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R iF a2 — AL R B R B MU R F/L R BT A &
BRI B AR SHEN B AESE AL ERE T
WARRBF LS TR LR - LHEZV,05-WO5-CuO/TiO,-SiO, 4
o e = BACA BRI T A A AR B 623K B 1 2] 100% &) #4 1k
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ABSTRACT

Keywords: Sol-gel method, Impregnation, De-NO, catalysts,
NO conversion, Activation energy

The main object of this work was to determine the relative kinetic
data for the de-NO, catalysts prepared in the study. V,0s/Ti0,-SiO,
and V,05-WO;-Cu0O/ Ti0,-Si0O, catalysts for De-NO, were prepared,
using a sol-gel method for preparing catalytic support (Ti0,-S10;) and a
modified impregnation method for coating the active compounds on the
supports. The specific surface area, total pore volume, pore size
distribution, crystallinity and homogeneity of the particles obtained
were studied using BET, XRD, SEM, TEM and EDS. Using a modified
impregnation method, the active compounds were well dispersed on
Ti0,-SiO, supports. These catalysts have high activities on de-NOj
process, even in the | existence of SO, The prepared
V,05-WO;-CuQ/Ti0,-Si0, catalyst achieves a 100% conversion of NO
in the existence of SO, at 623 K. The activation energies and frequency
factors for the prepared SCR catalysts are 20.452 kJ/mole and 10490
cm3/(g » 8) for V,05/Ti0,-Si0; and 17.12 KJ/mole and 10187 cms/(g .

S) for V205-WO3-CUO/TiO?_-SiOZ.
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3.1 AARABERZBLE£

Chemicals Formula Purity Supplier
Tetraethylorthosilicate TEOS R G (Reagent FISHER SCIENTIFIC
Grade)
Tetraethylorthotitanite TEOT R. G. MERCK
Ethanol Et-OH Absolute, R.G. MERCK
Ammonium metavanadate (NH,VO;) R.G. MERCK
Ammonium metatungstate  (NH,);oW 50, 5H,0 99.9% STREAM CHEMICALS
Copper Nitric Cu(NOs), » 3H,0 77% SHOWA
Oxalic acid (COOH), * 2H:0 R. G. MECRK
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BR FRAERMENBEARBEZY 30% 2+ V- W-Cu
MEFLMAE 1111 £4F2% FRABCBERSEERA
KA K EAITREE 353K THE— R ARk 803K i 6
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FE S H
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2%(EDS)& #| A Hitachi S-2400 #7143 2] - EDS %-#F 7T LA 3 2] A5 4% F

BB LEZEEL -
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D _ ——————

NH,VO, .
(NHp,oW,,0,, * SH,0 . (COOH), * 2H,0 H,0

"TiO,-Si0, Support
‘ Cu(NO,)2 * 3H,0

- R

1M (COOH),

y

Aqueous Solution for
Impregnation

v

Mixing
" (seriously stirred)

~

Centrifugal filtration

i Thermal Treatment
at 803K

V,04Ti0,-Si0,
V,0,-WO,-Cu0 /Ti0,-Si0,

3.2 # 4 V,05/TiOy-Si0; & V,05-WO;-CuO/TiO,-Si0, A 4 =
MARE



B TREAEAEE SRR BRA SR SH > HAA A Hitachi
H-7000 ¥ i X & -F B ME(TEM)RBAF /7 & a9 Ba BB B - X b4 st
#(XRD)A& & A Cu-Ko 44265 MO3X-HF A 42 444% > B4 AEQRO)

R 107 2] 80° o 4 XRD T LAFfofb S i ~ 4 8 B X B S i 8

By SCRIEM A BB IIMTZABLARES 24k E
AR HAVE SO EHMBBEENRES T LEFARHER
ik #4 10000hr'~7000hr" 2 Fi » K 5] 65 7 &4 i 4 AR AR 9 B 4B,
BB A R e s — ik & 2 M8 B #74(Gas Chromatography » GC)

