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%II.

Selective catalytic reduction of NO by hydrocarbon in the presence of O, and SO, on metal
ion-exchanged zeolites and metal oxides has been investigated as a new method for removal of
NO. On copper ion-exchanged ZSM-5 zeolite (Cu-MFI), the reaction proceeds even in the oxidizing
atmosphere. Addition of oxygen to the reactant stream is necessary to achieve the selctive
reduction of NO, The increment of conceniration of hydrocarbon increased the conversion into N,
and expanded the active temperature region. Transition metal ions, novel metal ions, and
proton-exchanged zeolites showed the cataiytic activity for this reaction. Among the catalysts
tested, copper and platinum ion-exchanged zeolifes were the most active even at temperature as
low as 473-573 K and at high space velocity. Particularly, platinum-zeolites have the high
durability to water and sulfur dioxide. As for alumina-based catalysts, the addition of Cu, Co, Fe,
or Cr on alumina catalysts resulted in the enhancement of original catalytic activity at low
temnperature. It was clarified for Cu-MFI by using the kinetics, in-situ infrared, and the gas phase
analysis that under the reaction conditions isocyanate species (NCO) are formed on the copper ion
or the zeolite framewaork as an intermediate and that NO is more reactive to NCO than O,

—109—



HREBMN
fie OMBEBED S HEH & h 2 ERB{ELY
(NO,) ETEE L & & & IChiEr, ASGHE
DOEREFHET I LTV 5 I & dRMoEE
ThB, B, hooNO, £kt 5rbic
BAA 3 B EDEERERETET v 2= 78R
M7tk (SCR ) MWEMENT VB, i, #v
Vv xow Yy DIgEe, RIS TRt e S
y&vﬁﬁﬁﬁ&éiﬂﬁ7uﬂz@ﬁ&ébﬁ
Zd b, NO, e O 9 EHrEE TV 3,
T, T4 =ENx Y PRI Y Y
¥y Y TR TOGRT T TiThh s
W, BEN AhOBRFBRIBESEL, ito=x
fiiE 4 NO, REFEHEZRE 0, 72, SCR
HEEEENcET s - b ERTETH 3
75)5' m%&u\bi@ﬂ&’caa 5T &, Bl NH; ZH 0
L, BHENHW I &, KRGO NH; 28EH

meﬁta%@&m@%%wM%faaua
B/ 0 & 2 % T Bl iR R AR
THHT &, WEDLHICHMATEERIZEE
AETRAfEE ER TV B,
Shiexfl, EEEEE S LB (B) BISkHT
TILBOTIHB ICHA A Vot 54 iz F
L7 at L v EDBIL T ANEET A L,
BEFMET T b TE LV NO BYURTEE %R
TZEERWE L, #8T, AW TR, &K
B4 S SRR L, B LU “@&%ﬁTT
TO NQ OFFEHA VT4 v, 574 v
EORALKFEIC & » THEHERNET 7 o & R 2EFT
BT EEEMNE LIz, £, AT O EZADF 4 —
HEEH A~ OB b S 1,
MEEB

1. HEFSA FOEBETEIUERLCHS

B 5—5 OMST

(1) BR3E, 7Kk, BREEH R, SO, BLH A DIfF
TTOHEA 7 4 AR OFRRBETRETRET L,
ChoDHZ2DIEFFREREL .

(2) TEMOSIGEEE, FHEE, RICHHEE
HEIRE U TR 2 48R L oo

(3) ThoDMEEREL OIFRR, HEEOHE
ASA4PIEDWTETW, €454 ik 58

HEM O, A A4 VALY A b &SRB ORH
%, €451 MR TOHA 4 v OEAREE oW
THIRZES,

(4) H¥A 54 b EFEFESEHAL, EREL
ADTAEEME I D W THRE L 720

2, RUEEICEER U F iR BRER

(1) RIGD NO, Bk, RALKESEREES
TURE L TR S R 21T - 720

(2) [ - - IR E, SRk
REICH L, RETORGEEEHEEL -,

(3) %R B & UHABRERERTO insitu IR |
EZITY, RIGHREOREZRS o

3. HULNOBIRETAEOMR

(1) DB A+ vSEoEENEL, £
B4 A T & 20 LEEIER L7

2) fHEA 4+ OTEESERCETT D
T, Hi T NOEBREICE O bEEM: 2R 8
9% 5 Wi ESRR LR ORRE A 1,
HERR

1. 844 0FBEFSA b L TOR{bKkEC
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HEsEb Nz, Ny ~ORp{ERBFENRENL S
#AEE T C,H,y, CyHg, CsHg, CHy TEHLE R 523,
598, 548-673, 573K Th b, ThElL-ORET
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BUGARE L5 fo,

