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NH;-SCR SV 2 7E — 4~ [ 28 R A 0 48 g a4
HHEAT Y, % RN A A N AR 16 mm Y £ B
B, RN AR AMEE LCE T — A R A DL
T . VAR 1 mL AL, RFLS
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Fig.1 NO conversion and N,O selectivity over fresh and sulfated Ce-TiO, for 0.5, 1 and 1.5 h
22 LRI E LR 1T XRD S ALA2 A1, B 2(a) Hra] L i, XRD &
2.2.1 XRD P} BET53#r AL B T BUEKE B TIO, IO AT S0, A A IR
B2 W 7n 18 i Ce-TiO, F UG Jo A AL ) 09 HS IR, 45 R 5 e B IR 12 ) 45 ) A AL R RE A 45
(a)e
o Antase
Ce-TiO,-1.5hS
Ce-TiO,-1.5hS
3 e é) Ce-TiO,-1hS
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Fig.2 XRD patterns (a) and pore size distribution (b) for fresh and pre-sulfated Ce-TiO, catalysts
G- Hb A3 FOE PR 4 TR SRR, BT fRE A SR ) XRD F1 FEURTEG Ce-TiO, LTINS E
K% I T6 81 1 AR AT S e R B . N 1 IR 2(b) BT Table 1 Structural parameters of fresh Ce-TiO,
PIEH, HrEE Ce-Tio, EALF E 2 LA AL, “F 1 and pre-sulfated catalysts
}Lﬁéj&l 6.03 nm, XA Ce-TiO, ’fé’f»{fjﬂj s ,ﬁ\: Samples St Vi Mean Pore
I s 2 -1 3. -1 .
oAl JLFLAR 23 904 5.33 . 5.27 F15.22 nm, Ff L i1 81 [ -g)  Mem-g) Size/nm
T 3.60. 3.50 *ﬂ 3.40 nm E/‘JJ_L/I\?JJ‘L)?[D% . ULéﬁ%%‘%Eﬁ , Fresh Ce-TiO, 132.90 0.25 6.03
E}ﬁ@ﬁﬂ:ﬁ}i 0.5 h)ﬁ , CP-TIOZ%’T/E%U E@%L@élj:l:*@ Ce-Ti0,-0.5hS 127.10 0.18 5.33
PIEE, R TAEAR, ELBEE P AL &) iy ik — Ce-TiO-1hS  125.20 0.17 527

ﬂ:ij][] , ’fé’fk%ﬂ?[ﬁ?%*@ﬁ’fjﬁmﬁ . Ce-Ti0,-1.5hS 124.90 0.17 5.22




304 4 F O fk

o536 4
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Fig.3 TG-DTG profiles at 10 “C/min of the pre-sulfated Ce-TiO, catalysts
(a). Ce-Ti0,-0.5hS; (b). Ce-Ti0,-1.5hS
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Fif F1Y Ce™/Ce LFN 25.6%, 22330.5, 1, 1.5 h il
TRACALEE S 3 N3 34.7% . 41.9% F142.4%, [FHF O,/
(0,+0,) 2 M\ 26.7% 73 5| 5 i #1) 52.2% , 53.6% F
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Ce-TiO,-1.5hS
Ce—TiOz;lhsw/
Ce-TiOﬂ)ﬂ/

Fresh

Intensity (a.u.)

AT
444

1 1
173 172 171 170 169 168 167
Binding energy/eV

Pl 4 it K BURALST Ce-TiO, LTI XPS P35
Fig.4 XPS results of fresh catalysts and pre-sulfated catalyst
(a). Ce 3d;(h). S 2p
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Table 2 The surface compositions of the samples derived from XPS data
Sample Atomic concentration/% Atomic ratio/%
(Ce-TiO,) Ce Ti 0 S Ce*/Ce 0,/(0,+0,)

Fresh 6.07 24.95 59.97 - 25.60 26.70
Ce-Ti0,-0.5hS 4.74 18.06 73.64 3.57 34.70 52.20
Ce-TiO,-1hS 4.12 17.38 74.39 4.11 41.90 53.60
Ce-TiO,-1.5hS 3.99 16.81 74.96 4.24 42.40 55.70

55.7%. — KU, O, JETE Ce™ B Ce™ iR Jrid 72
FEA Y, MRAELL R R 2Ce 4207 < 2G40, +
2e7/VS o Ce' =V ,~Ce’*+0,, £55 VL E i T Ce,-
(SO,) 5 BTE BT 25 5% d A ST 7 A O i P A AR 2 o
PRI 5w 19 0,/(0, +05) Ho A1) G2 B BE 5 5 s 1Y
Ce™/Ce. & 4(b) TR T B SEAEAL ) A BT AL I Ce-
TiO AL EY S 2p T, L) 168.6 1169.8 eV AyHL
AT JE TS 2psn FIS 2, FEWATBR AL IS fiEAL TR
7 T+ AR sy . R 2RI LIE T, bl
& TS A EE 0, S & M 3.57% 3 in% 4.11%
F14.24%, X — 451 R WL Al AE AR AL B AT T 0.5
h IVEHDURRTE Ce-TiO, AL ZRTH , Bl 5 7E 42 T R
1)1 h N TR
2.2.4 H,-TPR | NH,;-TPD 43-#t

