BSIVIRBRBTIZME RS —&EHK (2010). Vol. 10, 5-19

VILFOVIEIC & B Ga,05-ALO; BEMILY o s &
JRALKF 2 el & 95 NO R E TR IS

PIHEW - /RIS

PHETHRRY LT Iy 7 ZAHM T At > 2 —
T 507-0071 W BRI 235 Wil » e 10-6-29

Preparation of Ga,0;-Al,0; Composite Oxide by Sol-gel Method and
Selective Catalytic Reduction of NO with Hydrocarbons

Masaaki Haneda, Masakuni Ozawa

Ceramics Research Laboratory, Nagoya Institute of Technology
10-6-29 Asahigaoka, Tajimi, Gifu 507-0071, JAPAN

Abstract

Ga,0,-Al,0, prepared by sol-gel method (Ga,05-Al,0,(S)) exhibited excellent activity for the selective reduction of NO with
propene, compared with Al,O;, Ga,05 and impregnated Ga,0,/Al,0; (Ga,0,/Al,04(I)). X-ray diffraction (XRD) and extended X-
ray absorption fine structure (EXAFS) measurements of Ga,0;-Al,04(S) revealed that a composite oxide in the form of [Ga Al
0]205 (x<1) is uniformly formed by substitution of Ga** for AI’" in the AL,O, lattice. New reaction sites created by a synergistic
effect between Ga and Al ions (represented by “Ga-Al sites”) in a composite oxide [Ga, Al ,],0; (x<1) would be proposed to
participate as catalytically active sites for NO reduction by propene. On the basis of the experimental results of kinetic studies,
in situ diffuse reflectance FT-IR spectroscopy and GC-MS analysis of minor by-products, the following reaction mechanism has
been proposed; NO, (NO, and/or NOy) species formed by NO+O, reaction on the catalyst surface reacts with C;H,-derived species
(probably, allyl species), leading to the formation of -CN and -NCO species via organic nitro compounds (R-NO,). The -NCO

species is hydrolyzed to compounds including amino groups (amines) with traces of water, and then amines react with NO,

adspecies and/or NO, to produce N,.
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Fig. 1 Comparison of activity of various catalysts reported so far for the selective catalytic reduction of NO with hydrocarbons.'
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Table 1 BET surface area, mean pose radius and pore volume
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Fig. 2 Pore size distribution of (a) Al,O;, (b)
Ga,0,(30)/A1,04(T) and (c) Ga,04(30)-A1,04(S).
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Fig. 5 XRD patterns of (a) AL,O,, (b) Ga,0,(30)/A1,0;(1), (c)
Ga,0,(30)-AL,04(S), (d) Ga,04 and (e) 7-ALO; and 7-Ga,0,
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Table 2 BET surface area, mean pose radius and pore volume
of Ga,0;-A1,04(S) with different Ga,O, content.

Ga,0; content BET surface Mean pore Pore volume

Catalyst / mol% area/m’>g!  size/nm /ml-g’
ALO, 0 205 41 025
G,05(5)-ALO4(S) 238 236 42 0.58
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Ga,05(70)-ALOKS)  55.9 115 nd. 0.54
Ga,0, 100 16 8.1 0.06
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Fig. 6 XRD patterns of (a) Al,O;, (b) Ga,05(10)-AL,04(S), (¢)
Ga,0,(30)-AL,04(S), (d) Ga,0,(50)-Al,04(S) and (e) Ga,04(70)-
ALO,(S).
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Fig. 7 Change in the lattice constant of 7-Al,O; in Ga,O;-
Al 0, with Ga,0, content.
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Fig. 8 Fourier transform of EXAFS spectra of (a) Ga,0O;, (b)
Ga,04(30)-AL,04(8), (c) Ga,04(50)-A1,04(S) and (d) Ga,0,(70)-
ALO4(S).
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Fig. 9 Catalytic activity of Al,O5, Ga,0,(30)/A1,05(I), Ga,04(30)-AL,04(S) and Ga,O, for the selective reduction of NO with C;H in
the absence of H,0. Conditions: NO=900ppm, C;H,=900ppm, O,=10%, H,0=0%, W/F=0.18 gesecm.
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Fig. 10 Catalytic activity of Al,O;, Ga,0,(30)/Al,05(1), Ga,04(30)-A1,04(S) and Ga,O, for the selective reduction of NO with C;H,

in the presence of H,0. Conditions: NO=900ppm, C,H,=900ppm, O,=10%,
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Fig. 11 Catalytic activity of Ga,0;-A1,0,(S) with different Ga,O, content for the selective reduction of NO with C;H, in the presence

of H,O. Reaction conditions are the same as for Fig.10.
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Fig. 12 Catalytic activity of Al,O;, Ga,0,(30)/Al,05(1), Ga,04(30)-A1,04(S) and Ga,O, for the selective reduction of NO with C;H,
in the presence of H,0 and SO,. Conditions: NO=900ppm, C,H,=900ppm, 0,=10%, SO,=90ppm, H,0=9.1%, W/F=0.18 gesecm->.
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Fig. 13 Effect of SO, on the time course of NO conversion to

