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Abstract

VWTi, which is used as a commercial catalyst in NH;-SCR, exhibits excellent denitrification performance at 300 to 400 C,
but there is a problem that efficiency decreases at low temperatures below 300 C. Research on catalysts containing promoter
to increase low-temperature denitrification efficiency is steadily progressing. However, research on the cause of the improve-
ment in low-temperature denitrification efficiency of the catalyst and the catalyst properties is insufficient. In this study, it
was confirmed that by adding Sb to VWTi, denitrification performance was improved by more than 10% in NH;-SCR reaction
below 300 C. At this time, the space velocity and the size of the catalyst particles were controlled to exclude the influence
of external/internal diffusion. In addition, the catalytic properties according to the presence or absence of Sb were investigated
by performing BET, TEM/EDS, O,-TPD, H,-TPR and DRIFTs analysis. It was judged that the addition of Sb increased the
adsorbed oxygen species on the surface of the catalyst, thereby enhancing the redox properties of the catalyst at low temper-
ature and exhibiting excellent denitrification performance.
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(SCR)S IR Yo} B 8 A (urea) S BHAAZ A}g-310] QAo
3t AN FEH0) 02 AFsh= oz g Y] AREE
I Quh4]. dRUolE AR o] g3l SCR W32 W32l 2
(L) 2t

4NO + 4NH; + O, — 4N, + 6H,O (€))

NH;-SCR HEolM 2ha8s S3A717] S8l 71 Sddo=
thFojol g Fte Sl sfdolrt @Al NHs-SCReA = vhsE
(V205)[5], "$ZHMnOx)[6], #1&2to] E(zeolite)[7]A] ZHl7F T2 -8
=31 9lom, 11 MR v B FEel EJEFHoKTIONE A
AZ AR Fulls 7P HHE o R AREE T QIT)8]. HEd ' aH
(WO3) 2} &2 B8(Mo0s)-> BRFEAl Frllell 71 &84l 25|
24 AREE T Gtk VWTI (V,05/WOy/TiO,) i 300~400 C 2] &
S A e R EES YER D 9lon, 300 T olstellA =
=2E Aot ARl 9] Wk AL gdg8S AT
A8 A7 Al A3 E L QITH10-12]. 1 oA = TE]E(Sh)
2 tjeket Ao NH;-SCR A2 B2 Z &S S3A7)7] 913 2%
42 A1 QvH13]. Kim S{14]0 W29, Sb3 Tio,ol %
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 AFeA= Ha 3 (wet impregnation method)S ©]-8-5Fo]
EtdA FulE A3k EERONTIO) XXA el BAsE i
WAl FllE o] &3kl e, o] vhtge] 7"4= ammonium met-
avanadate (NH;VOs; Aldrich chemical Co.)5 AM-3}31 1, EJE o=
4 <1 TiO, (millennium Co. DT51)E AR&3ITE 2 Agtolla A}
B3 7 7HA 9] Full= sbe] A7 foll Wl VWTieh VWSbTi =
17138190 tE WAE(W) 2] A= ammonium metatungstate hydrate
[(NH)¢HoW 1204 + H,O;  Aldrich chemical Co.]& AME-3}lom,
VWSbTiollA] A8 <QtE]E(Sb)e] = antimony acetate
[Sb(CH3COO0);, Alfa aesar]& AFE3I3ItE. ZH2Fe] 42 X Aol U
 FARIE GAstleH, o] W ZF S50 S V2 wt%, W S
wt.%, Sb 2 wt.%= 3tk

WTie] Az v 2tk -4 7494121 557l ammonium
metatungstate hydrateS 5 wt.% Y1 §3IA1AH 892 Fe= gt 7
TiO,ol Aty EFAIZ slurry FE|S] €& rotary vacuum
evaporation (Eyela Co. N-N series)2 ©]£3F] 65 C, 65 mmHg2] X1
& BPollA g TEAIZITE 18] a vA7)E U] oS Al
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Figure 1. The schematic diagram of experimental equipments.

