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The improved deNOx catalyst activity at low temperatures and

high tolerance against SO. deactivation

Kyung Sub Han

Department of Materials Science and Engineering, Graduate School

Pukyong National University

Abstract

The selective catalytic reduction (SCR) of nitrogen oxides with ammonia
is widely used for the control of NOx emission in flue gases from
thermal power plants. Generally, SCR system shows high NOx removal
efficiency at 300~400TC. But SCR system is required for operating at low
temperatures. Besides NHs slip is more increased over the catalysts
which have low activities at low temperatures. It can cause NH4HSO,4
formation by the reaction with H2O and SO..

SOy is formed from both the oxidation of sulfur contained in fossil
fuels and industrial processes that treat and produce sulfur—containing
compounds. If SOq is present in the combustion gases it can be oxidised
to SO3 over the catalyst. Even very small SO2 conversions to SOs are
highly undesired because they cause deposition and accumulation of
ammonium sulfate salts onto the catalyst(if the temperature of the
catalyst is not high enough) and onto the air—-pre-heater downstream
from the catalytic reactor.

The objective of this research is to develop the catalyst having
improved deNOx activity at low temperatures and high tolerance against
SO, deactivation. We chose several candidates as the promoter from

quantum chemical calculation based on Density Functional Theory.
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As results of SCR experiment, Sb added V:05/TiOy catalyst showed the
best SCR activity at low temperatures than the activities of other
candidates added V:05/TiOs catalysts. And as results of SO, deactivation
experiment, Sb added V3:05/TiO2 catalyst showed high tolerance against
SO deactivation. Sb is suggested as the promoter for low temperature

sulfur tolerable deNOx catalyst based on V20s5/TiOs.

keywords : NH3—-SCR, SO: deactivation, deNOx catalyst
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Table 1-1. The comparison of air pollutants emission amount

per unit area of each OECD countries

W 4 o) & 2(E/Hha)
o SOx NOx Co PM10 VOC
Ak 2.70(97) 2.06(99) 10.17(97) 2.68(97)
B A] 51 5.96(98) 5.88(98) 30.27(98) 5.10(98)
v o= 17.78(99) | 23.92(99) 88.95(99) 2.87(99) | 16.37(99)
aq B 23.03(99) | 43.78(99) 96.24(99) 4.47(96) | 48.76(99)
& = 53.19(01)  |105.59(01) | 84.24(01) 7.13(01) | 70.63(01)
s F 2.35(99) 3.31(99) 23.47(99) 2.48(99)
FANRE 1.63(98) 7.49(98) 31.16(98) 1.64(98) | 6.42(98)
SxEFol | 4.89(00) 21.89(00) 108.10(00) | 9.19(00) | 28.46(00)
A = 33.60(00) | 50.32(00) 82.30(00) 7.28(00) | 31.29(00)
B 6.50(00) 48.21(00) 152.34(00) 30.36(00)
na= 2.25(00) 6.98(00) 15.82(00) 1.43(00) | 4.79(00)
ek 15.18(98) | 30.00(98) 145.30(98) 42.45(98)
=S| 23.28(99) | 45.85(99) 138.70(99) | 7.25(99) | 46.24(99)
e 40.92(98) | 28.95(98) 113.67(98) 30.08(98)
g7t 63.64(98) | 23.76(99) 79.21(98)  [13.69(98) | 16.02(99)
ofo]&#= | 0.87(00) 2.50(00) 2.54(00) 0.79(00)
ofd W= | 2248(99) | 16.93(99) 40.56(99) 13.52(99)
olgtelol | 30.63(99) | 49.28(99) | 200.82(99) 55.46(99)
g d= | 24.0899) | 98.24(99) 163.74(99)  [10.64(97)
w29 o] 0.86(99) 7.40(99) 18.71(99) 1.63(99) | 10.77(99)
Zd= 46.74(00) | 25.92(00) 107.13(00)  [14.35(00) | 18.53(00)
FEEZ | 40.77(98) | 40.15(98) 119.04(98) 52.58(98)
Zzuplel | 36.52(98) | 26.53(98) 63.29(99)  |11.77(98) | 20.51(97)
29l 31.46(98) | 25.66(98) 73.24(98) 35.96(98)
O 1.58(99) 5.94(99) 20.24(99) 9.58(99)
292 6.78(98) 25.41(98) 96.88(99) 7.35(00) | 42.30(98)
g 7] 28.73(00) | 12.27(00) 48.77(00) 9.37(00)
q = 48.87(99) | 65.99(99) 195.96(99) | 7.66(99) | 64.47(99)
& Alo} 3.44(98) 1.77(98) 9.50(98) 1.86(98) 1.77(98)
% A= : OECD Environmental Data Compendium 2002
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Table 2-1. The effect of NO2 on human beings

= Elppm) &7k =4
0.08~0.1 g otEolLh m2fRte] ¥ T E7 2 27
0.11 1 AT 137 AAEAe] 2|2 2ld Z7t
0.5~1.0 e 23871 7z HhE 7
1.0~1.5 e 23871 =75 EoH
1.6~2.0 15 & 71 HE S
5 108 e NE &I
100~150 a0 =2 AP

o)
;Lﬁ,

Arel Aoz ajel wAdE NOxi ofdle 2ol A Az T
#

M

- Thermal NOx: 24 oA th7] 9o Aol A47} 3gtsle] 11

B

HozA A4

- Fuel NOx: 3fAdddg 7184 stel #7] E A 3eE(organic
nitrogen-containing compounds)®] Atslel o] ej A Al
- Prompt NOx: 853 (fuel-rich)3t 3FoA ¥H&F7HA1Q1 HCNE

akspol elakel 414
(1) Thermal NOx
o] &9 NOx+= 7] T NeoF 029 stge = AAhdH= ZloH

Zeldovichel ¢8te] Alorgl ofafo] uh-s-7] ol ola] Awo] 7}5alt).

