ho MRS SHAE 1 h JGHHT, FFHHT E 2 S0 DA RS v 5t . NO Uik
T FE (NOi) AT H 13 B (N Qo) FTHEA 20 B AX (F5 Fl MRU /A 7], Delta 2000CD-IV)ll#5, NO #:4b 3R 5E A

NO#:{L3 (%) = (NO,, — NO,, )/NO,, x100% 1)

3. &RV
3.1 ENFIBIESEMIL R EARHE T
I3 A K #AGZ i) 26 TINTS SR B BREIR 9K TiO, 5 NaOH W HAE ey i e [ N AR ELAE 2
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TERCERTR SR 9K Frs 9K i FE K 3R NG il B KR B s 9K A P I8 I VA R - R oivE pL 3
(dissolution-reprecipitation mechanism)iZ 4= K BB S 76 B K QKB [17] [18]. @l 1(a) s, 247K At
[ H1 24 h 47%5 %5 16 h BRZEK 2 32 h, 150°CH MnCe/TiNTs {4k 771 Bl 2 % 1 98% T B4 2= 80% A1 50%;
VRS, AR PRI R T B R I R R AT AR . KA ]I AR, MnCe/TiO, 4 KFiif:
5k NaOH W& N5 8T 90K B B, 6 A4 il R A AR EDIR 1 MnCe/TiNTs A6 7K )i
KT, MnCe/TiNTs {4k 7l 2 AR KT & AF B R A 2, T 48 i) 44 K 2k B K A 7% 22 [19] - MnCe/ TiNT S450.32
AL TEPELL MnCe/TiNTSs0.16 AT EEAR, 2 BH 7K AR [ Tk 4K X0 {8 14 70 5000 445 440 PR RMER A7 Y B
H KRB EAE M MnCe/TiNTs B OS5 M M E R R 2 —. RIEE 1(b), KN LR N
150°C, KAl BEHE— 2 B (130 °C) Bl T 11 (180 °C ) H4) 2x S BUHE AL AR e Al v 12 T P o X T BE 2 H T /K AR
JEIIS, MnCe/Ti IR & iR 5 NaOH IR N A TSy, BUE MnCe/TiNTs A KA TE 4, 5 EZRAGEKTR
BN R S5 () P SRAFAE s 4R TH K ARG RS, AE MnCe/TiNTs REFEAK, IR 9K & i
PR HEE, R 2 508 B K sk gk 2R 2549 [20]. Bk seab 45 1 5B ATTRT I B P25 TiO, #il % TiNTs
SRAF ) B 2R A A 14] o ABASST PSR F 0 i1 2% 7 v i e FE /K B Bl 130°C =i 22 150°C . axX A e I Al
T IRERGEH Mn i Ce JR15 TiO MHRL G, A HBUE MR R, 752200 Sl FE R IS K B 8 e
Mo T FIRTHEEMFFT, A TR M B EE R MnCe/TiNTss004 (J5 217 5 B MnCe/TiNTs)#E4T i h
FH R PR DU A LR R A

100 100

————9 o——— 9 F
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Figure 1. Effect of hydrothermal time (a) and thermal temperature (b) on denitrification activity of MnCe/TiNTs catalysts
B 1. 7k a8 () FIHGRE (b) % MnCe/TiNTs #1457 B A8 5 E M R0

3.2. NP HM R TR

FRPE 44 SO, % NH3-SCR Mt il Je S AT ki s, RIAE[21]: (1) SO, 25 NHz. NO sE 5+ 7%
TR (2) SO, 5 NHg KA RSVEFE 138 S5 77, [ s 75 fbE Ak 77 2 T T B3O R B BN R e, 78 i v 1k
W, SEFEMEAGTIFLIE  (3) M AL AR T M 24 20 4 SRR AL T OB PEARAR K 6 SR AR R B, 3 BV AR R0
i 2 s, 78 150°C 264 T B 50 ppm SO,, MnCe/TiNTs 1 MnCe/TiO, i 44, 71 i i i 1tk J L - AN 52 50
i B R RS £E 98% /e A7 o T iy SO, WK 28 100 ppm I, MnCe/TiO, AL B A 226 M 97% ' [ 22 84%,
i MnCe/TiNTs 4k 7 B S FCR A RELERFAE 95% . X U [AIF TiNTs $i FIK LR TH R Ae (e it is 4 o 18
AR T = B e, B ERFE 21 Ce JR T, A RUEIEYE Mn IFIRER k; FIRTZEME T SO, 5 R N2
V1) ) 5 4 W B 00 T T R e R R S A I TUAR [ 14] 33— 2% SO, W H TH 2 200 ppm I, MnCe/TiO,
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AL LSRR N 84% K %% 45%, 1ff MnCe/TiNTs AL IR R AU 95% K4 ZE 70% 4 4. %]
SO, MnCe/TiO, AT Al LBt — 25 R B, 1 MnCe/TINTs 8 4b 71 I Al 3 1k U e K 2 % 85% 42 4, %
B TiNTs AT2Ef# SO, 51 R2 PN A e 3E . IX ] §eIHE T TiNTs R+ 1) OH 2 [F5 SO, #HEAEM, 7E
—EMEE BRGSO, A 2R & 1t 20 73 1) 55 5

80

o 50ppmSO, on
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" —o— MnCe/TiO,

—o— MnCe/TiNTs 200ppmSO, off

0
0 40 80 120 160 200 240 280 320 360 400 440 480
Reaction time(min)

Figure 2. Sulfur resistance curves of MnCe/TiO, and MnCe/TiNTs catalysts
[ 2. MnCe/TiO, #1 MnCe/TiNTs 4L FIIAF 1% AE MLk

3.3. EWFIRIES Hr

3.3.1. XRD # BET 4%

¢ 4 Antase  4MnO,
YMn,O0; OH,Ti,0,

Intensity(a.u.)