AR Y S A8 JE A R D8 NHL-SCR B TG
PRI SRR ZE ", H-TPR 1% B45 S 18 5(a) s,
XTTHTEEY Ce-TiO AL, LL470 Cou i id 5
UEE (AN 250 FF 1751 688 C 45 5 BN K Ak CeO, B

(a)
Fresh 632 °C
— Ce-Ti0,-0.5hS
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3 CuO
]
z a
% / “
E x 015 /|
= / \
449 °C 470 °C
1 1 1 1 1 b 1 1
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Temperature / °C

W g 55— A AR 2E T R Al (Ce™-0-Ce™) IR TH
AR, 5 A SR AR T 4l (Ce™-0-Ce™) 1Y
FHANE R B ER0.5 h 5, i SRR i
FEAIRZE 449 °C, CeO, 30 JF BT XTIV 14 H, T4 FE 5 H 247
B#AR 2 12.3 mmol, i8I B T L 47 /N 81 400~479 °C
TEFEN, FF7E 632 CH B —AN2E H I, X mT LAA S,
H Ce-(SO,), Fl Cey (SO, AR 5. ik —Z5 3R W, 28
11 0.5 hi T HE S , iR CeO, B iR
k., XF T Ce-Ti0,-1hS Fl Ce-TiO,-1.5hS #E AL 5 , CeO,
By b JE I 5 4T 2%, LA 632 °C S Hs Y Ce(S0,),
H1 Cey-(SO,) 5 B I FE B I

NH, ()W B i 77 78 SCR B2 by ke 75 F BA/E
‘B A& NH3-SCR [ B #E 47 (A 25— 25 . NH,-TPD 3% &1 45
RANE 5b) iR, — AL T 200 °C 1 fi W i 22
SESSERNE, T T 300 °C g B f R i e e,
TEFE G Ce-TiO, AL L LEE S s | wprs
TR R 218 F1594 °C. Lt Wi fbAbBRS | i i v
MRS ZE 236 C, I B T —ANBSMNY LT 429

weak acidities strong acidities Fresh (b)

<20 >300°C — Ce-Ti0,-0.5hS
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Fig.5 H,-TPR profiles and NH;-TPD profiles of the fresh catalyst and sulfated catalysts
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C 4 NH, fft R, HLTCD (55 (8 W S 3 5 | i 4%
W TRAL S5 Ce-TiO, 2 11 R (57 11 FIR 558 JBE 7
s,
R3 HEERTEE Ce-TiO, LTI H, HFER
Table 3 H, consumption for each reduction peak over

fresh and sulfated catalysts

H, consumption at  H, consumption at

Samples
470 °C /mmol 632 °C /mmol
Ce-TiO, 247.0 -
Ce-Ti0,-0.5hS 12.3 382.0
Ce-TiO,-1hS 0.0 455.0
Ce-Ti0,-1.5hS 0.0 501.0

2.2.5 TmALXT Ce-TiO, AP LR I/ NAG
HRAE XPS | TG-DTG W45 R n Hl, Wism fusb 25
Ce-TiO, i Ak 51 F 1 7= A= T Ce(SO,), Fl Ce,(SO,), M
R, %t XPS, NH,-TPD . H,-TPR %3 AE BTl i {5
FEIETIH AR B, 255 AN E 6 9T, Hy-TPR
SER R TALAL I 0.5 h iy, AT TE Y A]
W CeO, M 2.47 WA 2 T [ 51 0.12, Bt %5 B AR fL T ]
YN 1A 15 b, T A T S A AR
F% ; NH,-TPD 45 o320 , BUBALAL 05 i A0 (R
SR AL AT SRR . ELBA BERR LA T o
L300 B2 B S A T s B XPS S a5 51
TR A 7B, R S Ce-TiO, i
LA T CeO, 215 AR L 143 iHUk , 7£0.5 h Y
PBRACAL BRI | RER 2321 CeO, T HEIRIRAL .