O+ No - NO + N (2-1)
N+ O, — NO + O (2-2)

CRICCIE ENEE
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S [ R e R B R = I e B



= thermal NOx©o] A e At} €9 HkS-7| o] F7}sle] ofzjo] b
g0l AT sAedelA ol ek,

N+ OH - NO + H (2-3)
(2) Fuel NOx
Fuel NOxE 98 F 39 22 AEo 7|4 Aslo] ol&te] AAH
m k] el A9 char F4e] ¥t AR5 E A E7IE St Fuel
NOxe| S AEAN koA 348 2ok FasiH, #F7]d4
3}stE- o] 3}etA HAww BA7F At} Fenimore WH$-7]5-0] o]&hH

A4 gl el = OH ez vjawA we £z FA4eh vhg-3f
o] 5712 A, NOY dAo] JAld

Mitchell®} Tarbell® v]&gre] A47E dojys= 5 fuel NOxoF
thermal NOx9] GA7F A H = F24Q w745 Aotsisith. A4

b x@E Qe B2

olo
N
—
rlr
°
)
i
)

Ny + 0y — 2NO (2-4)
N +1/2 O, — NO (2-5)
NH; + Os — NO + H,O + 1/2 H» (2-6)
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NH3 + NO — Nz + H20 + 1/2 Ho (2-7)

HCN + H;O — CO + NHs (2-8)
NO + HC +Hs — HCN + H30 (2-9)
NO+ C — CO + 1/2 N, (2-10)

(3) Prompt NOx
Prompt NOx Z4 oZy &sleio wvbgs AFste s

HCNo] & As 3 o] HCNo] NOZ Atsglxo] AT Prompt NOx2

-

@ ew dEAe 2 9o £ vlelaR x9 Fe £UL

e

12

-
AYal QY. Prompt NOx&= A57F vf$ 533 Ao Aut T4

AT,
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Fig. 2-1. The classification of deNOx process
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Table 2-2. The domestic deNOx installation condition

o . o FHOIE SH0IE

= 22(MW) peEAErs! =3uy (opm) oom) o D
R 2502 SNCR 99,09 300 400 — 240

WA 31~ 10%4 SCR '00.05 600 1400 — 490

445 ﬁzf SCR 0205 50 200 > 30 4%
91412 250 %2 SCR 02,05 80 350 — 80 #a
A2 200%1 SCR 0212 150 520 = 120

S4H~6 100X 3 SCR 03,05 150 250 — 120
4312 800 %2 SCR 04,12 70 53

A3 E34 560 %2 SCR 05.09 70 70 .
F256 5002 SCR 06,06 70 50 =E
ve3~6 | 500x4 SCR 0612 | 150 50

_skEl~6 S0x6 | SCR. [ 0612 | 150 5

Sl ~4 500 x4 SCR 06,12 0| 50

dH ~6 5005 'SCR 06.12 150 | 60 s
SR8 | 50x2 | SCR 07.12 A 50 g4

CHITS | B00X2 SCR 08,03 80 60 °
B8 500x2 SCR_ | 0812 | & 50

4T3 800 % 2 SCR | w03 | 15

3578 500X 2 SCR_ | 0903 | 80 50

(1) A2

© 44
- A s 407k A s
S Dt

- NH;, (NHp)2SOs(ammonium sulfate), NH4HSO4(ammonium
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4NHz + 4NO + Oz — 4N2 + 6H20 (2-12)
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4NH3 + 502 — 4NO + 6H20 (2-13)
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B2 Zun] 39U (Selective Catalytic Reduction)

Do
@
[

ol
o= @ol ARgstal QIth6,16,22]. Zvj/dellA el SCR ¥h&<2 tha3t 2

(1) titania’dell vanadium A3}E ®He] A%
(2) $A1% vandium AFsHEAFO] 2

(3) V=0 A3t 4=

(4) ¥ vandium AHshE9] AH4

(5) AAH vanadium 2HstE Zujo] L] go|A

el =3 FolA (1) titania ol vanadium 4FshE FWHe] SHY =
@28 vanadium AFslEo] thE FEHZ Wl FulEAl9 7|5 S A

G HBHEE S MEE Ao@A o Fulsh RFolopd V| RAel B4y

LU R I |

rr

olth. (2) BA¥® vanadium AFSHE/4Fe] F°%+= polymeric vanadate,
monomeric vanadate 1#]3l crystallite V2052 T35 polymeric
vanadate’} monomeric vanadate®Uth &Ado] Fo} o]59 FAZET}
Ao s PRI dHA dvk (3) vanadium AFStES SR

e Whgell A & E AR ®¥d =FE V=09
gl wlg gttt weld V=0 vanadium AsHE Fulje] ddoz 914
Har 21ew[9,10] ammonia® FAF S Alesie Aom dHA Ut

