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Abstract For the selective catalytic reduction of NOx with ammonia (NH;-SCR), a V,0sWO5/TiO, (VW/nTi) catalyst was
prepared using V,0s and WOs on a nanodispersed TiO, (nTi) support by simple impregnation process. The nTi support was
dispersed for 0~3 hrs under controlled bead-milling in ethanol. The average particle size (Dso) of nTi was reduced from 582 nm
to 93 nm depending on the milling time. The NOx activity of these catalysts with maximum temperature shift was influenced
by the dispersion of the TiO,. For the Vo sW2/nTi-0h catalyst, prepared with 582 nm nTi-Oh before milling, the decomposition
temperature with over 94 % NOx conversion had a narrow temperature window, within the range of 365-391 °C. Similarly, the
V.sWa/nTi-2h catalyst, prepared with 107 nm nTi-2h bead-milled for 2hrs, showed a broad temperature window in the range of
358~450 °C. However, the Vs W»/Ti catalyst (Dso = 2.4 pm, aqueous, without milling) was observed at 325-385 °C. Our results
could pave the way for the production of effective NOx decomposition catalysts with a higher temperature range. This approach
is also better at facilitating the dispersion on the support material. NH;-TPD, H,-TPR, FT-IR, and XPS were used to investigate
the role of nTi in the DeNOx catalyst.

Key words bead-milling, high-temperature shift, in sifu FT-IR, nano dispersed TiO,, NH;-SCR DeNOx.
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NH;- SCR‘Q- b}‘ll:-‘l_—/ﬂ' TiO, I:l—zﬂ/ﬂ—oﬂ Xﬂzﬂ V-,05sWO03/Ti0,

23 Oﬂw}xl Qe w W9E skl 9ok V,05-WOs
A Sl T2 S0l A ARE AL Lo Sl ©HA| o] 3¢
o) 1 BAIFE B4 FEe] Aol 2 chE LxolH 4G
o] 7}&sltt Aed Eul2= VWSHTIO, 1], MnCe/
TiO, Zv) Fol lon] FuLY izl o Ful
WOs7F EA1 8 WOy/TiO, Z1jj, N =333 TiO,2 A =3t
VW/TIO A Zuf 5-o] gleh.™

TiO)= NH-SCR§ S8%5v) o] g2 52 AHg
UL, WO/TIO, Fulj= iL2of|A &2 24 a& &
A S Hetdl= Aoz defA glof 7h Rl w)
7hol Ago) 7hs s A7 A o2 o]gstd mEol
4 59 ofg o] qlek” ezt ojut ubo] @ ufj 2 Wk
49 A9 Foy ZE A3 9o, dup] uz)
©GOT AT HRNG7] O] L& Aol G Fol
o WANS e Feaed S o] ashy|w
shth Faed W EAL Ge Y V.07t B8
VA05TiO;] CeOs = 5}51:2 uf Sro o] 41-47] 5
o] watako] 200~500 °C2] L1 e ehol 4] i T
o] BFAFE AL V,05/AL0; Zfjof %}%7-'“(]-43 Sm, Ce)&
gAstSuE Su) A SHo] Wakh RS B
TR0 o]o} o] Fu|S AHESIL b
4 R ol 5ol 3wl g
AlZ1aL, 54 Ed o) FAME B S of oHg 4
o Atk E3E ALY HEEEm e o—‘%%
V,057} ©2] 5 V,05/Ti0, Zujju},? 34 V,05
R ste] e BAHE B V2055 Tioxofl gAl k=
oSS A2 4 9ok ol Vi050) VIV ]
o] Alof Bl S71E St A2oM w2 Ed aeS %
L dARS B sk

B oo A v = sl A LB ALE TiO, 9
(nTi)]l V2,05 & WOs= 4] 3F0] NH3-SCR 2 Fulj (VW/
nTi)E Al =5FATE B =Y Ao =7 9 ofjgh-Zof| A ZF
ZF BAE TiO, W+t Y = (Dso)+= 2.4 pm&} 582 nmE L}Ef
wlon, offgZstol A 1~3A17F H| =Y 39| TiO=
Dso0] 159 nmoj| A} 93 nm = ZHAsh et o] FAHSAJ o] o
ETIiO, FAER A 2H S| E9] &4 Baag P4y
B =7} 120 2 0]5F 3= €212 NH; Temperature-
programmed desorption (NH3-TPD), Hydrogen Temperature-
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programmed reduction (H,-TPR), Fourier transform infrared
spectroscopy (FT-IR), X-ray Photoelectron Spectroscopy
(XPS) 5= Fdto] ST 7] A TiO, FA/4l
S V2059 VIV H] NH; S2HF 2 A7), H 899
2to], &2 Wk-g-2- = of = NO, NH; &23f 2 N0 A4 &
AR B3 Aol Zo)E 4 S st