R4 F Ao 42 SCR RE % + 89 NO $#/b £ Bp & dy sb B3t B My

N

F o

ey 1 2 F W

AE R AT H 432 V,05/TiOx-S10, # V,05-WO;-CuO/Ti0,-S10,
— AT B 0 £ SCR RJE P Fr ¥ e 2 /& {b At (Activation Energy)
KB 3 % B F(Frequency Factor)fd @ #§ &9 48 7 ) R &2 & SL 7K ]

AB xR E FAEZNOBILE  BARMEBZRITTRN

27



TN
,._:

G
Jojolole

Al [B{CI|D
A: He

B: 2000 ppm NO/N,

C: 2000 ppm NH3/N;

D: Pure O,

E: 2000 ppm SO+/N,

F: Pressure controlled valve
G: Needle valve

H: Flow meter

=

I: Three-way valve
J: Six-way valve
K: Heater

L: Thermal couple
M: Reaction space
N: GC

O: Exit of gases

33 ABEMARZ K ETER -
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(Design Equation) > #73t B % - st Hi@fE T > #I5IABETH
ARG R B SCREFS FRBRELENORES I Mt
NH; 2 BB TR RE - #mzyir @R fmlI s EF 50T -

FEZHHA -



W~ SEREITS

#4494 A SEM ~ TEM ~ EDS ~ BET & XRD % > & 5-#7 3479 24
AT A R 440 SCR PR AB 48 s T ARFR B I3 2 A5 1L e M 8 R
R - ZNABIEMAE Sy RPIFIERYZABRILERER » 1L

BRERHOTREE - UTHARAMAFIGER -

RN

B EHEOBERBRAEA LA AARIGEBRRB L
(Sol-Gel Method)# # 43 & TiO,-SiO, i i A5 4% $.82 - ££ 823K # & 3¢
6 hEffk Bl XRD #9454 > KA TRELZRMRLEF
TiO-SiO i R IF L Rfa R - KM T Ao FHRITFEE 773K L
LoFo HIARIF R 6 TIO, B & 24 % (Rutile)4g & » AR > &8 XRD
HR(B 4.1)TUER » HENS LAY XLBsEL 2%
28 w3 &% % TO, & SiO, RAER FHERE » Bk TIO, &M
HEPIRFTH B RAB R FEE o B 42 B FT-IR 8y 547 & K
3B 3 B R A7 243 2 TIO,- SiO, A 4L .82 44 T 7 & a5 £ 1 Ti-0(450

cm™)~$i-0(1050 cm™)$2 Ti- O-Si(950 cm-')» @ Ti-O-Si s 4k &4 5 48

29

ES

Fi#—-FapEA TRAET TIO & SiO, RARFIER LGS - 5

N

B A2 Ltk F58) E % (Gas Pycnometry) o] 4o AP FF B G R HF

30



# 2.645 gm/em’ v B A{EAR E I SiO, &) % J& (cristobalite % 2.32
g/em’ > tridymite % 2.26 g/em® » B # #% 2.645 glem’) > {21k TiO,
BAR % (SL6R%% & 3.84 g/em’ > £42 T % 4.26 g/lem’) > THeth B A 2
Ti0, AN SiO, 0 FHE Y MM ABYEHEEE - B 43 4
TiO-SiO, H A+ Si Fv Ti 694 & 0% B L(EDS) - sa ¥ ity £ 1k
Blhok 4.1 PR ° AT T dtb4e Si 81 Ti 9684 1.04 5 /3248
LRI BRI IE OB L TR E - ME 4.4 A% 51 B (EDM)
W 8L B AP BT A — 4 e AR 3 SO BLER B AT 843 64 TIO,-SIO,
WA RS E+T 534 o B 4.5) A 2432 TiO- SiO; #r44

Z SEM B > TiO-SiO, A5 4% 3% 8% & o 58 2 69 RBUOCK B ahhe F A7 48 8%

31



Intensity (arbitrary unit)