N, and C;Hg conversion to CO, on Ga,04(30)-Al,04(S) for the
selective reduction of NO with C,H, in the presence of H,O.
Conditions: NO=900ppm, C,H=900ppm, 0,=10%, SO,=0 or
90ppm, H,0=9.1%, W/F=0.18 gesecm™, T=450C.
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Table 3 Summary of line energies obtained for Ga,0,,
Ga,0,(30)/AL,04(I) and Ga,04(30)-AL04(S).

Peak area Binding  Auger kinetic Auger
Catalyst ratio energy of energy of  parameter” /
GaZp/Al2p  GaZp /eV__ Ga(MNN)/ eV
Ga,0; - 1118.10 1063.00 2181.10
Ga,05(30)/A1,05(I) 0.189 1118.37 1061.99 2180.36
Ga,03(30)-AL04(S 0.147 1118.53 1061.62 2180.15

* Auger parameters were estimated from the sum of binding energy of Ga2p and Auger kinetic
energy of Ga(MNN).

F—Mh5HRKD SN, HINEERBHORMIC L Y K&
BT 2IEHHALNT VSO, Ko+ —2 o
IRT A== LT 2 &

Ga,0, > Ga,04(30)/AL,04(I) > Ga,05(30)-AL05(S)

DIATHL A& -7z, Wagner 5393 327 LI =
LEAILEYDOA—Y 285 XA—RZ—%HELTHEY.
WHOMECINETNIZTLDF =Y 28T XA —
2—I3.

Al,O, > 8i0,-ALO, > Zeolite

DIET/NEL %5, ThUd. AP A & 3D 5L
MO Z2Z 0513 EZDHEEB/NS B2 E%RRLT
Wb, LIchio T, YVIWFIVIEfUE T Z ) o e T
U LOMEAEHD, EREOZNEHKL TH2R Y
WO ENEZHNS, T4 XRD ® EXAFS &1 o
TV 7 B OFIIAT R L VTS ik E b —8L T
BY. VVTVEME TR Z DL S [Ga,Al],0; (x
<) THRINZEFEREBLE LT LEZHND,
Table 4 1213 XPS MIETH 6 N7z Al2p (X9 % GaZp
ODY—ZHBE»SFINSIN/I-LEGa A+ > DK
(mmol-Ga-g') #F&®2, ZOffi(E Shimizu 5 (i
& o TH 3 fue XPS e TR S 7z Gazp & Al2p
D=5l (U, /1,) & AlLO, ZifiICIEET % Ga fili
OWHEHREDOMEMERZSEICLTHILI /DT,

Ga # D F B H 1% Ga,0,(30)/ALOLI) THE “0.452”.
Ga,0,(30)-ALO(S) TR “0.357" L Ry b, %
72 ALO, & Ga,0, O£ Al A A4 >, £HiGaAf A >D
B3, 7-ALO, & a-Ga,0, THE ST 2 RHEHED
B (AL A 4> 1 7-ALOy(111) IO\ T 14.50m™,

Table 4 Reaction rates, specific activities and turnover
frequencies (TOFs) of ALO;, Ga,0,(30)/AL,05(I), Ga,04(30)-
AlL,O4(S) and Ga,O; for NO reduction to N, by C;H, in the
absence of H,0 at 450C.

Number of

Catalyst surface Al or Ga Reacno‘nrl;at?1 SpemﬁcAacr:lvnfzy TOF 1
ions / mmol-g” /mol'min"-g" /mol'min~-m / min
ALO; 4.94* 3.04 % 10° 1.48 x 10 0.62 x 107
Ga,05(30)/ALO5(T) 1.56° 6.61 x 10 472%10°% 423 %107
Ga,05(30)-AL05(S 1.23° 1.86 x 10° 9.89 x 10°® 1.51x 107
Gay05 0.42° 1.75 x 10 9.72 x 10°® 4.18 x 107

Reaction conditions: NO=900ppm, C3Hs=900ppm, 0,=10%, H,0=0%, T=450°C, 66 em’ min”.
* Number of surface Al ions.
® Number of surface Ga ions