(4) ¥ vnandium AH3E9Q AHHL F A HElEA Lewis 2Hd 3}
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Bronsted AFd o]t} Z} AF- oA ammonia’t S&2HE = FJEj7F ot2a0 A

EUZ-] &UH

fo

2 wkEo] ammonia?] FHOZRE AlZslr] wio]| F
A T 2t 16,18-21]. 18]y} o} SCR A3 Zujeo] ww Al
etol Al e =L FolA ¥ vk Lin Fl16]e oJatd A2}
] B27] wio] SCR &

™
H

ol
Ho
2l
BN
My
oy

o

=
719] F&o] A7) wEeletal ek (5) A|A¥ vanadia Svie] €

4ANO + 4NHz + Oz — 4N2 + 6H20 (2-12)
2NO2 + 4NH3 + Oz — 3Nz + 6H20 (2-14)
NO + NOz; + 2NH3z — 2N2 + 3H20 (2-15)
6NO2 + 8NH3z — 7Nz + 12H20 (2-16)

W3 (2-12)%= 250~450T WA e Aba #9171 sk Fuit
oA wjg- whz] R PFct o] wWl NOx2 90% o]4to] NOZ o] Fojx] <l
7] W&ol NHz/NO¢ F&Hl= 1/1 olgtar & 5 vk 7|4 Adg94
(Selective)dh= &2 NHy7F 4AbA9f whg-sto] Ny, N:O, NO & @At
= 4l NOxeoF AeA o ® whagsle= 21 HErd

g, AFu AeAE &3S ek A, daFAdA SO7F A
#Arh o] w SO.= Fujdel A SOs= AbstE ).

o
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SOz + 1/202 — SO3 (2-17)

of W& SO7t wizksel B E)a gmiokst whEFte] ofejel

WS A 533 3 k(sulfuric  acid)©]Yt  ammonium  sulfate(NH4HSOq,

R

(NH2)2S0)E dAst2= w5 npshz|siA] &t

NHz +S03 + H:0 — NH4HSO4 (2-18)
2NHs +S03 + HoO — (NH4)2SO04 (2-19)
2NH4HSOs — (NH4)2S04 + HoSO4 (2-20)
NH4HSOs + NHz — (NH4)2S0;4 (2-21)
2NH3; + Hz0 + 2NO2 — NHsNO3 + NH4NOq (2-22)
2NH3 + 2NO; — NH4NO3z + N2 + H20 (2-23)

ste] BAS AstATIAY Zulukg

ol
2

ammonium sulfates Zmj o]

7 ehgol A BAlol) grEAEe] BAIE Aot wEA SCR F4
AEHE FuE SO, Ashbge] Hulg@ dojux  olop  wt)

[10,11,13-15,17].

2.3.1. SCR ®H&-7|

SCR ®Fgo] tiaix o2 7k WA YZo] A= ol gt} Inomata 5
[23]S &Ry obrt WA NH," @el® V7' =00l 2183% V-OH B2
= Ao &8 5, 7149 NO9t v-gale] Ny, H.0, V-OHE A4 gk}

1

FO

AorslAt, V-OHE tA] V=02 A2+slE ), Ramis S[7.48]<
g2 vAYSFES Atetddt. FT-IRC 7]¥kS

al

amide—nitrosamide #h+=
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Fal o] 52 dryolrt Folx sk &3 H amide species® A
stevkar ARbeRink. o] FHAI= Al Nook Ho0= Wit &€ =

NH; + M™ + 0" — M"""-NH, + OH (2-24)
M® P -NHp + NO — M" " -NH,NO (2-25)
MO D" - NH,NO — M®P* + Ny + Hy0 (2-26)
OMOV* 4 1/20, — IM™ + O (2-27)
2°0H — H0 + O (2-28)

Srnak &[45]& TPD/TPR A¥<S &34 Langmuir-Hinshelwood
[25-2713} Eley-Rideal [19,23-24]¢] kg x71o] wiel NOxE Al71s}
+ SCR ¥kgel @A olgtal AE5 Wzt NOxe NHz®| wkgolA 4
A9l dA= 2 NHs species? &Adolgtar #|<ts}$th. Dumestic
52918 &89 NH;2HE FAxE &438tE NH; speciesE #l¢Hs)
Atk Went 512712 TPD Z¥ NOx $HdnkgolA 7Hg Fad dAE
NHx(x=0~2)% ¥+ F2¥ NHzo &4dst dAga it 534
NH;Z 58 H dA7F AAHEEA V=0¢ ¥HgE 39 monomeric
vanadyl species®} polymeric vanadate species’} A€t sl
Topsoe[4]%5& TPD/TPR¥} in-situ spectroscopic A71= E3sto] oW
Yolzk V'-OH H&2HE Abgel] F&sta dol e V=09 o3
ggstd ), g VU -OHZ S99 da Atk 714e] NOE &4
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Fig. 2-2. Proposed "amide-nitrosamide" mechanism of the SCR

reaction over vanadia—based catalysts

Dal\lﬂx Catalytic Cycle

vi*to Nt Hy / o=v5*
S*.g a4
7 v HJI'V(_)‘ v Ha0

vit.o.-H

V50" HyN-N=0H-0-v*
/ "
~*HaN-N=0 H-0-v**

Mg+ HoO

Acid Redox

Fig. 2-3. The ERLH mechanism for reduction of NO with NHg



stel QtE o} whgate] FHAE AT F HFAHSE Noot H. 0%
oo sk Suls 79 Abkd] o8 VY -OHZF VTT-0Z o
+- Busca 59 HWAYUFAA F