Z1f: TiO, EAF]E=2FNOx #|of] 8l = 2}o] A4 497
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2.1.TiO, E&| Y LI 24 TiO, M=

NH-SCRE SA%0) & 5412 A2817] 918 F4re)
Eld TiOSO, (66.2 % TiOSO, 7.2 % H,SO4, 26.3 % H,0,
Tayca Co.y& 7} i85}0] ofLiElA] Tio, & A3k 9l e}
NRalrl FRE TIo, YAES SR42 28] Azl
At o] A EL oFH L ol<>(ammonia solution, 28~30 %,
Sigma-Aldrich) S 0] 8316}, pH 7~8 % 2 A 5}0] 24| TiO,
s & A=kt

A}71 9] TiO, &8 2] & o §-2(ethyl alchol, 99.5 %, Sam-
chun) &1 2|3k 2 BAA| 7] £ 0.1 @ 27]9] R 2F Yo}
W] =2 Wealoich. o] v Wa) £7.22,100 rpme] %o
A0, 1,2, 3A7E F<¢F W 5] ofjghg gl shofl A Lhie
A TIO, HAIE Al 28T ©] TiO, " A= oFo] 2 nTi-
Oh, nTi-1h, nTi-2h, nTi-3h2 Z}-Z} 3 7]} T

2.2. LI 22 TIiO,
SESET
ofj k& B 5lof| A o] L= tAHE TiO; (nTi-0h~3h) EA]|
o] V,058} WO & @A 51o] V,05-WO/TIO, EEZ &
U3} Zho] A5} 3i Tk WA WOsE FA|8H7] fsf 2+
A AMT (ammonium metatungstate, >99 %, Sigma-Aldrich)
£ Z 540l oIS TIo, 9 ol u] WO, S 2 with
A|BFaL 2417t =20 A nLHEsEe] WO/ TIO & A 253t
71 0] % o] AMV (ammonium metavanadate, >99 %, Sigma-
Aldrich)Z 60 °C2] ZR20] 314171 T, A0 2 Wzt
=™ C,H,0;4 (oxalic acid, >99 %, Sigma-Aldrich)& 7|3}
of pH 2.5 7oA &35Stk TiO, & tH| V.0s5
0.5~1.5 wt% ¥ =5 gA|skal 2417 5¢t mREske] V,05-
WO,/TiO, £2]2|& Alxstith. it 9 Gx]7F =¥
V,05-WO5/TiO, £ 2l = S| AT UF 77| & AFE-31e] A
25 V,05-WO,/TiO, B8-2 Al 2313t o] #8422 °C/
min &% & 500 °C7}A] 523t & F7] 29|17 ol A 441 7F
EoF 44514 th o9 Zro] A x3 2= VW,/mTiZ
#7152 x, y= BAES Yebdeh o] A3k Sl
+= ViW,/nTi-0h~3h 2 7|35} t}.
AN A= oflg-Z &ujete] TiO, #AHS Bl skel
&), TIO, QIAZE 41 0.2 Q15H RS A o] BrobA A v

Aol MZ=E V,05-WO,/TiO,

=g glo] the BAME TiO, &2 2] 2 AF&3hlth A7)
A2 WP Tk 5514 V059 WOs 2 gH sk 7] 2]
oz A xated om VW,/Tig #7]5H9] .
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2.3. NH; SCR HtZ £t Al

2 A9 112 SCR {5 AR of] ARE-3 11 F ¥H-g-7]
o FFE+E= 7kA = Ny, O, NH;, NOZ MFC (mass flow
controller) & AHE-8t] {582 A5kt 7FAT-2 NO
9} NH37} ¥1-8-3F0f A 7] = NH4NOs, NH,NO,, NH,HSO,
oF 42 Ao S HAIBHAL oato] F=E A 7] fl5H
of GAMEE 7ol 300 °C2 A sHA 745kt vh-3-
7= W7ol 15 mm A JTHS AHESHH oM NO 5=
784 71(TESTO 350K) & AHE-3F o w5 A £
= 7FAE2 Ny 7EAE o] 8-5to] 245l

B AF o 27141 60,000 hr', O, 5 vol.%, NH; 300 ppm,
NO 300 ppm, N, balanceo]| 4] 4~} H O HI-g- 2= =5
°C/min £ X2 PID 2% ZA7]0| 93] AF20]A] 500 °C
7HA| 435Itk Sl o) ¥h-g 2 = oh ) o] Wi
£ 2 Agksto] Uetsl om A (1)t Zro] A ol