(a) TiO, S0,
() ¥,0/Ti0 510,

(c) V,05-WO ,-Cu0/Ti0,-510,

4.1 FRA RS 42 XRD B (a)TiO,-SiO; ;
(b)V,05/TiOx-Si0; ; (¢)V,05-WO;3-CuO/TiO,-SiO,

32



Absorbance

-0.0

0.91

0.8

0.7 1

0.6

0.5

0.4

0.31

0.2

0.11

S1-0

Ti-O-Si

Ti-0

1000

Wavenumbers (cm-1)

4.2 VzOyTiOz-SiOg zZ FT-IR 3% °




B 4.3 TiO,-SiO, A% 4 ¥ 42 = EDS [ 3% -
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% 4.1 Ti0,-Si0,,V,05/Ti0,-S10, & V,05-WO;-CuO/Ti0,-SiO,
b & TUE R e o

Relative atomic ratios (%)

Sample Ti Si \Y% W Cu
TiO,-Si0; support 49 51
V,04/Ti0,-Si0; 44 51.6 4.4

V,05-WO;-CuO/TiO,-Si0, 40.8 56.07 0.21 0.33 2.56

1SkV 10us xS.0k 8202 1SkvV 10s»

NEQPAN-SS 2 it NEOFRM-55 B2 12 HEJFaN-5S e 3

B 4.4 TiO,-SiO, A ¥ A8 2 7T % 4 B ,(a)Ti ; (b)Si
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Shum

o
o
o=

(b)

s
)
2Y)
o
o
N

N
4
'l
2]
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a3

2-S10; 5

(a)TiO,-Si0; ; (b)V,0s/TiO
-Si0; °

CuO/TiO,

,05-WO;

(©V

B 4.5 Az SEM BB R,
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i 75 135 %

& SCR Mai RE ¥ i1t Fl 64 A5 44 2 V205/TiO,-Si0, & V,05-
WO;-CuO/TiO,- Si0, » R BB H ik R B R AT /it iB e 42k
(Impre- gnation Technique) - XRD & /4% 4 R4o(BE 4.1(b))35 £ 44
%48 5& TiO, 89(110) & @42 V,05/TiO,- SiO, ¥ i 3, o i@ BF £ 45
VoOs/TiO; ¥ > & V05 2 TiO, #9(110) & @ 45485 » F @ 3530 4 AR oY
7B o 42 RAVPT RAF 4 V105 /TIO,-Si0, F » 445 TiOx(110) & & 84
HBR AT AT V0, S8 88 P 4y TiO, FEsk4t 4 - EDS o H
R HIFH V,04TiO,- SiO 89t A Ti:Si: V=1:1.17 :
0.1 3218 b 48 & 7 sLAB 45 F 0.69 mol% 2 V,0s5° V,05/Ti0,-SiO,
R FTHEwE 450)FTF - RMAEBH R —BBY
V205-WOs3-CuO/TiOs- SiO, & s - T E b5 & Ti: Si: V:W: Cu=1l :
1.37 ¢+ 0.005 © 0.008 : 0.063 * (4 % 41 F 7 ) £
V1,05-WO;3-CuO/TiO,-Si0, ¥ 418 3 mol% &y iE 4y G 42 % - B 4.5(¢c)
BT L R T - B 4.6 & V,05 /TiO,-Si0, 2 V,05-WO;-
CuO/Ti0,-Si0, #) TEM #a#% 8] & > #2 TiO,- SiO, # TEM [ th 42 7T 1
FREEBL AT R GO RS AB K 60 M B AR I 2 4 TIO,-Si0;

K@L BAFEREBHELAGTHIALLY -



(b)

4.6 #5442 TEM BE#4L B3 B (a)TiO,-SiO; ; (b)V,05/TiOx-SiO;
(¢)V,05-WO;-CuO/TiO,-SiO; =

38



B 4.6 #5442 TEM BA#8 K (a)TiO5-Si0; ; (b)V,05/TiO,-SiO, ;
(€)V,05-WO3-CuO/TiO,-SiO,



R 42 HAEH O BMAIUREE  RIOTHBELLE BB GE

DA R Lo BRE M A TR ABE BB T -

R42 HABEEZ LA BHRAILAESE -

Specific surface area Total pore volume

Catalyst
d (m*/g) (cc/g)
V,0s5/Ti0,-Si0, 127.33 0.1394
V205-WO3-CUO/ 82.475 -
TiO,-S10,
BT

