31 10 Vol. 31 No. 10

2011 10 Acta Scientiae Circumstantiae Oct. 2011

.2011. Fe MnO, SCR I 31( 10) : 20912101

Zhong B C Zhou G Y Wang W H et al. 2011. The effects of Fe substitution on the structure of MnO, catalyst and reaction pathway for low temperature
SCR J . Acta Scientiae Circumstantiae 31( 10) :2091-2101

Fe MnO SCR

X
1 1 1 1 1 1 12 12 *
1. 510006
2. 510006
:2010-1226 12011-0226 :2011-03-07
Fe  MnO, ( SCR) N, X ( XRD) .X ( XPS)
(in situ DRIFTS) Fe SCR . Fe
SCR Fe/( Fe + Mn) 0.3 400 C Fe(0.3) -MnO,(400) N,
Fe
(in situ DRIFTS) Fe NH,4
NO (NO™) . /
NO,
SCR; ) ) ;
:02532468(2011) 10-2091-11 :X511 tA

The effects of Fe substitution on the structure of MnQ, catalyst and reaction
pathway for low temperature SCR

ZHONG Biaocheng' ZHOU Guangying' WANG Wenhui' FU Mingli' WU Junliang' CHEN Limin' HUANG
Bichun' > YE Daiqi' *"

1. School of Environmental Science and Engineering South China University of Technology Guangzhou 510006

2. The Key Laboratory of Pollution Control and Ecosystem Restoration in Industry Clusters of Ministry of Education Guangzhou 510006

Received 26 December 2010; received in revised form 26 February 2011; accepted 7 March 2011

Abstract: MnO, catalyst was modified with Fe substitution and the structure properties of composite oxide and reaction pathway of low temperature SCR
was investigated by N, adsorption XRD XPS and in situ DRIFTS. The activity was greatly enhanced after the substitution and the highest SCR activity
and N, selectivity was achieved on Fe-Mn mixed oxides with the molar ratio of Fe/( Fe + Mn) =0. 3 calcined at 400 °C. Amorphous structure was
observed resulted from the interaction of Fe and Mn with Mn enriched on the surface and enhanced mobile lattice oxygen leading to better redox
properties. The in situ DRIFTS results indicated that the addition of Fe contributed to the activation of adsorbed NH; species and maintained the
adsorption of NO in the high activity NO ™ form. Therefore a fast and reversible redox process between the adsorbed species developed on the catalyst
surface resulting in remarkable enhancement of the NO, conversion.

Keywords: low temperature SCR; Fe-Mn mixed oxides; adsorption; in situ DRIFTS; reaction pathway
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; Kapteijin ~ ( 1994)

MnO N,

MnO, ( Kang et al. 2007) .MnO_/
Al, O, ( Singoredjo et al. 1992) MnO, /TiO, ( Qi
et al. 2003) ( >150 C)

N A

N SCR

1999)
1995)

FeZSM ( Long et al.
( Yang et al. 1992; Chen et al.
V,0,-W0,/TiO,

Fe,0,-PILC

SCR
Fe,0,-WO,/
Fe, TiO,

(2006)
(2008 2010)

Apostolescu

7x0, Liu

. Long  (2002)
( Fe-Mn.
Fe-Mn~Zr  Fe-Mn-Ti) 100 ~ 180 C

NO 140 ~ 180 C

.Wu  (2008)

(Fe.Cu.Ni  Cr) Mn/TiO,

MnO

x

Fe
SCR
+3 +2 +4 +7
( 1994) .

SCR

Fe-MnO,
N, XRD.XPS

(in suit DRIFTS)

SCR
SCR
2 ( Experimental section)
2.1
Fe('n) MnO,(y)
Flavia  (2009)
n Fe/( Fe + Mn) y
(C). N
FeO, MnO,.
( d =12 mm) 700 mg NO
(¢) 1000 x 10™° NH, 1000 x
10°° 0, 5% Ar
30000
h'. NO.NO, 42i-HL
NO-NO,NO, ( Thermo )
N, ( GC9560)
. NO, ( 8(NO,) ) N,
( e(N,)) ( Tang et al 2007) :
8(NO,) ‘/’(NO:Z i("l\l_o‘i')(inl\lox) ™% 100% (1)
AN = o) g oy <0 ()
$(NO,) ,, NO, ; ¢(NO,) .,
Not ’ w( NZ) out NZ
2.2
Micromeritics ASAP 2020M
100 mg 300 C
120 min N, -196 C
X ( XRD) Bruker D8
Advance X : Cu Ka
40 kV 40 mA
(20) 5~90°.
X ( XPS) VG Multilab
2000 Mg Ka

