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Abstract

In this study, the activity and structural properties of catalysts prepared by mechanochemical method under dry

condition were studied. A dry milling was used as a mechanochemical method. The precursors of vanadium were

NH,VO; and V,0s. The activity and characterization of the catalysts prepared by dry milling were compared with

those prepared by impregnation. In addition, the correlation between the catalytic activity and the structural

characteristics was observed through XRD, Raman, and H,-TPR analysis. As a result, the monomeric vanadate

species exhibited excellent redox characteristics, which were confirmed to be related to the catalytic activity.
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257 ZHA PAN, & 59 274 L HEdS gt

t}(Koebel et al., 2001; Armor, 1995). T3+ & =
oA A7 H s Zu|AIHA] (PM,)9] Z-$- Aa
A3Hgo] Hi7]59] $:413517] (OH), £&(0,)2 w35}

SR ER FAHHNO)S sk Yot
(NH;)9} 3H o §h-g-8fo] 2244 wlA|HA|Q] A4kete
F (NH,NOy)E& At} o] A AaAbshEo] tf7]s
Aol Ml FFE vl Az o= A =7t
T 92 A7) gz SEve 89 ofde A=
9] I HE AT AaASE wjE AAE SI%
oot AL Agsta ok 8 (EU)Q 75 2030
W7HA] Z0AHA] (PM,5), ©14H8HH(SO,), AaAts=E
(NOx), 4 EYot(NH,), $'¢d718HHE (NMVOC)
9] 57kA] 8 YL HEAY WEHFAE AIRtt
I spglen, OF ALASES 63% A5S 5R
stal ok =3 e e SR RoNA xS 4
A g718E 8 712Ag] = 202449712 A
ARRHE HiEFS 249 A WiE Y 37%7HA] ol
= A& 5x2 st Qlok wEhA ek 87t
el sEHeE A sty] fiste] AaitehE &Y
A= ZAAAQ A2AskE AA 7]eo] a5E §l
= Aol

AaAeag AASE Hlde A azts A
g71&(@a F gA), Ao Ao (darlE A
), A2 o A7 AR (Ha A dF)o] Tk (Coo-
per and Alley, 2002). 1% vjd7lA A E7|&L o2
Rlof wpRT} o 2 AolEge ZET Was e F
g7le 5 &4ol $shy g A8H e Ve
845 (Urea)g ARESto] A4S Aojsh= A
& Zu] Y (Selective Catalytic Reduction; SCR)
ojch. Aelz Znj ghYH-e Fujet tEo] NH;, CO,
H,S, H, 7}27} SdAl= ARE 4= jlew, 05 2
A= gEYot, Zuli= TiO,2t HhhHg (Vanadium, V) AF
=Y EFES BHAoE AREsta Qlh(Kwon et
al.,2013). A8A Zuf ghaRolA S-S 7]&9
ol & 4= qlrh SCR 34 oA VITiO &= &3
Zufjo] (Bulushev et al., 2001; Suryanarayana, 2001;
Gaffet et al., 1995; Radinski et al., 1991; Odenbrand et
al., 1986), 249 #H - 7% - ZH "} HgEE
9 Ay Folg etk olzle Suje 22
A B4e Zohe Azshe ol st 2A) e

f

=
3t

PN

7|3 A] A 33 A A4 &

g Slth. ZujE Al xst= Py we
o wEba Fufo] W - 2 - A o] EEAY]
2ol Adg Zuj o] AxHE AYstolor w2 &
3= 2= SME AT 5 ok
¥ 2 mechanical milling2 1960t A3 ol 4]
nikelS 7|2 o ARFE BAF Z3RIEO) AARE 9]
3 ARR-E7] AJZFsFS T (Artz and Schult, 1991). S
20034 ol &= 22| mechanical millingS $3F 34 A
7 e AHE 29 4 Slohn sl B ek
E4 U metal oxide2] 442 93 mechanical milling
£ nanocrystalline 238 PAEt= B o g o2 B
slo] Bubo] Qxl37]E A Fo|il lattice strain©]
Z714 4 dthal 3}t (Weeber and Pradhan, 2003).
webA &2 AtolM= 71A - ek WS 285t
o] V/ITIO, &mff A= Al F28)4E& Foto] Atz
Hste] whE B4 H3E dFstAH ol st
AAA = FY TiO,E AMESIALL, ot 714 - &k}
Z Wi o g A 23 V/TIO, 2o} Moz A =3
o] whggd % 23ty E4E vl
TS Ao % FUiE 085t E OE 714 -
3hebA] Wl attrition millzt W32/ 9] o] 9l g
X o)) o1 Lrehpglet.