—77, B AH CO, H, DIFE, BEILFET
% & NOBREFEMESE L (ETF LA (Fig. 1b),
573K Ll LTt CO, H, & dicERIcEbah
TWOT, ThbOH 2 THEBEREY NO I
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Fig. 1. Temperature dependence of catalytic
activity for removal of NO over Cu-MFI-152
in various conditions (W/F=0.3 g-s-cm™).

a; O, NO(1000 ppm); A, NO(1000 ppm)+
01.0%); [], NO(1000 ppm}+C3Hg(166 ppm);
®, NO(1000 ppm) + 0,(1.026) + C3Hs (166
ppm); A, NO(1000 ppm) - 0,(1.096) + C3Hs
{1000 ppm).

b ©, NO(1000 ppm); A, NO(1000 ppm)+
04(1.0%); {1, NO(1000 ppm)+CO(1000 ppmy);
&, NO(L000 ppm}+ 02(1.0%) + CO(1000

ppm).
T AEMLL 0 SEBEL, NOBRLIEMENSEL &
FlizbdeELONB,

BlE, Cu-MFIZHW3 &EHERET TRk
Fic &k 5 NO OFIOBRITATRER & &, TOHUR
3O, piFIR X {EfEhECE, ThHDN
thidd 2 BEOBERER (L, v v P LI
RO ET A TOAEHORAZZEHHSHI
Hoofog T, Np ~OE LD CoHg IMEERTT
i, O, MR A SIS Lo CoHg MR
i< 1B & NO Bk IgBEFic L, v« v
FonEds o Edbhot, Fig l(a) i CHs
A% 1000 ppm DO OERER L, 573-673 K
T N, ~DER{LEED 80% BEICbETHI LY
oM TH B, F7o, EHEE O, BT BIREL,
O, HEE NS & o N, ~olizbEiiginL,

100 |
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0 1 i,
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Fig. 2. Conversions into N, in NO(500 ppm)-+
O, (198)+C3H(1000 ppm) system {O) with
or (@) without §0,(300 ppm). W/F=03 g-s-
cm™? catalyst, Cu-MFI-137.

O, B 0.8-2.0% THRKEML 7, S0
EOHEINT 5 & NOBRERRET Lice Lichi-
T, AEUGOETE BBROLFLAIRTH S
T&, =, RBMOBMAL NO BREREETE
HEHEZLHHLATH S, UL, O, B 10%
& NO O 100 DB OBRESILEL TH Np~
OIALEEN 50% EERTHAH T &, T ORME
EAEOEIGETCEEE - TR T L ERLTY
‘60

F 0 —EAFEA 2T SO, HO MIEET 3
o¥h, THhOOHABERICEDL S ISHHT 5
DhEHE~, Fig. 2 {2 NO(BE00 ppm)+CHg
{1000 ppm)+ Ox{1.095) i SO,(300 ppm) Z FRAN
L #zB® Cu-MFI © NO BgERER L1, SO, i
BINRIcHA~AFEEEHLTMCET T2, O &
BEA ANMET 5 &, SO, EFTFTH NO O
LHEHETH B b0 5,

Eolke, BEFARSO—oTH 5 HO0 0%
iz o>WT IR L, EERESUGRE 773K,
0, &M 194, C;Hs/NO=22/1, SO, % 200 ppm
DEETITF » 1o H,0 (8.9%) Z2HA LD 5 &,
F ISR ST L oS, N, ~0 bR
409 TIEIEF—FEE o, H0 DA EIED B
&, PHIEREU v (N, ~O{LH 75%)
Bt COXS i ORETRIE SO, HO A5
ELTHEYNOBERERT LML ML
Wi,
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Fig. 3. Temperature dependence of the cata-
lytic activities of various cation-exchanged
MFT zeotites and alumina. Catalyst weight,
0.5 g; NO, 1000 ppm; C;H,, 250 ppm; Oy, 29;
total flow rate, 150 cm® min~!. @, Cu-MFI-
102; Q, Co-MFI-8¢; B, Zn-MFI-96; &, H-MFI-
100; {3, Ag-MF1-90; A, ALO,.
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Fig. 4. Correlation between the catalytic ac-
tivities and space velocity. Cat. weight,
0.025-1.0g; total flow rate, 80-200cm’-
min~% NO, 1000 ppm, Oz 2.0%; C.H,, 1000
ppm. @, Cu-MFI-105(573 K); O, Cu-MFI-105
{623 K); B, Co-MFI1-94{623 K); J, Co-MFI-94
(723 K); A, H-MFI-100(723 K); €, Cu/ALO,
(TT3K); A, AL Q5773 K},