“Zl‘
AAHS W FHvEd 2y WA B gisle] A3k
V,05/TiOoe] mlg] F&%E NHs= NO+0y; EE NOE F93 A9

SCR ®Eg-o] TAstol No7k AdES Fskslth olsh= €2 NOwH=

¥l vanadylF3 Bronsted AFH9 FEo ¢ s
[28-29], NH; A3} dAl= F28 NHy 258 ¥19] vanadyld 2
o] H-transferell ¢]&] o]Fojzltiar A|ts}A

olgdt A AE nlg o R dual ERLH mechnisme AlAI3}3 0

m o]l gL HAgoz AFHAT}. NH;:= Bronsted AHEQl V' -QHo|

LewisAbd ol V' =00l ola] @&Astdct. 7149 NO 2 <&tA F2d
NOE @A43td gmyol WF<Q V-ONH3-V*' -OH9} wh3-8le] Ao}
FES PAFIT o] WS HZpdubgolt}t. o] Aol oA V' -OH
2 VY -OH7F AR VY -OHE $8o] AAE V=09 Vi'm &
sEle, SE ViE Tl atadl o8] V=02 Axsten. g
Bronsted AF¥¢l V°'-OHE F#o] o8 gxyolet AAYEHS v
SCR Hhg-ol QlojA 2t &Xol wep Ho] EAjgiet. 2t GAE kg2

& ey Zow acid-base site®} redox site?] interactionel] <¢]3h

O

¢

v
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mechanism2 Fig. 2-3°] YEelH It}

NH; + VV'-OH < V-ONH; (2-29)
V-ONH, + V=0 < V-ONHz-V*"-OH (2-30)
NO + V-ONI5-V*-OH — Np + 1O + VW OH + V*-OH (2-31)
2V -OH < O+ V" + V=0 (2-32)
O, + 2V © 2V=0 (2-33)
HO + V'-OH — V'-OH:0 (2-34)

o] gt model> ©]%F Turcol5]s9 AT2=<] o& EFE S model=
A SHEoY o= 7EY WEA] ¥R modelol o3 AAH
kinetic 2] #}+= tha zfo]7} Q.

Axgh o] wHAYSZA A T8 AL Noot H0E gA Fald
T UE A AARkEoltt. 2y iR E)del BRad wAYE
& SO29F Ho00] §l= AejelAl A58 Aotk AA| SdxddA= =
7t SOz9F HeOoll P&e whol W o] Ater Wstn=z WAYSFe A

A Age zAsloE @t TG O Fug R grUelr} FaEe

2.3.2. SCR AtslE Zvj

SCRE 1970t =ub:E s|uts] 7] A =2b&}
dom 1978 dRE dHoA AHgorm HAH

=
8 SAAM ARe Aol AUHAL SCR FHANAE AFE ),
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Fig. 2-4. Schemes of the generation of the Bronsted acid sites

from surface vanadyl centers

H
A
H, Hu N \;I H FA
s gl
‘ ' <
o /0N P (\?O\ ’ Y / ?Ci
a b c d
TiO,

Fig. 2-5. Proposed structures for ammonia adsorbed on V205-TiOs:
(a) Lewis—bonded NHs at Ti sites; (b) H-bonded NHs on oxide
sites; (c) Lewis—bonded NHjs at vanadyl sites; (d) ammonium ions
at V Bronsted acid sites
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Fig. 2-6. Dependence of the intrinsic kinetic constants of DeNOx and SO»

oxidation reactions on the catalyst vanadium content, T=350TC
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Rutile (A%, a=b=4.587A, c=2.953A)
Anatase (AW T%, a=b=3.782A, c=9.5024)
Brookite (W}F&X %, a=5.436A, b=9.166A, c=5.135A)

TiO,x= WMo AslE 2 A anatase, rutile L] 3L brookite?] 37}A
ARQFZE 7} o]F rutile?} anatase®teo] ZwjzEA A4S 71A

9 Ao deld Aok ruiled P9 G9HoT b dH 3
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Table 2-3. Bulk properties of titanium dioxide

Atomic radius (nm)
0
Ti

Tonic radius (nm)

0.066 (covalent)
0.146 (metallic)

0(-2) 0.14

Ti(+4) 0.064
Crystal structure System Space group Lattice constants (nm)

a b c cla

rutile Tetragonal D} -P4s/mnm 0.4584 0.2953 0.644
anatase Tetragonal D",ﬁ-l:i,fzund 0.3733 0.937 251
brookite Rhombohedral E-Pbca 0.5436 0.9166 0.5135 0944
Density (kg/m’)
rutile 4240
anatase 3830
brookite 4170

Melting point ("C)

Boiling point ("C)

Standard heat capacity. C}: 298.15 Jiimol "C)