%36 %
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£ /
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]
g 5r A ——A———————A
z
0 - :><l = ]
1 1 1 1
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Fig.6 Normalized amounts of signal measured by TPD, H,-TPR

and XPS as a function of sulfated time

2.3 TR B /E NH,-SCR [ R A3 7347
2.3.1 NO-DRIFT43#r

J T WAL S Ce-TiO, fALFIRE NO Fié 2 Fff
gtz , FATHEAT T BEES 09 NO-DRIFT W [ 52
B, g5 R B RAEE 7() F7h). F L2250 em™ K
U S T LLOH R TS NO* 2 I 1] 28 6 B NO*
P sh RS AR I 21 T & 7(0) M1 7(d), X
FHEER Ce-TiO, fEALF, NO AR B 3 222 2L NO,
FINO, I RAELE, H NO' (4 3 1 BN A] S T
NO,~, 4 Ruggeri %6 B BESE , B fEE Ce-TiO, 2R 1
W2 B 25 NO 435 35 A6 S NO* . NO,™ B HIL I AT LA
wmr:

Ti-O4 Ce*"-0-Ce*" ]-0-Ti + NO > Ti-(0-Ce**-O)NO ' +Ti-O-Ce* 3)

Ti-O4 Ce*-0-Ce*" ]-O-Ti + 2NO, <> Ti-(0-Ce*-0)NO +Ti-O-Ce*-NO;- (4)

X TR AL Ce-TiO, fEAL T, NO A8 I B 3= 2202 LA
NO,” FINO, f9FE 2., H.NO* FINO,™ ¥ Fh £ 2 min N
[l R B, 3 — 45 AR BB (1) Ce-TiO, fHE Ak 7 RN 15T
WAL 19 Ce-TiO MEALFIAEAEE AR NOIE AL
454 H-TPREGA, X AR 1At AL )5 Ce-TiO, fiE 1L
T 55 AR TR RE T, 22303 HNOT B AR
B RHIT, 232 4 R TR S AL RDE B NO™ FINOS™
) FEEARAE . AT, WAL Ce-TiO, LI
NO, HAE#T Ak ) LR B NO, 215 2, TR

PP ATIE A O,, FRIILHEN NO AT 5B 25 7 / 6k
IR A0, ) RN 5 4 B R o7 i (B 4 J& -OH 1§
S-OH) 484k . PR, BRmR A BT O ) NO
AR FIE AL BE 1 27 MR AEARBESE P, RAS R
A JEE A2 B, {5 NO A AL R AL RE 1753
THER .
2.3.2 NH,-DRIFT 43t

ST 2 B TR T Ak PR A A ) 2% T X
NH, A A2 Ak, F-ATTHEFT T NH;-DRIFT L, 4525
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Fig.7 In-situ DRIFTS spectra of transient NO adsorption at 180 °C over (a) fresh Ce-Ti0, range of 2500~2000 cm™", (b) sulfated catalysts
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of NO, and NO interaction with an Fe-ZSM-5 catalyst

Effect of Pre-sulfation Treatment on NH;-SCR Performance over Ce-
TiO, Catalyst and Its Reaction Mechanism

YANG Bao-xuan'", ZHOU Jiao’, YAO Shu-heng’
( 1. Beijing Taiyanggong Gas-fired Thermal Power Co., Ltd, Beijing 100028, China;, 2. Xizi Clean Energy
Equipment Manufacturing Co., Ltd., Hangzhou 310021, China, 3. Shanghai Electric Power Co.,
Ltd, Shanghai 200010, China )

Abstract: A series of sulfated Ce-TiO, catalysts for selective catalytic reduction (SCR) were obtained by sulfation
treatment in SO,+0, atmosphere. The revolution of the physical and chemical properties over Ce-Ti0O, catalyst has
been investigated with the increase of sulfated time, as well as the sulfation effect on SCR activity and reaction
mechanism. The sulfation of surface ceria over Ce-TiO, catalyst is rather rapid and almost all the surface ceria is
sulfated to form cerium sulfates in the first 0.5 h of sulfation treatment. With the increase of sulfated time to 1 and 1.5
h, the sulfation of surface ceria is inhibited as no ceria is existed on the surface, and the content of sulfur increased
slowly. According to the activity result, the inhibition effect of sulfation on SCR activity is moderated with increase
of reaction temperature. Combined with comprehension characterizations such as NH;-DRIFT and NO-DRIFT, the
results indicated that the significant decrease of low temperature NH;-SCR activity after pre-sulfation was due to
the significant weakening of catalyst redox ability after the generation of cerium sulfate, inhibiting E-R reaction path
severely. With the increase of reaction temperature, the SCR activity was gradually unaffected by the deposition
of cerium sulfate. On the one hand, the improvement of redox performance led to the gradual recovery of the E-R
reaction path; on the other hand, the generation of cerium sulfate promoted the activation of NO and enhanced the L-H
reaction path, which together coniributed to the higher medium-temperature NH;-SCR activity after pre-sulfation.

Key words: NH;-selective catalytic reduction; denitrification; catalyst; pre-sulfation