2.4 #

2.1 =0 =g

2.1.1 ezl

2 o) ARgE Zu)E vanadium (V) B4
o2 AMgslg o, ARAZ= A TiO, (millennium
Co. DTSHZ A=tk E0f A=Y 55 43
H (wet impregnation method)& ARSI TS
9] 2 AAA | gt FAMZ HAE AL wt.%
2 Yetilen, 4549 FAH= 2wt%z 94|
sttt FAS459 AAAE= ammonium metavana-
date (NH,VO;; Aldrich Chemical Co.)& AF&3}IL
H, NH,VO,9] &3=E =o|7] ¢35}9] oxalic acid
((COOH),; Aldrich Chemical Co.)& AMESIATh A=
W2 WA A A QL TiO,of tigt vanadium 2] kgt
F 2/l et Alntsta, ALk FRhEe] NH,VO,



Aze] T2 NHoSCRE VTS 24 54 Aol R w84 93

£ 60°CZE 7199 FF4ol =<ltt. 719E NH,VO,
o] LS fj7hA] wHkek £ oxalic acid (COOH),)
£ 234 Fdsto] pHeteo] 257} 2 wi7bA] it
E3E $89E 30min 2EF F FH]E TiO,of oxalic

acid7 £ NHVO, 289 £ 1h o4
dketet. oA AZH slurryE 70°C, 65 mmHge] =
Ao Z 3 AHZAFFE7] (Eyela Co. N-N series)E o8
Stof 58 FHAACH, ST T SEE
&3] AAsH7] Hsked 105°C dry ovenol A 24h
ZAZT AxE Sl F71E947101A4 10°C/min
£E 2 400°C7HA] 523 & air E97]014 4h ¢
245k ole o] Yo r AT Fui=
(NH,VO,) Impregnation®. 2 ¥7|35} ¥t}

2.1.2 AN HxH

&2 AT e FHE Axsh= FHNA S 2
2 233 g4 BAte S7HE $1%t ball mill,
attrition mill& ©]-&3}3ic}.

Ball mill®] % #X]+= 3 A ballZ} support disk 2
TFaEo] gk & Aol ASHA AR 2% ball
mill AR E o] &5} o, zirconia A& 2] 5mm, 10
mm, 20 mm 37]9] balld} 2L £3F9] jargs AFE-3HS
t}. BPMR (ball powder mass ratio)2 ball mill®] Z|tj
BEE 9 50: 19 BHE&E 1Hs 2, 350 rpm2)
E£E2 |AST F4E459 AFA= NH, V0,2t
vanadium (V) oxide (V,Os; Aldrich Chemical Co)E A}
Lo}t Al 2HHL XA 2l TiO,of tigt vanadium
AT 2wt %TF AL, ALbE ol 24
AFAE AA4HE TiOoF A jaro]l @3 3h F<t
F4ict. Ball mill®l powder £3E-2 10°C/min2]
LE2 400°C7HA] 527 & air £917]004] 4h F<F

