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5T T CaO 445} V,0,- CeO, /TiO, LR HhaE BRRN, Z553K, XIF CaO FhaEEfEfbRl, SO, nf
et Bronsted FRVENT 2RI, 7E—E R FHOE TEMRY, IR T NH,-SCR R igtE, R
EHMICAX) SO, WA E B ERA —E s, (0 HRIAFFHGE 202 SO, X4 @ 2R brERY
RN, SEATNAEBAAMTT SO, hEERIRIITHGA

BT, AR AR R T xCa0-V,0,-MoOy/TiO,, W HIHT T A HEREIEMN LUK K mta]
AL SO, H,O FHEEIEREINR, FF45& MBI Hf . BET. H,-TPR . Raman #il in situ DRIFTS 253/F T-Betf
SEIGLERAA T, A5 TATHT 200 °C LIF, BAY SO, H,O FRaptkAE IR AN AL .
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1.1 EETIREIE

PAVBYERE Y TiO,(ZRGHIEIMEH T RIRI R A R ], 465 98%) kA, ImElEEL (FIH T, 4l AR
99%) . HHFRES (AR). %L (BTHi T, 4R 99.95%) 439l CaO. V,05. MoO, FUFTIRY), KHERENZ
Frkdl . BAREIR AT o BIBCH— SRSV . MRS IR A SRR e s e, L
i, IR AR O R TP A IS R N A, SRR A ERRES I TiO, ByRH, fiE
FEA)E, AE 110 °C R4 12 h, 600 °C K542 2 h J53545 xCaO/TiO, ik, Hrp, x & CaO HYFE/H%.
T S B D PR B s TR AR R BV UM A B 45 1Y xCaO/TiO, 2k, 60 °C KIsEME T, SEHEiesolk,
76 110 °C T4 12 h, 500 °C %542 4 h, 345 xCaO-V,0,-MoO,/TiO, #EALH] (V,05. MoO, JFi 74535l
H 3.5% . 8%). xCa0-V,0,-MoO,/TiO,-u F&/R7E 180 °C F H,0 1 SO, 5[l sh 4T NH,-SCR ¥ 65 h J&
AL
1.2 EUFEESEARTETN

AL T ) NH,-SCR Al 15 4 00 328 37 47 SR FH ok 280 8 61 58 PR I 07 26 B o A 500 A0 /o 0.12
g(40~60 H), RS RT3 K &3, 0.03%; —FAbA, 0.03%; 44k, 0.035%FHKEi
R); —F Lk, 04%; —HALB, 5%; KFES, 10% ; A, 16%; N, HE<; JEFE N 300
mL-min"'; Z53# (GHSV), 30000 h"'; %/ FTIR(MKS6030HS) RN, 7EEede S Wik i 1< 4
BRI . NOx FEALZRA N, BERIERRES (1) it ()72 15

C=ﬁx100% (1)
G
2C;
S=|1- ——F——FFF|%x100% 2
( CHCCCy) 7 &

K. Ch NO, AL, %; SN N, BEEEME, %; COMATTART NO, MR, %; C, W A4
NO, FVEEE, %; C A AAMRH NH, REE, %; Coih HAUART NH; BIMREE, %; Csohili sdkrp
N,O IHREE, %-
1.3 EFIRAE

b T U SZ A AL RS HERE 1) — T LS8k, Tl Y BRI B 43 BT A (3€ [ Micromeritics ASAP
2460) FAFAIE BB HZk, 5807 BET HERMFVRFLIE MG . 8id X SHERATEHY (XRD) 434rilise:
ol ARG, AR SR 2 H 7R Rigaku 23] SmartLab 9 kW 8 X SR AFEMY . MRS K. R
Cu ARG, &R 40 kV, HIE 40 mA, FHHEEE 10 ©min ', FER 10°~90°,

H,-TPR 2 FHA A AR R 5l A SR AR B e R 55 — Al AR . ZE b ot ad B2 R FHIR 2 AutoChem
2920 B2, T 26AE N, AU REE 0.1 g 40~60 HrHiALF) 350 °C HikbH 1 h, &R IREE N, 5
e 10% H/N, (50 mL-min ) 54K, MZEIRLL 10 °C-min ' BYERFEFETHE R 650 °C, (P SAGI 2§
(TCD) XHE 5 # RS