(hr =1253.6 eV) Cls
In situ DRIFTS
MCT Nicolet6700

284.6 V.
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x

. 4000 ~ 600 Fe(0.3) MnO, ( 400) NO,
em ™! 4 cm™! 64 93. 6% MnO, FeO, 49%
100 mLemin ", 26% Fe
400 C Ar . FeO,
2 h N, N,
Ar MnO, Fe N,
1b 300 C 400 C Fe
(0.3) MnO, N,
Fe(0.3) MnO,_(400) 80 C N,
100% 100 ~ 150 C 90%
3 ( Results)
3.1 . Fe
Fe( n) MnO,( ) (0.3) MnO, ( 400)
1 . la 80 C
o 100% [+
90% |- 90%
80% |- 80%
70% |- 70%
60% |- 60%
& 50%| A 50%
g - Z
Z 4% 40% |-
30% |- MO, (400) 0% = MnO,(400)
T -a—FeO, (400) T —e— FeO,(400)
20% - -A—Fe(0.2)-MnO,(400) 0% o Fe0.2)-MnO,(400)
100% L +*—Fe(0.3)-MnO(400) 10% L~ Fe(0.3)-MnO,(400)
B +—Fe(0.4)-MnO(400) | = Fe(0.4)-MnO,(400)
P I T T T N T ol 0 1y
80 120 160 200 80 120 160 200
/T WE/C
— b — 0
100% [~ ————4
- —H10%
90% [~ — T
- —{20%
80% |- —
L {30%
70% | -
. i —{ 40%
60% |- -
§ - / 50% %
= 50% 1 _@(—=—) Fe(0.3)-MnO,(300) {600 =
Z 400 | —®—€) Fe(0.3)-MnO,(400) j °z
L —a—(—a—) Fe(0. %) -MnO,(500) 0%
30% - -
L —{80%
20% |- -
L —{90%
10% |- _'_o; .
i /O Jroo%
0 | | I I T Y N I |
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wmE/C
1 NO, N,

Fig.1 NO, conversion and N, selectivity over various catalysts
3.2 . 1
1 BET . MnO, FeO, Fe
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( JCPDS: 24-0734) X Fe(0.2) MnO,(400)
. : FeO, Mn, O,
<MnO, < Fe(0.2) -MnO,(400) < Fe(0.3)-MnO, Mn, O, Fe Mn, O,
(400) < Fe(0.4) MnO_(400). Mn,0, . Fe
Fe/( Fe + Mn) 0.3
Fe XRD
Fe
SCR . 20 =32.6°
Fe( 0.4) MnO_(400) 80 ~ 100 C
Fe(0.3) -MnO,( 400)
( Kang et al. 2007)
N / /
1 BET SCR ( Tang et dl.
Table 1 ~ BET surface area pore volume and average pore diameter of 2007)
different catalysts XRD
BET
/(mz'g’l) /(cm3'g’]) /nm
MnO, 13.63 0.11 13.20 500 °C Mn, O,
Fe( 0.2) Mn0, (400) 4.3 0.13 7.80 - Tang  (2007)
Fe( 0.3) MnO, ( 400) 65.01 0.12 4.98 Mn; 0y —>Mn, 0, :
Fe(0.4) MnO, ( 400) 86. 16 0.13 4.07 Fe( 0. 3) -Mn0, ( 400) Mn, O,
. Fe Fe/( Fe + Mn) 0.4
FeO, 12.71 0.15 35.44
XRD 20 =43.2° 62.9° Fe; 0,
3.3 XRD 20 =35.1° Fe,Mn, Oq4
XRD 2 . ( JCPDS: 75-0034)
2 FeO, Fe, 0, ( JCPDS: 33-664) ( Pavani
Fe,0,( JCPDS: 26-1136) ; MnO, et al. 2006) (
Mn, O, ( JCPDS: 41-442) Mn,0, 1). Fe(0.3) -MnO,(400)
* v
YMn,0; o | VMn;O, MFe;MnyOg  oFe,O; #Fes0p [
v
| |
= |d = v v v
\g mmmWWmmmwMMwmmmmMm PR L §i . N v v
Q:E "‘WC LT ] @Mwmmmw Q:E g h » ) ll ﬁ L I
b ~ vy v v V .
v v MWWW St .
v v A 4 £
a vl Y M v oo L —.
] ] ] ] | ] ] ] ] ] | J ] ] ] ] ] ] ] ] ] ] ] 1
20 30 40 50 60 70 20 30 40 50 60 70
2000°) 200(°)
2 XRD  (a. MnO,(400) b.Fe(0.2) MnO,(400) c.Fe(0.3) MnO,(400) d.Fe(0.4) -MnO,(400) e.FeO, (400) f.