2 1h
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Attrition mill ZX]+= 37| ball, support disk L& 3L
impeller2 A E o] ?low, L&A} ball millef v]5}]
2 energy® AT & Ytk £ AFIAE 1L
A 71&71EHEF) 2] KMD-1B9] attrition mill A2 & A}
L9, sus A9 jar 18] 2L zirconia A& 2] ballS A}
€3It BPMRL 50: 12 3 A3H 2w, 500 pme] <
T2 STt BAFE) ATAL V,0,2 185t
At A ZHHE XA TiO,o] gt vanadium)
TFE 2wt RF AL, ALTE SrE e ST

gl
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& AFAE AALE TiO&F A jare] Wi 3h B¢+ &
A3}t Attrition mille powder £&E2 10°C/min
9 £E & 400°C7HA] 5235t & air £¢7]olA 4h &
e 24t

Q1o o] Azt FZujollA ball mill PO 2 A=
3t Zuj= (V,05) BM 3ho2 37|33, attrition
mill 02 23 2o (V,0) AM3ho g ¥
st E3 AFAE gejsto] Axgt Fujo B3
2 ()] vanadium ALAE Z+Z NH,VO,, V,0,.Z &
718te] Lek it

2.2 MEFA U wy

2 Q79 SCR ¥HE g A3 17
€ 38 1o Yyt vkg7lol F55= 7h
N,, O,, NH;, NO9] 7}A2 MFC (Mass Flow Control-
ler)S AFR3to] S8FS A3} E3 circulatorS
0]8-5}o] o]% jacket FEN Q] bubblere] 40°C YA 2=
9] 22 &FAZL, NS Z7NA dAFFY =S
T B3 E7)5 S2o] $2E%] 91 NH,o
NO7} ¥h-&-3to] NH,NO, = NH,NO;9F 22 99
WAL WA Yool W371R fUEHE AL &
=5 180°CE dAsHA FA8HH e A & ¢ vk
719) U742 8mmo] ], ol 600mmsl 4T AH§
SHT, ¥HE 7] LEE 200~400°CS] LEE FAT
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Fig. 1. The schematic diagram of experimental equip-
ments.
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Table 1. Experimental conditions on reaction system.

Particle size (um) 40~50 mesh

Temperature (°C) 200~400

NOXx (ppm) 800

NH,/NOx 1.0
Inlet gas conc. (N, balance) 0, (vol. %) 3

H,O (vol. %) 6
Space velocity (hr™") 60,000
Total flow (cc/min) 600

A ARE SR AlxE S #Y48E /A
st7] 9Js FAZHE ARt FEE & 4
mesh& A AFst] 4G whg7]o) 0.6ccE FHAIR
ot BEET AAEEY =5 54517 915t NO &
E& cold trapE AX FES &3] AAFT H]EA
A 7pAE A7) (Uras10E, Hartman & Braun Co.)
2 25T, N0 ST B A HeH 7pAnA7)
(ULTRAMAT 6, Siemens)& &34t} NO,°| %%
HAATOL, Gas Tec. Co.)2 AMEsIG o, Hl&E
NH,= ZZ#(3M, 3La, 3L, Gas Tec. Co.)S AH&
of 27a5ch.
g 242 # 19 YRRl e, N, £9]7]8] ¥t
S7t2 # NOx9 & 800 ppmeZE 1A3s}ct
NH;&= NOx&} 1:1 Hl&2 FYstgen, g7t |
9 At s AA Y 7FAFY 3vol. %z FYS
g, 2 AA 34 A 6voluz FYsto]
Z 7} 600 ce/minZ2 §-A|5F4 T

AFYHS ST ZHE §H37o FRgT 1
5 2o s 2Uak SA5] S B
2 400°ColA] 1A17H AR s Ag L2}
el =gehd 44T 0,,N,, NO, NH;, 7k
2 WHeYE BT F ANEY B} YR
H7HA] BEEAHE AEAIA o9 FEE 7|3t
2t Zule] WL NOxe] MBS 2 Ui Rov
(1)t o] Helsheict.

o e orle

[> oo yy

Cur% A NOx Cur% % NO:

NOXx conversion (%) =

*NOx=NO+NO,

grmuol g8t 4B B9 9% FUF
NOxE FSISHA %1 NH.E

7|3 A] A 33 A A4 &

o). &0 o] YRSB4 NH, HEH&TH Z0) FEH] NOx
%5 (ppm)E e A0, NH, 4882 47} 2
o] A olatct.