MnCe/TiO, J

0 v
MnCe/TiNT A [
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Figure 3. XRD patterns of MnCe/TiO, and MnCe/TiNTs catalysts
[l 3. MnCe/TiO, 1 MnCe/TiNTs {#1{L57IA) XRD

% MnCe/TiO, 1 MnCe/TiNTs #E{LFIiEAT XRD RAE/HT, Z5RWE 3 fizk. MnCe/TiO, AL
TiO, SAAH S5 #) T B LB AR BY(PDF#21-1272) 8 . A7 F 37.1°F1 55.1° Kb 17 504 43 5] 1A )& T MnO,(100)
& [ (PDF#30-0820) A1 Mn,03(440) &4 1 (PDF#41-1422) [5]. % T MnCe/TiNTs #E4L7], TiNTs 3% L4k
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FR(HoTigOn) it 2 4E, HIAB T H,TisO; MIATHHIEREER GG . X v RE 2 i T A SO R i & 7%, A8
Mn JZFH1 Ce JR-F7 4N TiNTs gafkg5td, S TiNTs fmEkER&5 M K M AE . 534, MnCe/TiNTs
AL )BT MnO, Al Mn,O5 AT $HIEAR 55, 31X /2 T TiINTs R ) i 23 E0R g5 F A b2 i FRA i i3t
TR AR AL R TR BT . MRS 2, MInCe/TiNTs fEALFIANA 5 K EL i #7(165.5 m¥g)
FUEFLER(0.33 cm?lg), B TINTs VAR i RE B i Ak 7 b R TR S 5 FLE5

Table 2. MnCe/TiO, 1 MnCe/TiNTs # Itk REFARMFLLEMIE R
%% 2. Specific surface area and pore structure information of MnCe/TiO, and MnCe/TiNTs catalysts

il BET LL& A (m%g)? MFLE (cm?/g)? L (nm)?
MnCe/TiO, 143.5 0.28 9.20
MnCe/TiNTs 165.5 0.33 6.64

FE: ®EH N PR BRI A5 -

3.3.2. TEM 4347

MnCe/TiO, il MnCe/TiNTs #4L7IK TEM UK 4 s, 4550 ER, ACH] & FT15H MnCe/TiNTs
fEfb7), HAMEHN 10~20 nm. BEJE N 3~4 nm. & KAE 300~500 nm JEE . AR, 2] H,Ti0,(110)
i [ (5 T ) 2 0.36 nm) AT MinyO3(220) i T (i T [F) #E M 0.27 nm)AHELE &, K Mn 7 5 %44k TiNTs
EERLA . T MnCe/TiO, AL 7 32 B 2Bk, iR LE 10~20 nm 2 ], BiEkH" 7 TiO,(101) k% i (5 1 )
>4 0.35 nm)5 MnO,(100) 4 1 (5 1 7] 25 A 0.24 nm)E S, KB MnO, J&Ih 1 #1E TiO, Fifi. SR,
HIERATIE] CeO, dhfA, XTEEZH T CeO, & BHU/DEE MnOWIFh 45 & S BOM LLRE A I 2[14]

Figure 4. TEM images of MnCe/TiO, and MnCe/TiNTs catalysts
[& 4. MnCe/TiO, 1 MnCe/TiNTs {4 I8 TEM &
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3.3.3. NH3-TPD #1 H,-TPR 4#f

HE A 75102 T TR e A7 250 R A 52 i e L 790t 1 ) B 2 DR 2R 1] () i, AT 200°C 72 45 F1 400°C
Fe A7 AR R0 43 VA TR T NH A3 R 8 R0 i R L F G B o 388 e, 5 R e A5 R 5 TR kS o A A
Bronsted FR1EAL AT Lewis BR 1447 . #H LT MnCe/TiO, fE4L 71, MnCe/TiNTs {# 1k 752 1 Bransted FR 1413 Al
Lewis B LA 0] B U [T AR 35048 K, 2R BH TiNTs /R s i e = & AR R T R PR A 2 & . — J7 VA K T TiNTs
BA R LR T AR R AR 2 46 A 703 1 20 23 72 L N AP BE TR e FE 2 5, AT S T (AR R IR s 9 — 7
HEE T TiNTs R A 35 10 OH ] vl {4 Bransted FR AL