Fe(0.3) MnO,(300) g.Fe(0.3) MnO,(500) h.Fe(0.3)-MnO,(600))
Fig.2  XRD patterns of various catalysts( a. MnO,(400) b. Fe(0.2) MnO,(400) c. Fe(0.3) MnO,(400) d.Fe(0.4)-MnO, (400) e.FeO,

(400) f. Fe(0.3) -MnO,(300) g. Fe(0.3) MnO,(500) h.Fe(0.3) MnO,(600))
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Cu
SCR Mn( Kang et al. 2006; Liu et al. 2010)
3.4 XPS !Mn’* +Fe’* oMn'* +Fe’*  Mn'*
XPS 3 2 +Fe’* &Mn’* + Fe'” Fe
Mn2p, , XPS ( 3a) Mn Mn . 1
Fe(0.3) MnO,_(400) Fe

Mn'*(643.6) . Mn’* (642.3)  Mn’* (640. 7)

(0.4) MnO ( 400)

Fe/( Fe + Mn)

( Tang et al. 2007; Liu et al. 2010) 3
MnO, FeO, XRD Fe
Fe2p ( 3b)
725( Fe2pl/2)  711.5( Fe2p2/3) eV
Fe’* (Liu et al. 2009) . ( Chen et al. 2009)
Fe XPS SCR
Mn ( 3a 2) N, ( Yang et al. 2004) . 1
Fe2p 709. 8 eV NO, N,
Fe** Fe  Mn
r a. Yy Fe*t  Fel2p
725 711.5;
Fe(0.4)-MnO,
FeO,
13 Fe(0.3)-MnO, ;,; EZWW
g Fe(0.2)-MnO, g WW
MnO, Fe(0.2)-MnO,,
| | | | | | | | | i
648 646 644 642 640 638 736 732 728 724 720 716 712 708
Gk eV Gk eV
B C.
FeO,
| Fe(0.4)-MnO,
% Fe(0.3)-MnO,
8
g Fe(0.2)-MnO,.
MnO,
T 1 [ |
538 536 534 532 528
26 eV
3 Mn2p;,,(a) Fe2p (b) Ols (c¢)XPS
Fig.3  XPS spectra of Mn2p;,,( a) Fe2p(b) Ols(c) in various catalysts
Ols ( 3e¢) 529.9 ~
0, 0, - 0. 0, . 529.5 eV (0°7) 0’
N 531.3 eV
:0,( gas) <>0,(ads) <0, (ads) <207 (ads) « (0,>> 0~ OH™ carbonate and CO,>”) ( Kang
et al. 2007) o" 2