Casg 2y~ Cug 3w

NH; conversion (%) = X100 (2)

Carg 2 nm;

M

2.3 Z0f S424

2.3.1 XRD (X-Ray Diffraction)
solo) 2A7EE A fstel AXsigen,
PAN analytical Co.2] X’Pert PRO MRDo] 9J3}e] &
418}l t}. Radiation source2 Cu Ka (A=1.5056 A)
ARg3l o, X-ray generatore= 30 kW], monochro-
matori= ARE-S1A] ¢FQFTE. 2 0= 10~90°2] HEZ 6°/
min®| FAREERZ ZA Gl

2.3.2 Raman Spectroscopy
Raman spectra 4] argon laser< light source= 3}
X multichannel CCD detector’} Z2F= France Jobin
AFE] Yvon T640009] 2]t A3} th. Laser multi-
line power= 5 W (457.8~514.5 nm)©] 3 resolution>

0.72cm™' 2 ZA =9t}

2.3.3 H,-TPR (Temperature Programmed
Reduction)

H,-TPR £4] © & MicromeriticsA}F2] 2920 Autochem
2 AHESIF oY, B2 XS 9%te] TCD (Thermal
Conductivity Detector)S ARE3}4 T} 100 um ©o]3}2
B9 30mge] FWE $H% F 50ccmin'e] Arg
Za|n 10°C/mino.2 400°C7HA] 22 3 30 min E9F
AAYE eI I & F2(9F 30°0) 22 225
317435t & 5vol.% Hy/Ar 7}AE 50 cc/ming E3H
Sl A 222 AT o] %o 10°C/min
9] &&=z 800°C7HA| 5-238H H, =5 TCDE ©]

£-5}o] monitoring S} T}

=k

3. 23t #{ 1nH

d]

3.1 V/TiO, Z0i2| H7H H MZ=LHo

02 S EY

el Sof SURHol] ALSElE vanadiumA] o



A 2ol 2 NH,-SCRE V/TiO,o] 724

L ooud oz FHal e &4 Ao T Axy
t}(Cho and Thm, 2002). 3}X|5t o] 2| gt HIH-& Zujj 9]
274, #H F2E Alofshz Ao] ofHoh o Wk
A BUEA et 4o A e, o=
gAet SEEEY TR/, AL g8 & IFS
e ez dEfA Qo webA A2 AEEt |
7E°l 2 AFode F2A SQUIE AT »
71A - BFeA WS o]gste] FujE Al=5HY
11]— Guimaraes 52 V,0s, TiO, (Rutile)E Z+Z} ball mill
3O 2 M particle size7} nano size F=2 Fo|=Thal
G5}, Ti ion millinge 2 Q13}e] X7} 3¢
T]o] Ti-O covalence= ZHAStctal AF3ch(Guima-
raes et al., 1995). o]&|gt A7 Ayt W= ball mill
HMHL vanadium TiO,o I2A] BAMX]7]|1, o]2
ol3) H|s}sloF2 2 9] vanadium AFSHE2] Wsk7l SCR
B0 GFS AL Ao AR} P B 8
01]#] = GAFES vanadium o 2 3131 FA|E TiO, 2
St SIS ball mill W7 PO A 2ste] £
mj2] SCR WH2-&A4S v sttt E3 ball mill 2
o= Az A WA E57} Zugyel vlAE o
G2 2elsh] 95kl NH,VO,9} V.0,2 A 23t 20
of R4S 7% 20 YEpfoch BHeAE 208 BT
2% 60,000 hr™', NO 750 ppm, NO, 48 ppm, NH,/NOx
1.0, O, 3vol.%, H,0 6vol.%, N, balance, ¥+-3-2%
= 200~400°Cof| A =335 Tt

a9 29 A5 A9 HEYH, (NH,VO,) Impregnation

° Io

rlr

100 4 i
] A f'
. 80 ]
IS
] ./
260
Z /
z »
S 40 /
>
S e
20 .
—m— (NH,VO,) Impregnation
—#— (NH,VO,) BM 3h
0+ —A— (V,0)BM3h
200 225 250 275 300 325 350 375 400
Temperature (°C)

Fig. 2. The effect of temperature on NOx conversion over
V/TiO, catalysts (NO: 750 ppm, NO,: 48 ppm, NH,/
NOXx: 1.0, O,: 3vol%, H,0: 6vol%, S.V: 60,000h™).