MnCe/TiNTs Fl MnCe/TiO, flE £4. 771 ] Ho-TPR 1% B 41 14] 5(b) Fir 7~ « X T MnCe/ TiO, #4471, 7E 100-750°C
00 [ P B AN IR S, 4305 R T Mn® ] Mn® DAL Mn®* B Mn® {38 SR [5]. B AR I 3] Ce* 31 Ce™
F SR R , 7T RE U KT MInCeOy [ 74 (T A 5 30 Mn* 2 Mn® f)id J5i Uk 15 Ce™ 31 Ce™ ik Jilig R A=
HE[22]. MnCe/TiNTs b 73k Ji 0 v =il X A #,  5 A VR RZH HiT A IE F 45 SRR [14] o IS B H B
IR F MnCe/TiNTs fEALI R T IEE AR 5 TINTs S0k B/E A O ZE [, LRt S H, &A%k
JVE[23]. TEAE T TINTs (E A A AR R RE S 103& 414, R T AR NH; i B4
RN N A Sl G Y

MnCe/TiO,
MnCe/TiNTs

(@ ;152.5°C  294.3°C (b) 336.6°C i
A : MnCe/TiO,

MnCe/TiNTs

480.8°C ;

: 129.4°C

694.3°C
340.2°C :

Intensity(a.u.)
Intensity(a.u.)

1 1 1 1 1 1 1 1 1 1 1
100 200 300 400 500 100 200 300 400 500 600 700
Temperature(°C) Temperature(°C)

Figure 5. NH3-TPD (a) and H2-TPR (b) curves of MnCe/TiO2 and MnCe/TiNTs catalysts
& 5. MnCe/TiO2 1 MnCe/TiNTs #4574 NH3-TPD (a)F7 H2-TPR (b)#h%k

3.3.4. XPS 3k

MnCe/TiO, Fll MnCe/TiNTs 4k i) XPS &5 F 41 4] 6 7% . Min 2p K3 v, £ F- 652.2 eV (5, 640.7 V).
653.5 eV (5k 642.1 eV)Fll 655.3 eV (ak 645.5 eV) AL 5 80E, 43 3% BT Mn*. Mn*. Mn*™*, Ce 3d /&
W, fi7 T 904.7 eV 1 885.7 eV AbFI4FAE Wt T Ce* ki, AN JAJE T Ce* [9]. HEALFIF Mn*
M Ce* A& BB, (UG TR TR 24] . MnCe/TiNTs #4721 Mn*" (30.8%)H1 Ce** (27.3%) % &%
7T MnCelTiO, fE4b 71 Mn** (26.0%) A1 Ce®* (21.7%) . X 3= B (KT TiNTs LA ks i) o 2 IR 485 4 B o
KITLCRTIAR, ik 13 4L 20 6 I A A1 BE THI 1 v FEE 20 5, AT IR 5 1 Vi PR AL o0 AN 2 T 1) P 755 %

O 1s Bz T 531.5 eV H1 530.0 eV KLU, J5 71 %of 82 T4 27 B 46 (O,) AR THT A 0(Op) » ot
O, Bk, SERMEIEE T ZMHEAERT, B2 58 MEFERM[25]. Fit, O,/(O, + Op)
72 WAL RS 1 () B 4R bR 2 — . MnCe/TiNTs AL T O, i H(27.5%) %= T MnCe/TiO, fEAL
(22.4%), [FIET O V[a BE S 145 GRS 8l . 1245 AR A TINTs E R E ik ol 52 i A0 I 80 B8 ) 3R 1T ot
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MR B ME[14]. #—20FR B MnCe/TiNTs 4L Hy-TPR BHZEHPIL HIg ) SR X WA, mlae)dR T
TiNTs & N B MR B AR

Mn 2p Ce 3d

MnCe/TiO, /]

Intensity(a.u.)
Intensity(a.u.)

MnCe/TiNTs

m

665 660 655 650 645 640 635 930 920 910 900 890 880
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Figure 6. Mn 2p (a) Ce 3d (b) O 1s (c) XPS curves for MnCe/TiO,
and MnCe/TiNTs catalysts

6. MnCe/TiO, #1 MnCe/TiNTs #{L57# Mn 2p (a) Ce 3d (b) O
1s (c) XPS Bk

4, &Eip
2R S 4 ST 5 W W 41 4 SRR MInCe/TiO, BE i, 38 3ot 7K 435 81 4% L AT 98 K A IR 485 4 1

MnCe/TiNTs f#4L7F F NH3-SCR A Mo 255 R I, 150 CKIMGAE T ALEE 24 h 244 MnCe/TiO, il ik
MnCe/TiNTs #4771 14 55 /K F4 5 . MnCe/ TINTs i Ak 71 B AT D8 37 PR AR 8 At 12 A 8 5 1 v PR P 7
1E 150~350°C i [l P4 B AH AR 4ERFTE 95% LA [o Ak, TiNTs FENEIAEELEME T SO, AT S RS AN AT i 2%
TEIF R T A PUR R . TINTS XHEAGTIPEREIRFER], EEHFE T HAMRER b EREE M . KR
AR & BRI OH HE[A], B3 1 fH Ak AR IR S S e 7 DA RO AR A S5 B 77 PR 4 T4
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