BERAS A F A vHIC KD RE ST EHHS
PTH Do miathE R iREDORFFF Cu-MFL-
102(523 K)< Co-MFI-80(623 K)< H-MFI-100
(673 K} < Ag-MFI-90(723-873 K) <Zn-MFI-96
BTAK) Ch »tz, ZORREHE 2 354
BHERTER TSI L, HF4 AHERST
ST RO RN T 5 & L OSTHENT C
ERLT WA,

TR (R

Fig. 4 I© Cu-MFI- 105, Co-MFI-94, H-MFI-
100, Cu{0.2 wt%)/Al,0; 8 X T ALQ; Al o
NO Brkifi: O ZRHERFEH® /R L 2. Cu-
MF1-105, Co-MFI-94, H-MFI-100, Cu(0.2 wt9%)/
AL,O, ALO; @ GHSV {#{F: i SV=9000h"!
TENENORMESEEOEM: 2R L 78R 573
(Cu-MFI- 105), 623 (Co-MFI-94), 723 (H-MFI-
100), 7T73(Cu{0.2 wt26)/ALOy), 773 K(ALO,) T
ME Lo H-MFI-100 3 XU ALO, i GHSV @
BN & 78 - T, TEEMKE BT L 7,
§F % 38 # (Cu-MFI-105) & % W G 18 (Cu(0.2
wid6}/ ALOy) 9" 5 & GHSV TofE#EAE L L
Fo SO CEBORENET GHSV oW B
KHMTH B E Wb FHEREER 13
BRY—EA A LR, AN -FE 54 BB
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Fig. 5. Catalytic activities of various metal
ion-exchanged zeolites. NO, 1000 ppmy
C,H,, 1000 ppm, Qg 2%; GHSYV, 72000 h~t,
Conversion into Nz O, Pt-MFI-97; B, Fe-
MOR-71; [, Cu-MFI.105; A, Co-MF1-94. Con-
version into N;O: @, Pt-MFIL-97.
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Fig. 6. Effect of water vapor (8.6 vol%) on the
catalytic activities. NQ, 1000 ppm; C.H,,
1000 ppm; Oy, 29%; GHSV, 72000 h™}; reac-
tion temp., 485 K.
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(1) SR TEt:Eihn Cu, Co, Fe, Cr
(2) EHEICEEAEEENL Ni, Mn, Zn, V
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Mosrv—70&BRENBERTOE]E
fa.h&#, &5, Cu Co RFAEHLA &
BT &b ot EiEEARTEFRIGIHGER
FKEFEL, = OF5iE Fe (BB RERT
i, 673 K)=Cr(673 K)< Cu(723 K)< Co(773
K)=Ni(773—823 K)=Mn(823 K)=V(823 K)=
Zn(823 K)=K (823 K)=none(823 K)< Ag(873
K)=Ca(873 K) T& - #=,

Cu/ALO; OEH R OHFFRICEKTE L 72
723 K ToiEtk i Cu OEFEOEME & b o
L, 18EE 0.3 wi% TEARERL (ALOs D
&0 3 fEOTEH) %, ThBl AT s LET
Lice COL S WMEEEORIER ALDO, A D
Si0,-ALO, THEH LN, WIMELET T
CoH, ik D NO ORERIGE{EHET 3 T & o3
wEht,

4. BERBIERIC OB

SR ERATRET

Cu-MFL-105 | NO+Q,+CyH, K, NO,+
O+ CH, BUG, Oq+CoH, BUG D BERHIE %
Tofce NO+O0,+CH, & NOp+Oy+CH, KK
DOHRINE Ny, N,O, CO,, H,0 T 1, 0,+C,H,
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F Lvi, NO ERRIBOSEMRFY, Eitlbe
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Table 1.

Rate equations and activation energies for the several reactions on Cu-MFI-105

r=RkP, NO:PO;:P HC"

System Product 2
! " n kJ-mol™!