[NOlin— [NO]out
[NOJin

NO HghH&(%) = =100 (1)

o] 7] A1, [NOJin 2 [NOJouS Z0lHE--7] 712 F2¢) 7 4l
Zo A 2AHENO 7tAS £ E ou|glc)

24. =0 EHEN

TiO) G4l 8 Svle] 24725 $2517] $1510] XRD
(X-ray Diffraction, D8, ADVANCE, Bruker Co.)54-S 3}
Ao CuKa(/=0.1506 nm) YA Y, 40Kw X-ray T4y
71, 2q = 10~90°2] M Qo] A] 5°/min 2] F=AE o] 0] 5}o]
=459l

Zujj o] v E A 9 7] F327] £ Tristar 3000 (Mi-
cromeritrics Co.)2 AF&35}1%1 .21 BET (Brunauer-Emmett-
Teller)4]-Z& o]-&s}o] H|EHAZ Fotit. 7]527] &
3= KelvinA] & F3f 749 meniscus©] 57 1} 4
qereol el BHEe SAS T AT 2]
£ AAksl= vl Q1 BJH (Barrett-Joyner-Halenda)H o] &

o J

TiO, E-AFA}O] H ot @] &= 9} B3 1= = ELSZ (Otsuka Co.)
S AHESE o 24 del= Al RS ol EAMA]
glol A7} ket & PR of whE o)A &f Abwh
75t AN TiO, 9] Bt Y =(Dso) R Y
st

Sz Azt ol S FA4 2715 st
Qleko] T A w|H(TF30ST, FEI Co.)2 A
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MC, Carl Zeiss Co.) 2] Energy Dispersive Spectrometry (EDS)
71W & o] g3t Al=H Zul o Ti, V, W o) 2 Bl
2| 9140] HAEA S Bhels}oct 200 kV 7141 to)
STEM EE0of| A 2 mm 27| 2] A=}H] =& H & EDS Map-
ping 242 A A5 o HE7]+= X-Max 80T (Oxford
Instr.)E o]-8-3} itk

Zoi) o] 4¥5} 8191 5498 81e18}7] 918 NH; Tempera-
ture-programmed desorption (NH;-TPD)E-A]-2- 42315151 &
™ AutoChem I 2920 (Micromeritics) = 5415} T} =]
o] FaF = AlASH | 918 Ox/HeZ 50 cc/min S H
300 °C7}A] 10 °C/min & 2 %523} & 305 7|3} 3 T} 0|
THRST] LS Ao 2 3 5 10 vol.% NHy/He 2. 2
1AIZE 39t Svoll NH, & §20417] 3, HeO 2 7145}
22 F2H NH, 2 4] A 2T 0] F 10 °Chmin©] -84
2 500 °C71A 4-25h0] SRS NS S5

2] 413HEHA 522 B11517] §15to] Hydrogen Tem-
perature-programmed reduction (H,-TPR)-2 Auctochem 2920
(Micromeritics) 2 E-435}th s =4S A3t A&7+
TCD (thermal conductivity detector) S A3}t =79
oA Oy/He 50 cc/ming &2 300 °C7}A] 10 °C/min .2
223513t} o] & Ak o 2 5125107 10 vol.% Hy/Ar 7}
£ 50 co/minS X &A 02 3™ 10°C/ming] £ &
2 800 °C7HA] 52519 2 TCDE ARE H9] =&
shelatoit.

S} E919) 24 9 AEHE SH15] $15) XPS (X-
ray Photoelectron Spectroscopy, Thermo Fisher Scientific,
NEXSA Co.)2 &5t 24242 50.0 eV (step 0.1
eV) T e A, 50 ms A|FA|ZE, 400 pm 23k 7] of| A
ket 53] o ol 245k V, 0 949 Adtol
U A e} 1 A7) & Bl erastgich