=4 Alof
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ok
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Sl 215°C ol of o4e] Y& ek
™, 250°C o]|5}9] oA FAo] Fadte A
e 4= et Ball mill & o]-§sko] A3t Fu
% (V,05) BM 3h &1} 9] &4 o] (NH,VO,) Impregna-
tion 0| ¢} ¥]|£3F S-S YR AL ol 4 )
o™, (NH,VO,) BM 3h 20 (V,0,) BM 3h Z1}
o ulstel Byo] Aashe AL FAT 4 sAgick. o]
A FLe ¥ vanadiume TiO,of @25t} Al =€
Sl A2 9 BaH9] A3 SRl wE &
o] Ffol7} erteS shelat % qlgith. makA ¢
of Ze B4 Aolo YL Yoty fstel The A
o /]&= XRD, Raman, H,-TPR £4]-& 4335} 4t}.

ru]o
et
o

3.2 MPH H M=o IE V/Tio,
ZWEHo| -l o0|xX|l= BE

O oA HAFA # AT wE v
2 salsh] sdotel B4 3 724 S4o] whe

5] 001] ") X= g3 el 4~ 9= XRD, Raman

—Er’v‘%‘% FeYstgich WA oF HojlA wlwg V/TiO, %

Yot 7] 9Jste] XRD £4% 35151

onl, 3 A3 29 3o ehhac,

Gajovie 52 ball mill AJ7te] w2 anatase TiO,2]
A 3E gol 6’]- A3} 180 min ©] 3¢ rutile peakqt &
AQgtct AFstATH(Gajovie er al., 2001). 1L} &
AT S| XRD 2423k k2 (NH,VO,) BM 3
h, (V,05) BM 3h Z1]l&= anatase peak] AFZ o] #AF
2 HAT + Q%eH, (NH,VO,) Impregnation Zuj]

Lo

% : Anatase peak

N (V,09 BM 3h
~ * r »* *

z Al A *x X *

=

% (NH,VO,) BM 3h
E MJ Wkww‘w POV —

(NH,VO;) Impregnation

20 30 40 50 60 70 80 90
2 Theta

Fig. 3. X-ray diffraction of various V/TiO, catalysts.
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Fig. 4. Raman spectra of various V/TiO, catalysts.

L= WA Z anatase FH|2 EA5h= S T
T AATH EZE Al Fulf ®F V,0; peakE AT
11, olof wat anatase FEJS] TiO,ol vanadiumo]
A RS B9 4 ik
TiO, @Al &8z vanadium AHHE-2 2744 9|
crystalline V,05 283 H]AA ] polymeric, mono-
meric®] 37kA] PR EA3I}. o] 2|3t FE= Raman
BAHLS B4 FLEE 4~ 9Jth(Bulushev et al., 2002).
whebx] 9FA] A 23 vanadium E0i] FEE FES)
7] $15kod Raman 45 35t ¢aL, 235 17 49
Uet gl

Rodellia 52 vanadium 3}§HE2] Raman band £
1033 cm™ ol A UehhE £ TiO, AX A 214 2%
o] 9= monomeric vanadate (V*)ZEL Yepdttia
sioich Ea APAel wekA oghe] Aol ot
850~770 cm™, 930~920 cm™', 960~900 cm™' €] broad
3t band o] A+= polymeric 2] V=0 vibration® 2 i
53tk upAeto & 995, 705cm™' band= crystalline
V,0; Folatn dAFstgon, 3] 995cm™& V=0
groupo|2tal 3}t (Rodellia et al., 2001). Raman &
A A3} (NH,VO,) Impregnation Zulj 9] 7 crystal-
line V,0, 0] 3H2E ] 99k o 1, polymeric vanadate
2} monomeric vanadate?] AL g 4+ AT
HhHo] ball mill HOE A Z3F Zulj= crystalline
V,05 peako] #EE 0w, (V,05) BM 3h Zuj¢] 7