NO-0,-C.H N, 2.1¢ 0.63 —0.99 168
CO - — —

CO, 2.03 0.71 ~1.03 176

N,O 0.87 0.01 -0.61 86

NOg‘Oz‘CzH,’bl Na 1.02 0.02 - 0.96 105

Cco 0.97 0.02 —-0.08 69

CO, 1.10 0.15 —-0.98 144

NoQ 0.02 0.01 —0.13 152

Og'CzI'I.‘c) COz - 0.51 006 247

4 NO(1000-1400 ppm), 0(1.5~3.0%8), C.H,(1000~1600 ppm); temp., 553-613 K; cat. weight, 0.015 g; total

flow rate, 300 cm® - min~L

8 NO800-1400 ppm), 0(1.5-3.0%), C.H,(1000-1600 ppmy); temp., 563-613 K; cat. weight, 0.015 g; total

fow rate, 300 cm®-min~".

& 0,(1.5~3.09), C,H,(1000-1600 ppm); temp., 523-593 K; cat, weight, 0.015 g; total flow rate, 300 cm®:

min~!

wic, BORRGETO NO+0O,+CH, &
NQ,+0,+C,H, FIEDOER% Fig. 7T iR LT,
iz i C.H, DIR{LR L TRL TV B, 473
K LIF Tl NO, 48, ENnEl TR NOROK
2Ny B ME - T3, Lick-T, NO
+ Oy + CoHy RIS & NO,+0,+ CoH, RSB 13
2 Ny SRS 4TS K ETREE ~TW 5 E
Eioh3, £, ELH Cu-MFI ETO O i
&5 CH, OB{ERISEY: i3 NO+0,+C,H, R T
OBMLIEEE BIEHE LW &P I TE S, T
oo O & b ARMERIGHR (NO+0,+CHy) T
&4 CHy D0, (BB N, & BEHMER
IGHHEET L, Bk s ST 2B T NO &
M Eh, Ny icBmashsEELI oh b, ol
SEREEERILAMLBIAE LTEYTSE L
PEEE N TV A O T, SHMHBELEHDhEE,
H LW,

IR & & 5 RIGDAE O

Cu-MFI filifit it 523-623 K T NO B#IBTIE
WERT, * I CHSMMERARICEE MV,
573 K THA O 7 2 2 Fic A L0
FtEREEE IR =2 b DB EAEL s 77
TEDREEETT » 78 b, 573 K T 30 4314
CsHe (20 Torr) 2WATE, SHEEZHRL, s6Kk

NO (100 Torr} AT 5L, &iic N, NO,
CO, CO, DiEREHEH S (Fig. 8), ChE®
EREE AR & & L, N, AkdiE
602 4318 5.2 Torr i L 7z, THiTH L,
CoHe ZRIBE KB HH - 1IBED Ny ER g
645 3T 08 Torr LT Efi - ic, TOES
B3R | 7 CHg & NO DRIGIC & KRS0
N, R L TWEZ EERLTWS, &7, NO
FEHEKHTO N, & CO, DHAERZEN L RIE—F L
THY, ThoOERMAE—PEES SAERL
TWEI EMRBENG,

SHINO 2R, O, 2HATILE N BLU
CO, HitER% L 1z (Fig. 8), Lichio T, BEPE
&0, DFEIGIC & D N, btk s BB EEYT
BT EMBHLHTH B, Eh, OO COp R
BAEEH TEL, N AERICES LawIkERE
HOhLnEETLCEGH0MTH S,

IiEERho IR 2<% b % Fig. 9 IKRT,
C.H; DM, 2961, 2869 cm™*(vCH,), 2924
em”H{yCH,), 1450, 1382 cm™(SCHj) iz CoHg @
FHFIREREC L 2RI ERE S i (Fig a)k
Z e NO(100 Torr) ZEA T 5 LIRE CHy @
AT R Lo 983 AR AT iikd 5 &,
F1E TEHENLO R ORIICEL - T
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Fig. 7. Change in conversions into N, in the
systems, NO + C,H, + Q,, NOp + CoH, + Oy,
and C,H,+0,. Catalyst, Cu-MFI-137: cata-
lyst weight, 0.5 g; total flow rate, 150 cm®-

min~’,

O, NO(1000 ppm)+ C;H,; (250 ppm)+ O,
(2%);, @, NOL1000 ppm)-+C:H (250 pprm)-+
O{29%); B, C.H,(250 ppm)+ 029},

12 2251, 2165, 1665 cm ™! QRIS A 12385 &
iz (Fig. 9b)y TOAHE R O, 2HATE L
NoDERINEEL LB L (Fig. 9 HH,
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