Ga 1 4 >3 : @-Ga,0,(001) (DT 14.0nm?) L V&
L7z,

Table 4 (213 SSTE 450C THIE L7z NO &It
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7oV VB X B i & D B 2 5o s e
T Uiz AU EEEMIEE E VOV OV b o 15
MELTOREA Y U LOFALREOE ISR T S b
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7eOiz. K Ga A A B b7z O N, EREE (TOF:
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% L 51, Ga,0,30)/ALOS(D) (& Ga,0, & 1Z (X L
TOF Z/R L. BB DGR3 Ga,0, Th b LE R
BNs. —Fi. Ga,04(30)-ALO(S) ® TOF (3 1t o> fi it
CH L THEWEAE S TE Y. XRD, EXAFS,
XPS iR HEFICANL & . Gaf AL A4 A2 D
WEHRICL > TAK S NH LY A b (Ga- Al A
) DWEESRE L TIEHL TV 2 b0 RS h 5,

4. JIWTIVETHREL - Ga,05-Al,0; fiiE ETD
R1bkFEIZED NO EIRETD
Eﬁﬂ%’fﬁﬂ)%ﬁ 26),28),30),31)

4.1 RERES

IGBEME %5529 2 7o DI B R GHEE 2IH 5 2T
LEWHEHETH D, KIGHEEIRIGST O EICHKLT
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Ea
RT)
ERTENTED, CITROBZDBEDDHBIST A—
£ —I3 NO. CiHy. O, DEELICHIT 2 R E (a. B.
7 ERPFOFEMIEZALVF— (E) Thb., KIGK
B, WRET BRI TFORELZELSELEEDR
WL 2SR WEEICHTT 2 RSO & 5 55
ih 9 %, 2 2 T (&, NO=200-1500ppm. C;H=200-
1500ppm. 0,=3-10% DD (C I T, NO fifb®
D325% AN (R KIS T 27:0) 2559
il 2 28k (0.01-0.2g) S8 C RIS 2 HlE L7z,
7 BEHED 7 APEIE . NO=900ppm. C,H=900ppm.
0,=10%, # AFH# =66cm® - min' & L7z, @ »To0
WP b 2L F — (3 400-500C O EFPH TR S iz
IGHEEDOT V—=o 2 Fay M 5REI LTz,

Table 5 (Z (3 IBHIE 450TC (2B T 5 N, A B EE (%)
T2 KIGH AREREE (RIGKE) BIOHE»TFOTF
Mz AVF—% F b, ELWLIREIIC. &
RILALEE, VR E b E DR b AL F — %
KU, BRORISAT v THREULTE 2 eBEZLD

Ty, = kPI\{IZOPCfHS P, exp(—
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Table 5 Summary of kinetic parameters of NO reduction to N,
by C,H, at 450°C over Ga,04(30)/Al,0,(I) and Ga,04(30)-
ALO4(S).

Reaction order with repect to  Activation energy

Catalyst '
s NO  CH, 0,  (E)/kimol’

Ga0,G0)ALOYD) 03 03 0.6 92

Ga,05(30)-ALOKS) 0.0 03 0.7 92

N, —Ji. FRIGA KT 2 RIS 2 BT 5 &

CiHy. O, iCht U TRIF U KIGKE DR S hlziciiL
T NO IR 2 R IREUS B E M 53 0.4 3k, VL7
JVIERIEDS O IR E 225 2 L W3bh o Tz, THUIV VIV
WA O FE ST NO, flE (372 5 < IENO) »ZHEIC
g LTV 3 DICR LT, &kl T i3 NO, o Wg
BBV ERRBLTEY ., WG NO, A& H
e LTIEHLTWA 2RI NS,

DIRE, @0 NO EICEHE 2R L7 VP VL TIE L
72 Ga,0,(30)-ALO(S) I DWW T, Fa L % iHl &
T2 NO EJUR LD UK 2 IR E T 2 72 D127 o 7o M
CE R e U g

4.2 GC-MS |IZKDMERIERMDI 1T

KOGHE 400C T NO+CH+O, IR Iz A %3 % 14
HEAE R O 5 21T o 720 MG k. NO=800ppm.
C,H=460ppm. 0,=4.5%. 7 A¥i# =130cm’ - min’',
fil it =15mg DS TIT V. WAREE ML T 3 R %
L 7 ¥ % GC-MS (Incos 500 Finnigan, 77 & A :
Chrompack capillary column AT-1) (2 & Y s3#r L7z, 15
5ht GS-MS 20~ k75 L% Fig 14 1274, Mbh
HE A LD ICMERlERY & LT, CHONO,
CH,CN. 7t b >, Wile. Wi (HNO, . X2 ¥ >
WD LNz, T TR SNALET Y OURIE L)
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Fig. 14 GC-MS chromatogram of minor products in the
reaction of NO+C,H+0, over Ga,04(30)-AL,04(S) at 400TC.
Conditions: NO=800ppm, C;H=460ppm, O,=4.5%, H,0=0%,
W/F=0.09 gesecm’.