DRIFTS SL56K F2€ [E Thermo Fisher Scientific 23] Nicolet 6700 {7 MASRLTANEREL, ZINEFHA
18 ) 33 R A L (Harrick 23 5] 7=, KBr % &) Flm Z U5 9 MCT K48, MCT kel 5 IR AR H =
—196 C, VIFRMEMER , FRECH 64 K, 43HER7 4 em™ o MEALFIRE S 2E OIS J5 AR A, SCHRRT7E
400 °C FH N, TIALEE 1 h,
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P43 4% Horiba 23 7] LabRAM HR Evolution $i7 2 Y6 #Y, 1Z1 & HL£5 532 nm (Ventus
LP 532) #OGIEFN Synapse CCD #8I%8%, 14K Linkam CCR1000 J5ifi7it, SRS 20, ZFmE 105, 6
FEAIHEEE 800~1 200 cm ™!, IAGIER I 532 nm.

2 HRSE

2.1 EETIRTEMEITN

KR EER AR CaO R xCa0-V,0,-MoO,/TiO, HEALH], MALFIAITE R 1 FiR.,
M 1(a) FATLAEH, B CaO BAREAYRE, 16 100~180 °C P NOx 5L RZHIENML, N, Pettierts
JEREAK BASHIA H,O 1 SO, AHMEALFITE S IMZS R ANE 2(a) Fin. HIE 2(a) "LLEH, CaO 574
AR T T 2% i, NOx #4LR M T & F V,0,-Mo0,/Ti0,, 7£ H,0 1 SO, fEfE}, 2Ca0-V,0.-
MoO,/TiO, #E b B A fe A NOx 544k . Jl i L 1(a) FE 2(b) &L, 78RN HiE A H,0 Fil
SO, i}, /4 xCa0-V,0,-MoO,/TiO, #EILFIFI V,0,-MoO,/TiO, AL NOx HALRIgH —E IR, (H
2Ca0-V,05-Mo0,/TiO, 1 1Ca0-V,05-MoO,/TiO, /573t V,05-MoO,/TiO, BTk :RE.
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§\Q
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T —0— 3.5V,0,-8MoO,/TiO, % : N
o 40r —0— 1Ca0-3.5V,0,-8Mo0,/TiO a0 f ~O~ 1€a03.3V,0,-8Mo0,/TiO,
s s z —A—2Ca0-3.5V,0,-8MoO/TiO,
0 £ 2€a0-3.5V20-8Mo0, TiO, 2 —O—3Ca0-3.5V,0,-8MoO,/TiO,
~0=3Ca0-3.5V,0,-8M00,TiO, —#— 5Ca0-3.5V,0,-8MoO,/TiO,
—#— 5Ca0-3.5V,0,-8M00,/TiO,
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R EEC M
(a) NO b4 (b) N,BeEd:

1 7A[E CaO SEX xCa0-V,0,-MoO,/TiO, HEXFIH NOx 5L ERFEF AT
Fig. 1 Effect of CaO content on the NO, conversion rate and selectivity of xCaO-V,05,-Mo00O,/TiO, catalysts
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Fig. 2 Effect of SO, and H,O on NO, conversion rate of V,0,-MoO,/Ti0O, and xCaO-V,0,-MoO,/TiO, catalysts

T AT H,O 1 SO, % 2Ca0-V,0,-Mo0,/TiO, 1 V,0,-MoO,/TiO, #FFEHIENRN, 1E 180°C.,
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RN, NOx AL E I, 11 93.5% TR 59.1%, 2Ca0-V,0-Mo0,/TiO, £33 65 h ))&, NOx
LRI 93.8% FEZ 83.8%, 1 FIRGEEAIA, 5 V,0,-MoOy/TiO, MALFIAHIL, 2% CaO M54 2R
THEEFIRPL SO, 1 H,O HHEgtERE, M fbRli s sl Bnitg . DI 255K, 844 CaO B4k
F%E SO, Fl HyO MIMMSZHEZEI] 5 T V,05-MoOy/TiO, .