£ polymeric vanadate®] 342 & 4 12121} mono-

k=

7|3 A] A 33 A A4 &

£ |(V.0)BM3h
£ /\ 41530
z 2

(NH,VO;) Impregnation

l(I)O 2(I)0 360 460 S(I)O 600

Temperature (°C)

Fig. 5. H,-TPR profile of various V/TiO, catalysts.
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2 #2E 9 21} monomeric vanadate?] AL & £
Yt ek (NH,VO;) BM 3h Svij= o F
oo wlste] EAdo] HojRl= RS YEHT| d&ol
polymeric vanadate 2] AAJEt+ monomeric vana-
date o] A v WEBAo] o S4F Ao B
o

NH,Z S942 AMgels SCR ¥HolH Zujo]
NHo} SREE Eo) o] Abar} wbgo] AMgEIc
MAE AETORH Zu) o] Ak Aol A7)
Vel Hag olgste] FHS A WS HAekE
Y, ol2 g redox S WHOIA] vhg ZERstet. He
A o Suo] g EAS 3l dollA dud &
w7F ¥k-go Bagt AkagE duht gA o] & 4 QL
LA Felskn o8 72 B4} wmsh] ¢t
H,-TPR 4% $=8fs}gl o m, 19 59 Leb et

H,-TPR 4 ZA3} (NH,VO,) Impregnation®] 2+l
peak7} 377.52°CE 7P WA A4E A& ST 5
dRom, o222 (V,05) BM 3h Zul|7} 384.69°Co]|
A AR, 415.30°Co)l A (NH,VO,) B.M 3 h Zuj
9] Y peakE FRI% 4= AUt ©]F F5t redox
9] Sl A3 At W =04 o A A
% 9 Ful7k 23 2014 Sels Az ol ¢
SRS el A2 g & U E
F monomeric vanadate 2 43t Zul|7} polymeric
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Fig. 6. The effect of temperature on NOx conversion over
V/TiO, catalysts prepared by various milling meth-
ods (NO: 750 ppm, NO,: 48 ppm, NH;/NOx: 1.0, O,:
3vol%, H,0: 6vol%, S.V: 60,000h™).

Zufjof] vl FE 2rofA 2l
peak7} $]2|5l= ZS Ho} monomeric vanadate F2
Qe 207} Aol 2o oFs}] thol NH,SCR
WOl A AR = AtaE Hh 47 o] &z M vt
28Ao] ¢ 435t Aoz HAGETH( Kwon ef al.,
2013).

vanadate 2 A5t £

3.3 7|7 - stetx Wl

of
HISSIM 2l EN
—o = =

=t}

ol E V/Tio, Z0H2]
= o
3.1 2olH WA 9 S0 Azl Holo] me
SCR ¥Hg 94 Ao|2 wlial 2 23k V,0, A7AE
o] g3ke] ball mill B 0.2 A 23k Zuj7} (NH,VO,)
Impregnation Zufe} A 43 &4 U= A
2 1T 2 Q9lek 714 - SIFE WS ball mill %
BT olg 7 el EA Jard] HHE BT
A H] 93] energyE ¥+ ball milld= & attri-
tion mill9] 7% impeller?] 3|AH OS2 T =& energy
A3l vanadiumS © BAMK|ZIo 2R 43t
%‘H— A 5 9L Aoz HworEtH(Kwon ef al.,
2015). WAl ol oA 714 - gkshA] Y &
1}9l attrition millS ©]-&3}o] ball mill2 A| &3t Zuj|
S} w3 AL vlwstel 17 6o Lehfsic. Zupe)
FHFEE 31 WA S5 TS ehid
908, BES T o 2w aeE
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