Table 6 Summary of quantification analysis of minor
products in NO+C,H+0, over Ga,04(30)-AL,04(S)a.

Reaction temperature / °C

450 425 400 375
NO conversion / % 40 24 19 11
C;H, conversion / % 89 55 33 22

Compounds Concentration / ppm

~CHO" 0.4 0.7 0.9 5.0
R-CN° 2.1 5.6 2.6 11
R-NO, 0.9 2.3 3.7 8.5
CeHy 0.5 6.8 35 53

“ Reaction conditions are the same as for Table 5.

® CHO for aldehyde and ketone compounds and acetic acid.
¢ R-CN for nitrile compounds.

4R’ —NOXx for nitrite compounds.

Y (Table 6) . 246 DILEYIEH 2 T AL 5 D5y iRk
BITH B EHEES NS,

A= atEY (R-NO,) WISk E LTHEE
B E S CENINETICHEMIA T 299,
Chen 5 3 (3 Fe-ZSM-5 =T 2-nitropropane ¢ %5 fi#t )5 hts
ZIT0-CN 2 S b G ML RIchTih 5 2
ErEWME LTV, AifFFRICEVTH. NO+HCHHO,
BOGHIZ-CNAL G 3 i AR B & LT S e
b A= M b GYWH-CNALE Y O HiRK 12
BoTVdHDEHEESI NG, £ TRIGEE 400T (<
T 2-nitropropane+C,H+0, Kt i 2 £k 9~ 2 {b
Y7 GC-MS I & Y a#i L7z, Fig 15 amd ko, 7
£ b REERR I 2 TEE X R -CN AL G D R A8
bB#tz, ZDH T, NO+CHAO, KIGT &7l bl
CHCNODO ‘LB ETH 5, TOME LY. 2-
nitropropane ® & 9 A= b B LGV ORRAL SIS &
O-CNALEGYIDEREND bDEEZHND,

gas (NO, NO,, N,, COx, H,0, N,0, C;Hg, C;Hy)

20 2" CH,=CHCH=CH,
o
W j(/ I

CH,CN +CH; —C —CH,
CH,CH=CHCH,

CH,CH,CN
CH,=CHCN
CH,=CHCH=CH, / @
CH,COOH /
CH,

7 CH,CH=CHCN
CH,=C—CN
CH,

Intensity / a.u
>
L
~

|
CH,CHCN

/]

T T T
0 500 1000 1500
6:45 13:30 20:16 _Scan

Time / min

?
¢ —~

Fig. 15 GC-MS chromatogram of minor products in the
reaction of 2-nitropropane+C,;H+0, over Ga,05(30)-Al,04(S)
at 400°C. Conditions: 2-nitropropane=250ppm, C;H=200ppm,
0,=4.5%, H,0=0%, W/F=0.09 gesecm>.
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Fig. 17 Time dependence of the integrated area of the bands
due to NO, adspecies (1175-1335 cm™) formed on Ga,0,(30)-
ALO4(S) in flowing NO+0O, at 350°C, followed by Ar purge for
10min and switching flowing gas to Ar, C;H, and C;H+O,.
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Fig. 16 Diffuse reflectance FT-IR spectra of adsorbed species in flowing NO(1000ppm)/C;H(1000ppm)/O,(10%)/Ar on Ga,0,(30)-

ALO,(S) at different temperatures for 45min..
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Fig. 18 Diffuse reflectance FT-IR spectra of adsorbed species on Ga,0,(30)-A1,0,(S) at 350C. The spectra were taken after flowing

NO+O, for 90min, followed by Ar purge for 10min and switching to flowing C,Hj.
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Fig. 19 Time dependence of the integrated area of the bands
due to -CN (2110-2192cm™) and -NCO (2205-2295cm™)
formed on Ga,0,(30)-AL,0,4(S) in flowing NO+O, at 350C,
followed by Ar purge for 10min and switching to flowingC,H;.
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Fig. 20 Proposed reaction pathway of NO reduction by C;H, over Ga,05-Al,04(S).
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