(decomposes) (at pressure
(rutile) p0, 101.325 kPa)
1870 2927
55.06 (rutile)
55.52 (anatase)
Heat capacity, Temperature (K)
C, (J/kg K) (rutile)
10
243 25
1788 50
6473 100
10718 150
14026 200
18255 208.15

Temperature (K)

Thermal conductivity
(W/(m K)) (rutile)

313
473
673
873

6.531
4.995
3.915
3617
3.391
3.307
3.307
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Table 2-3. (Continued)

Linear coefficient of
thermal expansion
(2% 1078, °C™Y), rutile

Temperature (“C)

8.19

0-500

Anisotropy of linear coefficient of thermal
expansion (z x 10 6 o ‘;._ rutile

Parallel to c-axis

Perpendicular to Temperature
c-axis (]

u=8.816x 1075+
3.653 % 1079 % T+
6.329 x 10712 % T2

Modulus of normal
elasticity E (GPa) (rutile)

% = 7.249 % 1075+ 30-650
2198 % 1079 x T+
1,198 x 10712 x 1

Density (kghn‘)

244.0
2545
273.0
284.2
289.4

Hardness on mineralogical
scale (Mohs scale)

4000
4100
4200
4250

5-6.5
Microhardness (MPa)

Load P x 107 N

6001.88 98070 rutile

7845.66-1961.40 49035-98070 rutile,
398-923 K

Compressibility coefficient, Pressure, p, Temperature

. 107" m¥/N, rutile 10" m?> NPa)  (K)

0.59 125 273

Electrical resistance (rutile)

Temperature (K)

Resistivity (€ m)

773
1073
1473

Thermoelectric properties (rutile)

3x10°
1.2 % 10°
8.50 x 107

Temperature (K)

Thermo-emf
coefficient (LV/K)

0.75
-275
-6
-9

—12
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Rutile

[010]  [100]
[001]

Anatase

1.966 A

\i1 02.308°
92.604”\

1.937 A

[001]

010]

Fig. 2-7. Bulk structures of rutile and anatase. The tetragonal bulk unit cell of
rutile has the dimensions, a=b=4.587A, ¢=2.953A, and the one of anatase
a=b=3.782A, ¢=9.502A. In both structures, slightly distorted octahedra are the
basic building units. The bond lengths and angles of the octahedrally coordinated
Ti atoms are indicated the stacking of the octahedra in both structures is shown
on the right side

(001)
/

7R

S

Fig. 2-8. The equilibrium shape of a macroscopic TiO:z crystal using the Wulff
construction and the calculated surface energies
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2.4. vl &4 A5}

AZggolM el SCR whgoll oA 7HE Ta3 24AsE dovl= d
9] sfup= HiZkE Foll EIE SR FFolth. diF-E] wirtE Fele
1~20%9] o] A8kl ofel] g A4t it LG HolA o] FolA
th. Odenbrand “5[38]0 &8t Vy05/Si02-TiOz = wlol A

PN
na
A& 7F9 A o2 inhibitiondtthal o, o= A sitedl Frito] YEUY

AANZIH N0 Adede S7hv. 22y

NOx= thi-2o] dd=7F spqdiol7] witel SO.oF &7 wjEs™ ol
HRkS PR Uolet R whgEte]  ammonium - sulfate((NHy)2SO4) 9}
ammonium bisulfate(NHHSODE A3k o= 43 qedss
2tk 200T olstoll A A&7 A o] EFHo= Falj7t HA| ot
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©] ammonium sulfates &7t}

NHs; + SO3 + HyO — NHyHSO4 (2-18)
2NH; +S0O3 + H.O0 — (NH4)2SO4 (2-19)

o] 3t ammonium sulfate:™ 7 7FA FE|ZA, w77t A Fo G4

i
o
ol\
N
N
>,
N
k
P
=
ofj
A
ol
ol
il
o
N
=2

N

%,
in,
rlr
o
£
oX,
i
i
o
o
oX,
>,

71E9] A8 Fule A 2X=E oF 300~400C FE=2 1 olsle] &
oAM= SO, Z7AAA AFESHH ammonium sulfatee] A7AA pore
clogging 2@ &4 Aslrt @dAEth, g 2 Ao AoA &
a0l Holux W 95 S4% 58 FuE Adasr] st dA
stete]  71x% ARKDFDE S8 =50 $FEEAS A4t
Zhu[431%°l &b o9 w82 ol NHHSO0] NOol o]sf &3
=3

a9

NO + 1/20 + NH4HSOs — SOz + Nz + 5/2H,0 (2-35)

19o] =Rl ok V.05/TiO20] M]3 Vo0s/AC(activated carbon)ell
A1 NH4HSOs0] NOol| ojaf] #&l z Fajdrtar . 1 o]f+= Coll ¢
NHHSO 3 7F £330 Vo050l of 3l A= 7] wiioltt. 1eja V
dFo]l SUMEFE LeRe dS AsshA Hed oA &t
oAgoi= AL 9u|stt) Fig. 2-9(@) He ZAHH V.05 FA o]