A1) 511 103 C dry ovenollA] 24 h F<F AZAIZIT) 0% tubular
furnace2 ©]-831% 600 T7H4] 10 C/minC.E 523 5, air #97]
A 4 h EF &g

WSbTi9] Al e vh37 2k -4 719A121 S5/l ammo-
nium metatungstate hydrates 5 wt.% - TENTL acetic acid
(CH;COOH; Aldrich chemical Co.)°]l antimony acetateE 2 wt.% E-=
Sb F&A& A7 Al x3te] Tio,oll Atk 34120 slurry FE)
°] 8-98S- rotary vacuum evaporation (Eyela Co. N-N series)= ©]-8-3}F
°] 65 C, 65 mmHg®] Z1& sfollA 25 SEAZ H, 103 T dry
oven®llA 24 h <t AZAIZIt) ©]% tubular furnaces ©]-8-3F 600
T air 9171014 4 h & 2%k

247 WP o2 A|Z3 WTi gl WSbTiol v §xlehs Whie o33}
2} 717 S5l ammonium metavanadateS 2 wt.% Yl A
2714 28] 9, vanadium® £31% F71= 9@l oxalic acid [(COOH),,
Aldrich chemical Co.]& T%43te] pH #to] 2.57} & wi7h+] =3 gich
AZ8 V ENS WTiek WShTioll §x8te] 31170 &, slurry
B 9] §U-S rotary vacuum evaporation (Eyela Co. N-N series)= ©]-&-
3te] 65 C, 65 mmHge] %13 3lellA] & LT ¥, 103 C dry
oven©lA] 24 h 52+ Z1ZA]ZIT} ©]F tubular furnaces ©]-8-314 500
T air 91719014 4 h 5k 2d5to] VWTie} VWSbTi=E &tk
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B2 TE Figure 10 YERNSIEE 712 F45 4= vEg7] U=
NO, NH;, Oy, N, gasE T332 1, MFC (mass flow controller)&
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Table 1. Experimental Conditions of the Reaction System

£ VWi Svl9] ghurio} ¢

Particle size (pm) 300~650
Temperature (C) 220~400
NOx (ppm) 800
Inlet gas conc. NH; (ppm) 800
(Ar balance) 0, 300~800 ppm, 3%
H,O (vol.%) 6
Space velocity (h™) 180,000~400,000
Total flow (cc/min) 600

K-type thermocoupleZ} PID controllerE ©]-8-314 Rk-§7] L& Ao
3L Wk - I cold trapS SHAIA TS AAT F
NDIR 247](ZRE gas analyzer; Fuji Electronic Co.)E ©]-&35to] HE-g-
/58] NO, N,O EF 543150tk NOy9t NH: ] 55+ AR
(9L, 3L, 3La, 3M, Gastec Co.)> ©|-&3to] 43I}

E oA AE F74E Table 1] YERAITEE N, balance 3}oll4]
NO, NH;, O, gasE =§3}o] REg-F2 527 349l on, o] NOx9}
NH; 55+ 800 ppm 2 I8leh B3 Akd ske) nd Gda
& 9 FRls] flste] 0,9 FEE 300~800 ppme] W EFel A
B 3 vol%2] FEE 23Stk 25 vla Al Eatel] <Jgh JF
< g wiAls] fste] FEES) At A71E 2EEIT o]
o], 3745 (space velocity; S.V.)E 180,000~400,000 h' 0.2 #|oja}
A3, YA A7) 300~650 umz ZAEATE ] FYES AA
712~ %2l 6 vol.%E SISt

A HHS A e VWTI, VWSHTi g 4743t 27|2 AVks
(sieving)ato] Aol TXIaleh. 1 5, Fie] sk 213 400
T 271 4971914 30 min &<+ A A2s3ich A A2 §F 44
FE2 NO, NH;, 05, Ny, HhOE W] UE F4ist 5 A =9 &
T} A d dEl(steady-state) ol =R8S W2l FEE NDIR +417]
(ZRE gas analyzer, Fuji Electric Co.)E ©]-§3l0] 733t 1Eg7]
2T 220~400 CE o] Eof whE NH;-SCR RHAH & a3t
et ZF o] B$EAd-2 NOx conversion % LFERISI O, 2] (2)
o} o] Aokt

al,

[NOJ,, — [NO+NO, +2N,0]
[NOJ,

out )

NOx conversion (%) = ( X100 (2)