Sl o] 2ANRS-o A 7k E8f W S WSk ¢
3] FT-IR (Varian 660IR, Agilent Co.)= 23} Th AM7|
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Fig. 1. Powder XRD patterns of TiO- on [Ti] dispersed under water,
[nTi-Oh] dispersed under ethanol, and [nTi-1h~3h] bead-milled for
1~3h under ethanol.
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Fig. 2. Particle size analysis of TiO, dispersion phase before [nTi-Oh]
and after [nTi-1h~3h] bead-milling for 1~3h under ethanol solvent.
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gom dag A 7to] ZreeE V|EEx = FAsHgTh
E3|, v HA o] =11 7)Zo] Wl A7) NH;-SCR
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Fig. 3. FE-SEM images TiO, powder for [Ti] dispersed under water, [nTi-Oh] dispersed under ethanol, and [nTi-1h~3h] bead-milled for 1~3h

under ethanol (white scale bar = 100 nm).
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Fig. 4. (a) Nitrogen adsorption-desorption isotherms, and (b) Pore size distribution of TiO, powder for [Ti] dispersed under water, [nTi-Oh]
dispersed under ethanol, and [nTi-1h~3h] bead-milled for 1~3h under ethanol.
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Table 1. Physicochemical properties of TiO, supports obtained under water, and bead-milled for 0~3h under ethanol.

Sample Vol Ds," Crystalline size” BET surfacze area, Spet Pore vg)lume Pore size
(nm) (nm) (m7/g) (cm’/g) (nm)
Ti 2,421 11.5 41.1 0.1 14.3
nTi-Oh 582 11.5 83.6 0.2 14.0
nTi-1h 159 8.3 138.0 0.2 10.5
nTi-2h 107 7.2 183.0 0.2 6.5
nTi-3h 93 6.1 231.5 0.2 4.4

Y Average particle size (Dsp) observed from PSA.

ICrystalline size was calculated on the main peak (1 0 1) of anatase TiO, from XRD based on Debye-Scherrer equation.

U glo] T 24Fet Ti 9 nTi-Oh T4 2] XRD 4] 244
37]% 115 nm2 tﬂg} nc} PSA ZA oA 524 L
ofgh-& guljstof| A & TiO, %‘.— ol Bt == oF 24
umof A 582 nm= doj Kt E3L o] BTEQ | H A
E4J-& 41 mY/gol| 4] 83.6 mYg O 2 F7gho] BAAY oA

ogtE §ustol A ANAEE & 4= ok 184, ok
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Fig. 5. Powder XRD patterns of VosW,/Ti, V,sW,/nTi-Oh, and
VosWa/nTi-2h catalysts.
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Fig. 6. TEM images of Vo sW2/Ti, V(sW,/nTi-0h, and V(s W,/nTi-2h catalysts (white scale bar = 50 nm).
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Fig. 7. TEM image and EDS mapping images of elemental Ti, V, W for V; sW,/nTi-2h catalyst.

Table 2. Physicochemical properties of Vo sW»/Ti and Vs W,/nTi-Oh~3h catalysts.

Sample Crystalline size" BET surfacZe area, Sper Pore V?lume Pore size
(nm) (m’/g) (cm’/g) (nm)
Vo.sWo/Ti 17.8 67.2 0.2 11.4
Vo.sWo/nTi-Oh 15.7 68.8 0.2 11.3
VosWo/nTi-1h 12.0 81.1 0.3 13.8
VosWo/nTi-2h 11.9 90.8 0.3 13.2
Vo.sWo/nTi-3h 11.9 91.3 0.3 13.3

DCrystalline size was calculated on the main peak (1 0 1) of anatase TiO, from XRD based on Debye-Scherrer equation.

anatase Ti0,2] (101) 2¢ = 23.5°0)| A] AAFEFETE Vo sWo/
Ti o] 274 27]=17.8nm o m, WA ZHE 2 Al 2
3}V sWo/nTi-0h~3h Z 1= 15.7 nmoJ| A] 11.9 nm & 7F24-3}
At Sl o) 71F 271+ 24 1 F U e YA SR H

A J&} A7 7F F7ste] 71 A7) 7 SRR A 0 & ke
ok nTio] W Aol whet Al 2% ohefet Sl o] vl H
212 68.8 mY/gol| A 91.3 mY/g O 2 Z7}81gl o o] 2 213

SCR 4h-g-o] Fof5h Aol Z718H2-S & 4= ek
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Fig. 8. NOx conversion on NH3-SCR over Vo sW./Ti, Vo sW»/nTi-
Oh, and VsW,/nTi-2h catalysts.
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Fig. 10. NH;-TPD proﬁles of Vo_st/Ti, V(),st/IlTi-Oh, V0_5W2/
nTi-1h, and Vo sW»/nTi-2h catalysts.
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Table 3. XPS peaks of V; sW,/Ti and V, sW»/nTi-2h catalysts.
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Fig. 11. XPS spectra of V;sW,/Ti, and V, sW,/nTi-2h catalysts [(a) V2p, (b) Ols].
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Fig. 12. H,-TPR profiles of V| sW,/Ti, and V, sW,/nTi-2h catalysts.
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