A4S o= Vo05/AC  Eujoll Al sulfate  specieso] AZAHYE

o o

|

¢}

i)

k)
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ammonium ions ZA e} wkS- o7 9] ACS vanadium species<t
9] synergism®| thal A|¢FHTE ammonium ion< Coll 9JsjA] IHH A
o8, Vo oafx AHHom GAstEttal sttt o] Zlo] NO9He| =&
WA HolErh whdel Fig. 2-9(b)ol B AAE V.05 FA ol B
& Woll= NHHSOZ87F ACel o8] FX WA vE Vo050l o3l <A
I HHS FoF SO0 28] deactivationo] 7] wliEo|th. NH4HSOs5 O
o} Cxrel Adg=e] O9F Ti, V 3k A= B Y ¢fsto] NHHSO47F NOoI
olsf  GolstAl EaletAl Hroke Hel  #kste] 1 AT
V205-MOx/TiOz Zufjell tfgt NHHSOs F&oluxe] FApstst AikS
T38| Fig. 2-100] “ebd AAH &9 o] FHUAE HE -
AE 2HsHE MOxE HAstarzt skl

Ao A Y] AA G2 AL Addy EA 598 Algdelds
Fst7] g Ay 229 W<l SIESTADFT, Pseudopotential,
Numerical Atomic Orbital)E AF&3te] YA ALS skt AL A
2~® 0 2= Periodic system= AFE39 1 =01 3 layer TigO12/1 layer
MV5012 + O (73 atoms)ol &&= NHHSO4(11 atoms)= s
C, N, Ga, Ge, As, Cd, In, Te, Hg, Tl AAFIA &F%tal P, Pb, Bi,
B, S, Cu, Sb, Se £o2 F&o] ojfHxitt= At A3 Table 2-4)&
AUt
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(a) at low V205 loadings (b) at high V.05 loadings

Fig. 2-9. Proposed structures of activated ammnonia-sulfate species
on the V905/AC catalyst with different at low V.05 loadings

Fig. 2-10. Modeling for the adsorption of ammonia—sulfate species
on the VoO5-MOx/TiO2 catalysts
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Table 2-4. The quantum chemical calculation result

_46_

B +1.186evV | Al | -3.456eV | Si | —-1.432 eV
P | +0.227eV | S | +1.521eV | Ti | —1.622 eV
V| -1.686eV | Cr| —1.562eV |[Mn| —-1.547 eV
Fe| -1.438eV |[Co| -1.473eV | Ni | -1.175eV
Cu +1. 713 eV | Zn -0.46 eV Se | +3.425 eV
Zr | —0.552eV |Nb| -0.402eV |Mo| —-1.404 eV
Sn| —-1.452eV |Sb| +2239eV |Hf | -0.785eV
Ta| -0.740eV | W | -0.617eV |Pb| +0.347 eV
Bi +0.443 eV |Ce | —1.734 eV
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(2) AAd™
AAAE AHEEAl o G e o] Fol = & AT AAAE
7hete] S AFAE JAAZ §F olE Ax, 24, FAANA SHE

(3) NHz A= 4 gd5vE 93 Az By

2 Ao A8 ZFu]E vanadiaE TiO, @Ao] FHHE o] &35}
V205/TiO25 A 233tk Leel44]0] oatW o2 titania FAl d]s}ho]
A 9] vanadium HAZFo] 7l 2~3wt%= YEPIT AL 9] vanadium
GAFS 2 wtpm AL VI2]2 HErddT. S0.9 Akt WA=
A& vanadium BA#HS 0.3~1.5 wth= TFAsH7| = gt} V[2]el W
Aol =olde TiO: "HAeH 294 %2 TiO: FAE 7 SE
A28k MOxE HA8 T MOx B4 %2 M(X wt%)= e AT}
SCRE Zvl& Alxstes WHo 25 NH,VO2(ammonium metavanadate)

& Oxalic acidel o= WHES ARSI WA TiOzol Wt vht5E <]
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e Wske 2ol g ANs, Ae FuEel NHVOE 80

o] wj NH,VO.&= &3l=7F wlg- 27| wizo &k S7HE 95k
NH, VO, 5-& Mol oxalic acid® Za4 A o7t £33t pH 2.57F 2
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Table 3-1. The catalysts and its precursors

Catalysts Precursor
V,0,/ TiO, Ammonium Banadate
Se, V,0,/ TiO, Sodium Selenate
Bi, V,0,/ TiO, Bismuth Nitrate
Sh, V,0,/ TiO, Antimony Chloride
Pb, V,0,/ TiO, Lead Nitrate Pentahydrate
B, V,0,/ TiO, Boric Acid
S, V,0,/ Tio, Sufuric Acid
P, V,0, /TIiO, Phosphorus Pentoxide

Ti0, + NH, VO, in Oxalic acid + Precursor solution
The mixture(Precursor(w%){V,0./TiO,) was stirred during 1 hr

l

Evaporation

l

Drying at 100°C during 12 hr

1

Calcination at 400°C in air condition during 4 hr

l

Crushed/{Sieved (300—425xm)

Fig. 3-1. The flow diagram for the procedures of catalyst preparation
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Fig. 3-2. Schematic diagram of a fixed bed SCR reaction system

consisted of gas feeder, main reaction and analysis
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3.2.2. TPD/TPR 93 2 &3