ZE LATA, it A xCa0-V,05-MoOy/TiO, LAY NOx 5440 | N, BefEE KBk ERE, 2Ca0-
V,05-MoOy/TiO, IfEALFIEA M AR TERE . o T iE—2E5¢ CaO B2t mhimitkreny i, J54:
SIS FIRSY B SRS E TS RTR HY 2Ca0-V,0,-MoO,/TiO, 1 V,0,-MoO,/TiO, I,

22 BUFIRRIEER

SLTIHEACTR R LE R AR . FLA TR FLAR Y ® 1 RNBIREETIREESH
MELSRILZE 1o 3R 1 alJ, kR 2Ca0- Table 1 Structural parameters of fresh and used catalysts
V,05-MoO,/TiO, ALY L 2 ARG 55 T V,0;- e 44T R TR (mg ) FL25/ (em’-g 1) FL4%/mm
MoO,/TiO, fEfLH . BEWI At CaO B2 A BT V,0,-MoO,/TiO, 59.4 0333 8.63

By i £ 31 Rk B RS Fa e
BERECRIHCAITRL, XTISURBRESERERR. o o o o s 10
HRIAEAATTLA G, R LR el T T e o
B FLAMA TR, SFSFLRISA BT, XA o ' ' ‘
2Ca0- V,0,-MoO,/TiO,u 64.9 0.313 9.55

BEAN B FHEEE, V,0,-MoO,/TiO, f Ak 51 5 Sy B
i, JXATHER M TR BRI UR TG LB AR, X FRITRRAE V,05-MoO,/TiO,-u AL FARXSHE ™
#, #E—BU] V,05-MoO,/TiO,-u AL h B Ry, PRI AHRCR 2 T .

[l 3 (a) it AR I I AR AR A RS- AR 4R, #R40E Brunauer-Deming-Deming -Teller(BDDT)
S MR T REA H, RS TV AR (AL EIEERAY), R FLBRS A e TR, X P
fLAER IR T IR R RS, A BB IR . IR BT A B AR — AL A5

3(b) FHihASE TR SR S AR R FLAS A i Ze . AT UL, SRR EERIR TR Je AR LA A rh oAl
TE 1~15 nm, {HAERTEN V,05-MoOy/TiO-u fEALFIT, FLAEN 1~3 nm FLEH R0 . 3R i ThiRee Lk
DRI LIS AL, 11 2Ca0-V,05-MoOy/TiO, £ KN FiJ& LR i A& & AR B B A8k, if—25 Ui
CaO BYBZM T IRIRRER TR,

500 0.008
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<300 Egj A - " O—q O
: 05— oPA O T
8 IOPOOOO0DO0O00O0OTE=E 77 2 0004 J D
E oomp Ooooooooooooooi@‘)@é;o { 5 . o
= 00000 /]9 = A/ 0
= M(? = PR
B Kol % A N
100 + Wi = 0.002 S \ —_—
88'0 3 N
0 -OWWWW w 0\0
1 1 1 1 1 0 1 1 1 1 1 1 1

0 0.2 0.4 0.6 0.8 1.0 0 5 10 15 20 25 30 35
HIXFIES/(PIP) Zf/nm
(a) N b~ B 453k h 2 (b) fL1z

3 REBIEHEEFTIE N, M-S RrS R FLEN T

Fig. 3 N, adsorption-desorption isotherms and BJH pore size distributions of fresh and used catalysts
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it H,-TPR MERHfEfALFI R FPERE, 53R 5 s, 3T V,05-MoO,/TiO, #AEFIEA
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2AEEME, 35T 339 °C Fil 416 °C,
1 ANEH T VIS VR R, 4 2 IR T
M Mo® —Mo ™ iy 18 JF B, i X 4 Ak 5
2Ca0-V,0-MoO,/TiO,, X 2/ IE4rHiT#% &
369 °C H1435°C, ¥l CaO MHBZLFRAL T ML)
F AR JFEVERE . el PR AR e ML 0 )
X2 MEMKESE—E, HREEmEE, Xt
F 2Ca0-V,0,-MoO,/TiO,-u #EALH], V,0,-MoO,/
TiO,-u [ & iR AL B S 8, Ui SR fbid b fg
FEAE AR . DA LS50l T CaO 142
ZA R TR TG B AR