AR B2 SCR A4 2 JE MR T 50 TN — Ao
IERRES  HLATAETZBETFEAN,~O, NH; B NO 2 £, 88

eM(RBREM\ERETRBESL S PCERA) -

B 4.7 BEFREEE T V,05/Ti0,-Si0; #1 V,05-WO;-CuO/TiO,-
Si0O, #5 NO #4L REILFH - & 623K 85 » V,05/Ti05-Si0, 85 NO #2
ILZR:EP] 100% KM g B EABiG 673K 0% s REprE 28 8 4
T ¥ o NH; £4£ 673K 22 E8F € A1tk NO(2o &, 9) -

40



4NH ; +50, — 2NO + 6 H,0 (9)

P LA 35,471 T M 4038 V,05/Ti0,-Si0, # NO #2416 % 3 ) & B % NH; &4
AL # 2K V,05-WO;3-CuO/TiO,-Si0, &4 NO &1k & ¢ b ¥ R 8 B
7 Fu V,05/TiO,-Si0; 48450 12 & V,05-WO;3-CuO/Ti0,-Si0, 4 i 2]
100 % NO 1t & o5 &4 8 & ¢ B (573~723K)47 b V,05/Ti0,-Si0,
(623~673 K)& A T & - sk 9 - £ AT F 89 B 1F R ’

V,05-WO;3-CuO/Ti0,-Si0, &4 7% P #F b V,05/Ti0,-Si0, & % » M L&
sb#TE B £ 4K Vo0s 89 SCR B4 ¥ fe A WOs & CuO =T 43§ fuf

P EM R ES 100%NO b Ref ey FRE&HE -

48 BTHAZHARE S RBEFKET > V,05-W0;-Cul/
TiO,-SiO, 89 NO ## 4t % R B8 & SALEH - RIITTER > Bk
RE & %84 72 1 85 7 (space time) 2L % » V,05-WO;5-CuO/TiO,-8i0, £
2] 100%45 NO #46 £ 6545 B4 48 & K& 6978 K 8 B (573~723K)-
K o EBEARS 723K B BAEAERS E MY NO #iLER
BEABAREM SN AR MERL—BLHEIERARZaNE

i u P o Ao K3 T NH; 89 AL -
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100}

—¥
90}
8o}

Vv
70F
g Y
& /
> 50}
g
& v \V/
o 40 v/
z
30}
20} , )
—v— (a) V,0,/TiO,-SiO,
1ot —— (b) V205-WO3-CUO/T iOz-SiO2

900 450 500 550 600 650 700 750 800 850

Temperature (K)

B 4.7 V,05/Ti0,-Si0, £ V,05-WO;-CuO/Ti0,-510, 2 NO‘ #|iLE
HREREMAE -
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100} a—a
oo}
8o}
70}
&
=
Neww’
s 60}
g
5 .
>  sof &
=
=]
S a0 '
S 5
30}
—m— (a) 10000hr”
20} - -0 - (b) 8447hr”
- O- (c) 6990hr"
10}

800 450 500 550 600 650 700 750 800 850
Temperature (K)

4.8 f& R[] %Mk TF,V,05-WO;-CuO/TiO,-Si0, A5 4 2 NO &
ICE2HREDEWIELE -
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LR R T3

SO, # SCRE M FHHE N MR B B ABR T AHL
&4 F Ao 625 ppm &5 SO, B 4.9 R AFH SO, F LB ERLT NO
HILRHRBEBENEN - KMATUAHER > SO, 95 HMH
V,05/TiO,- Si0, # V,05-WO3-CuO/TiO,-Si0, 84 7% P 47 & 1% i 34 4k
BB % 0 K SO, # V,0,-WO;3-CuO/TiO,-Si0, & % % 8% 4
V,05/Ti0,-810; t9% £ /s « V,05-WO3-CuO/Ti0,-Si0, £ 623K 85 >
Brig RER B ¥ A SO, 897748 fﬁﬁﬁﬁuééd 100%85 NO #4t % -
BT 40 0 FwA WO; & CuO #4F V,0s &) SCR ABH T A H 34