TPD(Temperature-Programmed Desorption)s &4 3le Zuj 3o

HES- 71415 S2A171 & B34 7]A(Ar, He, Ny) 779 255 &9

A A F3de et mds AAHd B4l ue
FAEE 247 Zvje] 4Eago]l @Ay wEel o TCD= 23

Hi WES7IAle] dS ST R g FAdstd A9} active site 9]
T2, AHEe] A7l 2 gH, 53 sited] FS FFeted T2 o]&Hth
2 ARoA = NHzo F252S 37kt 98l Auto Chem I 2920
Chemisorption Analyzer(Micromeritics)E& ©|-&3l%] NH3;-TPDE A A
st

TPR(Temperature-Programmed Reduction)< reactor ©l ®Wh&7}29]
AR O Z dhg Ai £ TVt ARES dHERE zolE SHITOEA

Lo WE A5, Akt H Sk A o] &Hal

53] TPR & 1% ©late] wAZFo] w2 FHufjo] s au|&ol o
gl A EAHo] FH zpolE Yetdl7] witel bimetallic catalyst <]
alloy @Adell #ato] Fo] o] &¥a gtk

B TPD, TPR A@dFA= A B9 AFLez ve F o
U 2k

A B C

Gas inlet Reactor Gas Detecter

Fig. 3-3. Schematic diagram of TPD/TPR

[e] o [e]
, B RbgThAE BAREOR FAHE.
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B2l 4% TPD, TPR E5F 800Co|d &0 7FsafoF &t}
Temperature-Progammed Method systemol AF&H A& = 2 o
2] & Fig. 3-4° Yetwch adoA veld FAA-E 7fAFdS d54e

37198 242 4709 inletS ¥33F3 ¢ preparation, carrier,

loop gas port7} T bombZH-E WHE-7]o| ¥ %= 7}~ analyzer
ol = MFCE E3ate gas H-3& Ags] ZAst ABE 7S

Agts] gl wet 7t~ SES AlolstA Hrh vhE $ e A H
Tl FHEHAY SF5HA Al s BE valve zoned} detecter
= 110CE filament F#-& 175C2 AA3A FA8HATh =3, NHz9)
Te dol AAo] = WHg gast preparation portol]l $1A3Fe] sample
I Rkg 5 outg wEH A A28 Reactors FHiFo] ==L
== o] fla A2 Ae AMgsiler, mE ke A B Al FEY
TAE datr] S8 Fle] &S APl wet 50~100mg &2 4313l
tF. Ewie] particle sizex= FvisolA ol tHA 7t WASHA] FESF S

7198 40mesh Z7| % sievingdle] A}F-&3tc}
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l.J

1

4 .15

1. preparation gas valve

4. cooler 5. MFC

8. cold trap valve heat zone
11. analysis valve

14. detecter heat zone

17. thermocouple

20. quartz wool

1234
Carmier

2

2. carrier gas valve

6. Kwikcool valve

9. cold trap valve

12.

. filament

loop valve heat zone

. sample tube

. furnance

12314
Loop

3. loop gas valve

7. calibration valve

10.
13.
16.
19.
22.

analysis valve heat zone
loop valve

exhaust

sample

cold trap

Fig. 3-4. Instrument schematic of TPD and TPR system
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NOx (Conversion, %) =—— >S50 100 (3-2)

t}e Table 3-29 #t}.

lo
rE
i
rr

Al AAgE A

Table 3-2. Experimental conditions in the fixed bed reactor

Particle size (um) 300 ~ 425
Temperature (C) 150 ~ 400
NOx (ppm) 200, 800
Inlet gas conc. NHz/NOx 1
(N2 balance) Oy (%) 3
H20 (%) 6, 12
Space velocity (hr™") 60,000
Total flow (cc/min) 500
3.3.2. NH3-TPD
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=d FH R 718l = NHsE

700C7HA L8 NH39 g2 =Ae1qlt).

Table 3-3. The reaction conditions in NH3-TPD

TPD Analysis conditions

Sample weight

100mg

Pretreatment 50m¢/min He at 300TC for 30min.
. 50m€/min 4.99% NH3/N2
Adsorption .
at room temp. for 30min.
Purging 50m¢/min He at 100TC for 40min.
Desorption 50m¢/min He
Temperature range 9007C
Heating rate 10C/min
3.3.3. Ho-TPR
Zul el Az ki 93] FHuje IFPEA JFE won 53
Zuf o] AT BE4E NOx AdSo] S71sA duh. uahA
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=7 % 50m¢/min He gas® 300C7}4 10C/ming L2 52 % 30
3 A Susgde] FEAA 2 Segds @438t Az 50ml
/min He gasE® A% 89 A271x =ddA7l & 50ml/min 5.0%
S A3t AFTh 900C7H4] 10C/min &%
Abstoaitt. ol whE & o] FAE =T

=
TCDZ F8e §9& #1918 cold trap$ AA AAAzol o8] 4%

5|

Ho/Ars &8 Zw

-

S o 5 wk$ gasYt TCD detecter® 4% A sk ).