23. Fif S4 24
2.3.1. TEM/EDS (transmission electron microscopy/energy dispersive
X-ray spectroscopy)

TS 9 2500 BAkS gklsl] f1ste] TEM/EDS #4915
AN stk AH-E 717)= FEIARS] Talos F200 X5 AHESI3ILE ©]
o 7H5 29k 200 kVE SISiTh Sl o] A& ofekEol 4wkl
S Fs Wi 255 AE71E AREste] EAREITE 42 Cu
gridell MES &% oyl § pxato] gt

2.3.2. BET (Brunauer-Emmett-Teller)

Zrle] vEEA-E 54317] 8l Micromeritics Co.2] ASAP 2010C
& AF8F31 2™, BET (Brunauer-Emmett-Teller) 4] ©]-8-5fo] HI3E
WA g TeRlth 2 AlEE 110 TollA] 3~5 h 52t A=

%]

g AAT T BASSI, i Bt )E ¥ 9 712 A

an

Ty

A Zul] $HASCR)S F38 AAAtslE A7 37

Kelvin 4]2 =3} BJH (Barrett-Joyer-Hanlenda)S ©]-2-3}31t}.

2.3.3. H,-TPR (temperature programmed reduction)

ZFujjo] Akl 8 (redox) 542 FAEH] €18l MicromeriticsAF)
2920 Autochem= AFESIGOH, FEZSAS 9%t detectors= TCD
(thermal conductivity detector)® 3}ITE 100 um ©]8t= 24t ==
30 mgs % AIZ1 E 5 vol.% O./He balance 50 cc/mins 2™ 400
T7HA] 10 T/min 2.2 528 $ 30 min &<t F21311ch thgo=
60 CT7HA] 3F23F & 10 vol.% Hy/Ar balance 7F~5 90 min <t &
ForA Soulue) uae s Bl 2972 wEslt
©]% 10 vol.% Hy/Ar balance 50 cc/mine 353 10 CT/minC.Z
800 T7HA] w23l £25¥ H2 555 stk

dot oy

2.3.4. FT-IR (fourier transform infrared spectometer)

Zul] o] EARES-& FAFeE] 913 Thermo FisherA}] iS10 FT-IRS
ARSI AlE L] WSS 57d317] $1819 DR (diffuse reflectance)
400 accessoryS AFE-3F3IT} DR 57 plate= CaF, windowZ AR
3}31 3L, MCT (mercury cadmium telluride) detectorE AH8-5}°] spectra
£ sl A6 o] &3t e 2% NEZHE HX|S in-situ
€] sample pan <ol TR L 77} EEES] S AfAlS)
7] Q80 air £217] skollA 400 C7H4] 10 C/minS 2 53k & 30
min &< A H2E3Ih F9) spectra 7S 13 A 22| ¢k sam-
ple?] single-beam spectrum= background® d}31©1, 32 scan 4! 4
em' 9] resolution®.® 33T

2.3.5. 0,-TPD (temperature programmed desorption)

0, S254S F71517] Y38 MicromeriticsAF2] 2920 Autochem=
ARSI o) T EEES 913} detector= TCD (thermal conductivity
detector) 2 3}ITE 100 pumolst= #2271 0.3 go Fujs FXsH
T, 5% Oy/HeZE 50 cc/min %15 400 C7H4] 10 T/minC. % 52
31o] 30 min Bt FX8IALE RO = 50 T7HA| Rt T, 5% Of
HeC 2 1 h 53 Fvllof] RH-E-S F3A7131, ArSE 1 h 54t purg-
ingdto] B2 0 F FakE 7EAE vAAFATE o] % Ar 50 co/ming
FJFaA 10 CT/ming $& £58 d8k= L5574 $A7|H
Quadrupole Mass 200M)E ©]-g-3lo] B&EH = 0,5 AT