EEEVA=D v S R I ¥ Ve i s o 1) e
g BT eI /S| E R B e et v I
RWE 6 . CAHMREW, 1028, 991 1
928 cm™' BN EARASSAAAL . Sk V,05 FIERG
BRI ERE P2 954 cm™ IHJE TR
MoO,” B FARXIFRINAEIRBE 2, RVHET V,05-
MoO,/TiO, b7 3 i 3= B & PR RS HLA Y Fl,
MY ERENRE IR T fik V,05, BLEHPLER
FOEMESIRG , PARERAHLSEMIF IR, AT
M, Hit, TR TR, miXF 2Ca0-
V,05-MoO,/TiO, fEALFIRL, et (4 fi Ak 77 FR T
LFZLIAREEN .. ik v,0, EXUURS
AP, M R G, nIfedE T4
B AL, AR iA V,0, AR RS
L, T RS E AR G A B ARy
s PE, Ik, 2Ca0-V,0,-MoO,/TiO,-u {1k
FBIREAR YRR, (BEARL P E
PE. X 2Ca0-V,0,-MoO,/TiO,-u AL FIFiL
eI, R SR T S AN B
TER, B, (et T FR e il .

J T ik R T E AL, R TR R G
{7 I ASHRAT A (in situ DRIFTS) AMIa A
DI R AR e S AR, M R AE 180 °C
Nl A 0.035% SO,+10% H,0+16% O,, 45F40
K 7 . I 7(a) AT, 7E5]A H,0+S0,+0,
J&, V,0,-MoOy/TiO, fiEfb 5], 7F 1630, 1371,
1344, 1231, 991, 941 cm' AbWELHNIE g, H

-

¢: Anatase TiO,

o ! 20a0-V,0,MoO/TiO,

¢ R R

2Ca0-V,0,-MoO,/TiO,-u

V,0,-MoO,/TiO,
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20/C)

4 REATEEMT XRD EiE
Fig. 4 XRD patterns of fresh and used catalysts
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Fig. 5 H,-TPR profiles of fresh and used catalysts

28
V,0,-MoO,/TiO,

I
1 1
I I
I 1
! ; V,0,-MoO,/TiO,-u
| |
I I
1 )
; , 2Ca0-V,0,-MoO,/TiO,
I I
1

2Ca0-V,0,-MoO,/TiO,-u

—
D
[=))

1

1

1

|

1

J

1

|

)

|

1

1

0
1
I
I
I
I
\
I
I
I
I
I
I
|
|

o0
=l
928
F S N R YY1

800 900 1 000 1100 1200
P /em™!
6 MRETEHELTIRRSIEE

Fig. 6 Raman spectra of fresh and used catalysts

H1 1631 ecm™ HJET H,0 M IhARSIFHIEIE, 1371, 1178, 991 em™ B RAHIRE: (S,0,7). Wikt
fadh . REGRARERFEIERY ) 1231 em™ 2 HSO, TWAFEIERY, 950~800 cm™ A LA R ERAHOCHIZLST
R A, #E 2 046 cm™ FiT 1033 em ! ARRIIESRIE T V=0 BIZETREI. V,05-MoO,/TiO, fEALFIZEILAL I
SR R, FRIIEITY) SO, 53R V=0 i, JHFE V=0 A, [FR7E 1974 om™ AabiigE
IR EIE, BIEHE T Mo=0 MiZaiiRsh, FoAEg, i SO, SRMEATD Mo=0 N, AT
PEL 4380 BB AR L . 2Ca0-V,05-MoO,/TiO, £t =4 T R IR AEL (1231 em™), R EHRE:
(1371, 1178, 991 cm™). WEARARER (949 cm™) BIDLEL, {HFE 2 046 cm™ AbA A= BH AR, #£ 1974 cm™
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(a) V,0,-MoO,/TiO, (b) 2Ca0-V,0,-MoO,/TiO,

E7 V,0,-Mo00,/TiO, F1 2Ca0-V,0,-MoO,/TiO, {#{LFI7E 180°C iBA SO,+0,+H,0(g) FIEALIIMEIE

Fig. 7 Insitu DRIFTS of V,0,-M00,/Ti0, and 2Ca0-V,0,-MoO,/TiO, catalysts at 180 °C under a stream of 0.035% SO,, 16%
O, and 10% H,0O mixture