Table 3-4. The reaction conditions in Ho—TPR

TPR Analysis conditions

Sample weight 50mg
Pretreatment 50mé/min Ar at 300C for 30min.
Cold trap Liquid nitrogen
Consumption 50me/min 5% Ha/Ar
Temperature range 900C
Heating rate 5C/min
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Fig. 4-1. The XRD analysis of TiO. supporter
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Fig. 4-2. The XRD analysis of V205/DT-51
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Fig. 4-3. The XRD analysis of V205
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Fig. 4-4, The NOx conversion versus temperature over

V505-MOx/TiOo(W) ; NOx:800 ppm, NH3/NOx=1.0, 02:3%, H:0:6%,
SV:60,000 hr!
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Fig. 4-5. The NOx conversion versus temperature over V:05-MOx/DT-51
; NOx:800 ppm, NH3/NOx=1.0, 02:3%, H:0:6%, SV:60,000 hr*
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Fig. 4-6. The NOx conversion versus temperature over V:05-MOx/DT-51
; NOx:800 ppm, NHs/NOx=1.0, 02:3%, H:0:6%, SV:60,000 hr*
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Fig. 4-7. The NOx conversion versus temperature over V205-MOx/DT-51
; NOx:800 ppm, NHs/NOx=1.0, 02:3%, H20:6%, SV:60,000 hr'
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Fig. 4-8. The NOx conversion versus temperature over V:05-MOx/DT-51
; NOx:800 ppm, NHs/NOx=1.0, 02:3%, H20:6%, SV:60,000 hr'
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Fig. 4-9. The NO, SO, concentration profiles as a function of temperature over
V205/DT-51 ; NOx:800 ppm, NH3/NOx=1.0, SO2:500 ppm, 02:3%, H20:6%,
SV:60,000 hr™
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Fig. 4-10. The NO, SO, concentration profiles over M(X)V[2]/DT-51 ;
NOx:800 ppm, NH3/NOx=1.0, SO2:500 ppm, 02:3%, H>0:6%, SV:60,000 hr!
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Fig. 4-11. The effect of Sb loading on NOx conversion over V[2]/DT-51
; NOx:800 ppm, NHs/NOx=1.0, 05:3%, H»0:6%, SV:60,000 hr!
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Fig. 4-12. The NO, SO concentration profiles over Sh(X)VI[2]/DT-51;
NOx:800 ppm, NH3/NOx=1.0, SO2:500 ppm, 02:3%, H:0:6%, SV:60,000 hr'
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4.2. TPD/TPR
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—— V[2) DT-51
——Sb(0.5)V[2) DT-51
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(1
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Fig. 4-15. NH3-TPD profiles over Sh(X)V[2]/DT-51
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o] Spho] 5% EAE Fvli= 370TCoA YeldE AL & 4 o) g

3l peak ol HA Holxe RS B 4 JdEd o3> NHz9 wHs-3)
ofgk EWo V site®] F7F Sbe] @AIFe] Folfte]l wl Shol WS

AGoA EE57] wito] FaFo] FojE0] HAFR FoE Zoz A}
¥

DT-51, VI[2]1/DT-51, Sb(2)/DT-51, Sh(2)V[2]/DT-51 &v&S 7}
A3l Hy-consumptions ¢olx 7] 918+ H,-TPR A3¥ ZA3}E Fig. 4-16
of Yetdth. DT-51¢ Vo] &xH Zwl, Sbe] &AH Zw, & o} &
Af Fufjol] we & o] Y= E HoFa dvk DT-519 A

480ColA Hy &=7F HAIs7] Alzbste]l 600CelA peake] YERRTH
E]’% Z_]‘—U = O]: 330C H+ ]]\11—13 Ho 37} %*36}7] /\]]_,]’6‘}—04 VvV
o] FX% FHull= 448T, Sbe] X% Fulli= 456C, Sb3} Vo] HEX|H

Sl 463CAM peaks BT Hilo Hy £EE YE= 25+ 2
% FEo] oo oFEdda tPch aH A ohE Ao DA F Zujd
whel peak £=7F AZFZEQl Zolt)h Table 4-1¢lE ZHulEe] Azl
HWE 9138 peak WAS Absta 1 WA W& Hy ARZFS YERY
il peak =2 H|WEIth. Fig. 4-163 Table 4-19] A3} 2R E Sh
meFo]l As soud HASS & 4 AL L

o
ol fri Fulaold uth 48§ Belo] o] TojHy] wWEoz AR,

B

Table 4-1. Parameters for TPR measurements over Sb(X)V[X]/DT-51

catalyst Timax () peak area He (igl_lf;zllz;lon
DT-51 600 0.03334 0.230816
V[2]/DT-51 448 0.10422 0.721526
Sh(2)/DT-51 456 0.13446 0.930881
Sb(2)V[2]/DT-51 463 0.24394 1.688823
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Fig. 4-16. Ho—-TPR profiles over Sb(X)V[X]/DT-51
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gt om olAS FEwWE V,05/TiO; Srllell T3] o8] Ay =7
oA G AL 2 A Seds FHAIT Vo05/TiO FrlE 7]l
Ui AX 22 245 247] olgglod Shbs FAAR Vo05/TiO2 vl

= Ao £ B4 Yo,

rr

2. SOy 7} AHo] ¥3E 7oA e] A5 AFoA & THE
AS 2EF2 ALES FoEol H|E] ShbS HAIAIZ Ve05/TiO2 7}

A =3 Holt v A 3 (deactivation) AE HoJFiT)

3. Sbe] HAFS 0~10wte7HA =& W &4 3 SO0 o& &3
ste] A3 AFRE HW 3wtk ol AN @Ao] "ol 7] AAErt o
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Sbol 2wt% FAEHAS Wl 7H £ 249 U 95 548 eI
=3
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