3. 20} 3 nE

3.1. Sb &7I0f| 2 vwsbTi S0i2| 22| - sistd EM

VWTiol 2FulE 7t gdass dA1717] A8t A7+
ol AR FE3] T Xu F15]°] WEWH, V/TiO ol Sb, CeE
A7pgro 2 FAF40 BANE ¢ redox S4J0] ddE Ikl B
3k w3 Kwon S{13]° W=, V/TiO, ZvliolA b H7k=
S Ak FRelA B s AT AFESITE AT
oAM= AEH I Sl VWTioll Sbe 7S o, 94 Fujo &
g - sehA] 59 @l a o] Ads glstaat siglck ole w
2t i Sujjo] nE Ay 548 FAEAE g<l8] 918 BET9H
TEM/EDS #2412 351310, 7 A= Table 2%} Figure 21 1}
ERQIL). Figure 2(a)~(d)x= VWTi2] TEM 2 Ti, vV, W] EDS 2}
o)™, Figure 2(e)~(i)= VWSbTi2] TEM 4 Ti, V, W, Sb2] EDS 23}
oJt}.

Table 2 YERd F Zvje] BET #4] A3 vwrTiol n%d
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Table 2. Physical and Chemical Properties of VWTi and VWSDbTi Catalysts

Catalysts Sper’) (m? « g?) Total pore volume" (cm® - g™) Mean pore diameter” (nm) Acid site”? (mol NHi/ger)
VWTi 68.542 0.3524 16.06 63.7
VWSbTi 69.420 0.3598 12.24 66.8

b BET, BJH analysis, 2 NH;3-TPD analysis.

Figure 2. TEM-EDS images of VWTi and VWSDTi catalysts. (a)~(d): TEM images of VWTi with elemental mappings of the Ti (green), V (red),
W (yellow), (e)~(i)): TEM images of VWSbTi with elemental mappings of the Ti (green), V (red), W (yellow), Sb (blue).

68.542 m’g!, & 71% H¥ 9} B 71F AES 27 03524 em’g’,
1606 nmE UERJQITE VWSbTiS vEWHZAI F 7|3 Fye=
69.420 m’g"' 2} 0.3598 cm’g'E VWTiel 1 xjo]7} u|u|3ic). 12
U VWSbTio] Hd 718 A5 1224 nm= VWTioll Atz o=z 3
o 1% A7)17F o 7Aas Ao gl Figure 25 F v
9] TEM/EDS 415 Fsto] 8454 9 25ue] A4 545 v
Wl Zlolt}, Figure 2(a)~(d)E AHEA VWTix AAAQI Ti0,2] &
el Vil wol 1EA AkE o] gl A0 ERIFITE Figure 2(e)
~(i)°llA] VWSbTi Zwl] T3} Tio, el v, W, Sbo] 1LE2A] #Aly]
o] Sl Aoz FRlx|o] F FHullo] FHlgh EAk B4 AjolE g1
T AUk

Dumesic “5{16]°] W=, VAl F51¢] NH;-SCR REg- #|A Yl
A NH;7F V siteol] E2H5] a1 v=0°1 2]&to] A3} H, 712 A} NO
EE S Nogk vkl Ny ¢ H,05 Atk dgsisit) w
24 NH;-TPD 418 &% Fvl gd NH; 522 AlAtele] Table
20 YeEhiek 7 A3 VWTiS NH; S22 63.7 pmol NHs/ge,
VWSbTio NH; S22 66.8 nmol NHy/g. o HERANSITE F S
o vjdw4 & dRYol FaEFES AXFIS W VWTix 0.9294
umol NHy/m?©]™, VWSbTiE 0.9623 pmol NHym?2] S-S zh=
Z o= vEhdel mel Sb F7tel| whE NHy S22 Aol Hdt i
skt

Lee 5{17] V,05-Sb/TiO, o]l CeS 4715to 2 Q1&to] 3}8kE
2 AkA Fo] FThell e, sskEA Ak Fol T FHulle S
BHel dat 24t 34T 23} she Aol ARl wek S
o] Ak4 o)igAdo] F71ske] SCR WHSollA BHaAd o] St Zlo
2 Basigich meka] & dAFtelxs Fulle) ki F& dEs] 9
3l 0,-TPD 4% F3sl%lom, 71 A¥}E Figure 3ol YERISITE