& 38 ho AR £ H S SO, 893 #1E -
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100p A

o0p

80

70p

60F

50r

40

NO Conversion (%)

30}

20r

10} —B—\/,0,/Ti0,-SiO, A
—A—\/,0,-WO,-CuOITiO,-SiO,

200 450 500 550 600 650 700 750 800 850
Temperature (K)

B 4.9 AAmaaH SO, #,V,05/Ti0,-Si0; &
V,05-WO;5-CuO/Ti0,-Si0, 2 NO  #t R #t R e 2 Z B4
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B E AL RE

oG ABEEMARR P T RIE > &It
B & A7 8 4 2 V,05/Ti0,-S10, & V,05-WO3-CuO/TiO,-Si0, A8 44 42 4
B 45 16 R & P # 75 fE 5 (Activation Energy) & 348 % JE 84 38 % 14 #t
(Fre- quency Factor) - £ R 24842 ¥ 183 NO sy ## /b2 — R E A B

RIEiE & &y F P18
—rNO:kCNO (10)

HY—ryo RELBERFIYNOYRERE  kZAREREFTH Cy
AREFNOMRE - £AARXPER —ABILARES - 3%
BB TERFAELROAATY  BBEEREE VLA L EMAE
K 0 PR A APT T LR R LR AR 1B AR 89 3% 3 42 A (design equation) &

BB ARE B(CSTR) » o

FNO,OXNO (11)

~Frno T
w

‘E-CPFNQQ}% NO é’]%}]%-ﬁ-/ﬁ$ > XNO;’E NO éﬁ‘?%’fb-? ’ YWJW?{E{
EEPAERMEREE HALEHKRERE T  NO&REST

SHE o FTALERER F Cyp #t Xmﬁ%ﬁTME&%T%T
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1-X
Cno =Croo| — % |~ Crpoll-X
NO NO,0 [l + YNO ) NO,0 ( NO )

&4t X(10) ~ (11) ~ (12)7T LA4F 2] F 5] & Bl 42 X

F X
kCnoo(l= X o )=- NOOZ. MO

w

2 %o

F NOO = CNo,oVo

prd T A B R(13) 4

(12)

(13)

(14)

(15)

S AR B R B AROR A0 — P R B R (k) 7T o

BRIk EZX1HKF - & 43 I AFE V05-WO;5-Cul/

TiO,-Si0, = R fE ik F ¥ #k 2 F B EIE > V,05/TiO,-Si0, R 77 &

4.4

o

1 R

1)

FAEARIEL

47

S B R ERFRE A EE T LEM Arrhenius



~Eq
k= Ae RT (16)

%#@%ﬁw%’T%&@ﬁ&’%A%%$%ﬁ°ﬁ%ﬁﬂ@%

ﬁ@m@@aﬁ&@ﬁﬁ%@&GJ3ﬁﬁw%wwmm%GJw
P BITTURABH A RAM ERBIBERE B REEGAY - F
I A RLRGABM A E 410 R 411 /757 - KB Fegded 3
YT LAAF 20K R AR S AL PR B RE F 6 7B AL AE R AR R AL 2L - £ 4.5 7]
T V205/Ti0,-8i0; & V,05-WO;-CuO/TiO,-8i0, A5 4 £ 4 55 KA
TEE, R Aok 4.6 BIFIE TR RE F k4 8 69 SCR A4 &

EALAEAE o & 4.7 RIR AR R F kP #4549 SCR AB R 5% 5 NO 4

6% B 6 108 2 40 & NO #L % -

Bhtb B & HAZA E 52 SCR R A AS 4 2 7Z {45 & SCR 4245
mEFE o RFVTHER > RFE B2 AR5 A R R £ B3

BHeEEEE -
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# 4.3 V,05-WO;-CuO/TiO,-S10,; A5 4% 2 75 M )3 T ER 245 o