A1 1033 cm™ AbHELHESAOEIEE, FIXTF V,0-MoO,/TiO, k7], HRERELYIFH ISR I BIk55, 156
SO, 53R V=0 Fl Mo=0 R 55, CaO Bl 1 SO, 5K M V=0 1 Mo=0 my ™, Hit,
2Ca0-V,05-MoO,/TiO, AL EA R BT IERE

g it AR TP BE RO PLIE DL S AR AR ) o S W B RS AR B S e, R ROV RS VL0
MoO,/TiO, Fl 2Ca0-V,0,-MoOs/TiO, #E{LFIHEFT T %8 NH, M5 NO+O, BESIRAILIAMIE: . SN il e
V,05-M0O,/TiO, fil 2Ca0-V,05-MoO,/TiO, #7115 NH, Wl f5 NO+O, B A5 J5 A0 £1 41 52 56 5 135 &
&l 8(a) FIEl 8(c) Fi7R.

A NH, 60 min Ji, 7F 3386, 3267, 3173, 1653, 1602, 1563, 1423, 1423, 1237 cm ' 4biH
BT — 25 NH, YR, Hodr, 78 3 367, 3262, 3 172 em ' A BLAYIE TR 454 NH,
N—H fhgfzhie, 1602 cm™ Hl 1229 cm™ AbRIIERG S SIRT R TIBIE Lewis B A9 NH, AXHFRHZE{R
SH SO RN SRS FR P E PRSI 1 423 cm ™' A1 1 671 em ™' 435124 Brensted B@t:Az I NH, FIXTFRAI
XEFRHAEIREIMIIAELS, 7F 1563 cm™' AbHIBL NH, IBTYIHRESIEST, CaO KB BANH T NH, 7F L bk
AL AR, BEAR T AEAGRIAIR T . il AR UAEEAS I NO+O, I, AR FNTE Lewis PRV B RIS,
) NH, P G s f 5 YA TS, ARl A NO+O, 60 min J5 744k . 7Ei A NO+O, 20 min J5,
TE 1660 cm™ | 1477 em™' b5 HEE T — Wil , 43 51IH 8 R N,O, HYW IS | FRLi4 fiF IR ER 0 A 2 e
B39 PEIHYE V,05-MoO,/TiO, Fll 2Ca0-V,0,-MoO,/TiO, #Ak57 F miz it (1) NH, #F7E NH,-SCR JZ i/
T AR A SRS PE

NO+O, 60min

X7 1685

O
o0
O
—

NO+0, 30min NO+O, 60min
NO+0, 20min
NO+O, 30min

~ NO+O, 15min
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7\ 0+0, 5min ;
, Imin
'% ) NH, 60min
°g 8
— o
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Performance of anti-sulfur poisoning at low temperature by CaO-doped V,0.-
MoO,/TiO, catalysts

LIU Haiyan'?, WANG Guimin'?, CAI Li"?, LIU Xiaofeng'?, LIN Jianwei', CHEN Jianjun'*’, LI Junhua'?

1. Research and Development Center of Environmental Engineering Technology in Yancheng, Tsinghua University, Yancheng
224000, China; 2. National Engineering Center for Synergetic Control of Air Pollutants and Greenhouse Gases, Beijing 100084,
China

*Corresponding author, E-mail: chenjianjun@tsinghua.edu.cn

Abstract  Considering the demand of flue gas denitrification technology in middle and low temperature
industrial kilns, a series of xCaO-V,0,-M00,/TiO, catalysts were prepared using incipient wetness impregnation
method (x represents the mass percentage of CaO in the sample) when V,05 and MoO, were taken as active
components and additive, respectively. Its activity and anti-sulfur poisoning performance at low temperature
were evaluated in a micro fixed bed reactor using NH; as the reductant for the selective catalytic reduction of
NO. The results showed that when H,O and SO, were introduced into the reaction atmosphere, the 2CaO-V,0,-
MoO,/TiO, catalyst had a better denitrification performance, and after 65 hours of NH,-SCR reaction at 180 °C,
the NO, conversion rate was over 85%. The catalyst is identified to have an excellent resistance to the
deactivation by SO, and H,O at middle-low temperatures. The prepared fresh and used catalysts were
characterized by BET, XRD, H,-TPR, Raman, in situ DRIFTS. The results showed that the doped CaO could
inhibit the reaction between SO, and the active vanadium species on the catalyst surface, then protecting them,
thereby suppressing the aggregation of the surface vanadium species.

Keywords middle and low temperature denitration, CaO doping; impregnation method; the anti-sulfur
poisoning at low temperature
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