Huang 5{18]°ll W=, 0,-TPD &4 °ll4 MoOy/TiO, Z1<] Aka
 EEAR ke F 2 AR AR F H(bulk) AR AR F2

st Hl 32 A A1 = 2021

—— VWTi
—— VWSbTi
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8“ B : surface lattice oxygen B
P v : bulk lattice oxygen \
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Figure 3. O,-TPD profiles of VWTi and VWSbTi catalysts.
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¥ 97+ isolated VOx Fofl oJst glS ¢Jn]sh, 380 TCellA
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Sb 7ol WE VWTi Fujje] trvjol Heja] Zuf FASCR)S &35 dAaAtsE A3t 39
10
—— VWTi I 130.0001! (a)
—— VWSbTi 1 EE 300.000w?
8- [ 4000001

Ill-crmsumptiuu (a.u.)
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Temperature("C)
Figure 4. H,-TPR profiles of VWTi and VWSbTi catalsysts.

Atolol| A 21z} 27 9) peak”} THAEQITE VWTiE 3907 442 C ol|A]
g9 a7k EEA=E), 390 Colld Yebt 33 isolated VOx
FolH, 442 CollA Yehd 3] 2E polymeric VOx&F W02 bridging
A Fo 7 gaE) VWShTiE 3903} 418 Colld ¥=71 #2E
Qo 418 Cold FAE v VWTIQ] 442 C oA JeR bridg-
ing A Fo] I37) AR o]Fd HoR ) wi T F
o] gkel ¥|aE HRale] Wy oz AR Avl, VWTiol v]ake]
Sb % ﬂd v o] Aol oF 24u) o] ¥l & It wEt
Al VWTi Z1ll= Sb i47}°ﬂ oo} Jhgoll Fofrld 4 Sl Akl
o] TS FH-allR oM, A0 = peak”} o5 el mel Fvll9] redox
E/do] /A= agi u:%%%v}.

3.2. Sb 70|l w2 vwsbTi S0ie| BEIMs A

Sl 9Eg-2 th3¥ o] 7/ WAIR s 4 Qlth 17, A
(bulk) F-AIZFE] A} JFEHOZE HH-S-E9 i—,/ﬂ'(external dif-
fusion), 2%HA], Zvl| 7]F(pore) YTZHE] FHull UFxEH THoF
S22 FilKinternal diffusion), 39|, FujEde] W-&E] 52+
(chemisorption), 4|, Sl A Q] WES, STHA|, FHufEH oA 2]
A73E2] E2(desorption), 6%, YAF UIF-EHE £]FEA] 7)F
(pore) Y= AJE2] EiKinternal diffusion), 75, YAF THOZ
FH HAbulk) FAIZ BdES] Eikexternal diffusion). ¥ -]
A 7 9 gA5E vlask] o del o 9 ulREake] o
& Fo|7] fIste] FHEE 9 ]Ik F7]¢) w}—: & 9IS g2
313 0 ™[20], 7 A¥E Figure 5o JeERITH

Figure 5(a)c 33550l e it Algt J3s glst A
olt}, Ad2 1% 250 C, NOx 800 ppm, NHy/NOx ratio 1, H,O
6 vol.%, =1 A7) 300~400 pm% 3FFTE VWTiE 180,000,
300,000, 400,000 h'ellA] Z¥2} 22839, 2.4262, 2.4775 pmole/gey * s=
YeER2 3L, VWSbTie Z%Z} 2.9365, 3.2754, 3.3277 pmole/gey - s=
Jehfich £ Fl 2% S.V. 300,0002F 400,000 h'ellA2] NOx
consumption rates (-tnox)= U5 AFS oS YERISIY webA
S.V. 300,000 h' o]%ke] oA g]RgRitel] o]k wh-gAIshe Sl
Row @it TR0 %, Figure 5(b)olds ] Ak A7)=
500~650, 400~500, 300~400 pm= 3}o] WF-8FAL A8k J&FS Eelsh
Axtolt}. AF-2 SV. 300,000 h', FH&-2% 250 C, NOx 800 ppm,
NH3/NOx ratio 1, H,0 6 vol.%= &}tk 9=} Z7]12] wsle] ulet
VWTit= 1.8421, 2.2800, 2.4262 pmole/ge + s YEFHSIAL, VWSbTi
= 22982, 3.0970, 3.2754 pmole/g.y + s= YERIITE web A}

0_9||_I

(pmole/g_ 's)

Nox

b 34
24
1
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Bl 650 - 500 pm (b)
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