Experiment No. &, [ﬁi}] T, [K] X, k*’{&i}
w cm cm
I 209.2 423 0.56 266.25
473 0.59 301.04
523 0.75 627.6
I 176.68 423 0.51 183.89
473 0.69 3933
523 0.79 664.65
i 146.21 423 0.57 193.8
473 0.65 271.53
523 0.72 376
*hIEME
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# 4.4 V,05-TiO,-S10, A5 44 2 75 PR T o 3k -

vfg] e el

w |Lem’ cm’
209.2 423 0.37 122.86
473 0.44 164.4
523 0.589 299.8
573 0.73 565.6
*HEME
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7.4
7.2t
7.0
6.8}
6.6}
6.4}
6.2t
6.0t
5.8}
5.6}
5.4}
5.2}
5.0}
4.8t
4.6t
4.4t
4.2t

-

In(k)

B Experiment I
® BExperiment II
A Experiment I

In(k)=10.187-2.059(1000/T)

4'9.5 16 17 18 19 20 21 22 23 24 25

1000/T(K)

. 1000

B 4.10 V,05-WO;-CuO/TiO,-Si0, A5 4 2 In(k) % — M&RE -
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Ink

10

V,0,/TiO,-SiO,

In(k)=10.49-2.46(1000/T)

05 16 17 18 19 20 271 22 23 24 25
1000/T(K)

4.11 VQOS/Tioz—SiO;Zﬁﬁk%zln(k)ia‘%ﬁﬂi’% :
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45 RRHBERTEFRIFZEILERBERF -

Activation energy Frequency factor
Catalyst (ﬁq cm’.
mol g.sec
V,05/Ti0,-Si0, 20.452 10490
V,05-W0O3-CuO/Ti0,-S10, 17.12 10187

# 4.6 A F] SCR B # 69 P2 B R B AL AE

Activation
energy Preparation of
Catalysts 12 catalyst Reference
mol
V,05/TiO, 40~55 Co-precipitation + 69
impregnation
V,05/Ti0,-S10; 37~65 15
. ) . . From this
V,05/Ti0,-S10; 20.45  Sol-gel+impregnation
study
V,05-WO;3/TiO, 30~40 impregnation 15
) Co-precipitation+
VzOs-WO:;-CUO/TlOz-SiOz 30.62 A i 65
impregnation
) ) From this
V205-WO3-CuO/Ti0,-S10,  17.12  Sol-gel+impregnation ;
stuay

53



%47 KRF) SCRABHRZ MR EZEESERE -

Temperature NO conversion

Catalysts ranges (K) (%) Reference

V,0s5/TiO; 598-673 85 66
V,05/T10,-S10, 500-630 100 67
V,05-WO3/Ti0, 550-723 95 41

WO,5/TiO, 623-693 95 68

CuO/Ti0O, 473-573 90 51

V,05-WO;-CuO/Ti0;-S10, 573-723 100 rom this study
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&

&~ S

AR T AR EBRB R U2 S TiO-SIO,
Wit BEBH OB ERRBRSULLAGH  TAHEEHEY
RAEM K o TRER BB T IREIZET LSS0 45 w5

F£ TiO-SiO, ki F %k & b o

FRa AR R BT EEMBE T » V,05-W05-CuO/TiO,-
Si0, 89 7& M % 8 V,05/TiO-Si0, &8 * BriE R E R 2 T4 SO, 8445
F£ » V,05-WO;-CuO/TiO,- SiO; £ 573K BE47 85 3% 2] 100%3% 1L & -
Fih )& R4 E4SH V,0585 SCR B F > svA WO; & CuO
=T LAY ARG B R R 69 S MR SO, g9 E M 0 sbh 0 FiEE] 100%

) NO BILX8F > LARAZEVFEEBERE -

AL ey EAL ST B 8 R BT VL05/TiO,-SI0, By LA 4 A
20.452 kJ/mole » 3 % 14 # & 10490 cm’/g+ s’ f V,05-WO;-CuO/TiO,-
SiO, 847 1LAE & 17.12 kl/mole » 38 %143t % 10187 cm’/g » s » $1 3
# SCR AG# 69 BALAELE R T U H AR HIF 2 AWM T i e

B EAER -
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