20° " ( lattice) (
2010) .
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2 : ( ) MnO.
MnO, 0/ (0 + Fe
0" Fe . SCR
Fe(0.3) -MnO,( 400) NH,
0~
SCR ( Wu et al.
2007) .
( Bedrane et al. 2002) . o,
0;
0° 0*"
0’ 0,
( Lee et al. 2006) .
2 XPS
Table 2 XPS analyses of the surface compositions for these catalysts
‘ Fo/ o/ Mnii/ ani/ ani/ o/
Mn Fe 0 ¢ (Fe+Mn) (Fe +Mn) (1\“44:“; (11\\4/[:4+)+ (1\1\/1[23+)+ (0" + 0"
MnO, 10.95% - 58.52%  30.53% - 5.3 0.60 0.64 0.31 0.56
Fe(0.2) -MnO,( 400) 10.10% 1.69% 58.54% 29.67% 0.14 5.6 0.65 0.46 0.41 0.77
Fe(0.3) -MnO,(400) 9.16% 2.25% 60.86%  27.73% 0.20 5.0 0.80 0.53 0.26 0.89
Fe(0.4) MnO,(400) 8.86% 2.44% 59.95% 28.74% 0.22 5.3 0.36 0.75 0.45 0.64
FeO, - 10.20%  56.70%  33.10% - 5.3 - - 0.25
3.5 In suit DRIFTS (1997) L NH,
3.5.1 NH, 4a 80 °C  NH, 0,
NH, +0, MnO, : CM"* +NH, +0*" ->M" "+ -
NH, 5 min 3740.3400 ~3100.1694.1550 NH, + OH~ oMl 1/20,—-2M"" + 0°".
1190 em ™! .3740 ¢cm ™ XPS MnO, Mn
( Qi et al. 2003) 3400 ~3100 cm ™ N— Mn’* > Mn®* >
H ( Ramis et al. 2004) 1694cm ™' Mn** ( 2).
B NH, " ( Liu et al. 2009) 1190 em ™'+ 1223 em ™
1550cm ™" 1190cm ™' NH, 1165 cm ™' NH, Mn
(8,) (8.) ( Apostolescu et al. 1190 em ™! Mn** NH,
2006) L NH, NH, NH,
1453 cm ™' NH, M’ (1223 em™')  Mn®* (1165
( Ramis et al. 1997) ;1190 c¢m ™' .(NH,) cm ™) 1453 ¢cm ™!
1223 em™" 1165 em ™' 3740 cm ™!
0, . Ramis 3740 em™" 1190 ¢m ™' 1453
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cm ™! XRD XPS Fe Mn
NO, 1450 ¢m ™! Fe Mn
0, Mn Mn®* ( 2)
: Fe
NH, 0, ( 1694 . 1550
2006) NH, SCR NH, 1300 ~1100cm ™" NH, MnO,
NO, Mn**  Fe(0.3) MnO,(400)
MnO, 5.(NH,) 1165 cm™'
NH; : Fe( 0.3) MnO,(400)
4b 80 C NH, NH;+0, Fe(0.3)- NH, 1453 em !
MnO, (400) NH, 0, MnO,. 0,
1223 em ™!
NH, MnO, NH,
NH; 35 min 3700, Fe( 0.3) MnO, (400) 0,
1694 .1550.1453.1300 ~ 1100 cm ™' NH,
MnO, 1453cm ™" NH,
— . _
‘ 00 155:;53 ~ 3:4.10 v NH;+0, T 15501453 12231
= 1694 VR/ = 3:% W\\/i//
2 - s AN/ <INV e
\\'/J\ ljgn/j \”\/ — L\ﬁ 12 mn ] \/\ Se—
u \Z‘FI/:\ EIHEI}T// 1 | 1 ﬁ‘—\l/ 1 \I\ﬂllw : ml“| I | 1 1 | 1
3500 2000 1500 1000 3500 2000 1500 1000
%L /om™ WHL fem™!
4 80°C NH; NH,;+O0, (a. MnO, b. Fe(0.3) MnO,(400))
Fig.4 DRIFT spectra of different catalysts exposed to NH; and NH; + O, for various times at 80 °C( a. MnO, b. Fe( 0.3) MnO,_( 400) )
3.5.2 NO S5a MnO, 0, NO .
80C NO NO+O, . 5h 80 C NO NO+0, Fe(0.3)-
NO 1690.1614.1530.1450  MnO_( 400)
1201cm ™ NO 1690 FeO, NO +0, 30 min
em”! N,0,( Wu et al. 2007) 1614 cm ™' ( Insert Graph)
NO, NO,( Machida et al. 2000) NO MnO,
1530 em™" 1201 em ™! ( Nitrosyl:
NO™) ( Kijlstra et al. 1997) 1450 ¢cm ™' FeO, (1201 em™)
(Qi et al. 2004) . 0, 30 MnO, FeO,
min 1530 em™ 1201 em™! 1450 1450 ¢cm ™'
em ™! 1300 em ™" 1034 1300 c¢m ™!
em™! ( Bidentate nitrates) MnO, . Fe NO~

( Pena et al. 2004; Chi et al. 2000)

MnO

X
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¢0,~NO+0,
— r 1201
a. 1300 b. 0min o
005 1450 0.05 14504034
NO+O 1614 1450 1614
-2 Insert Graph
T L e I wa N
z 1034 E) 1201 1934
T T 30 min JK‘
E "N 1201 R |
> R
g 3 M| g 20 min JK
ﬁ ] g M
'\N\_\_ g 10 min Jk-‘
/\/\,\\ \\/ M T
5 min
M| e A e
Ll | 1 | | 1 1 1 T 1 1 ] 1 | 1 1
3500 2000 1500 1000 3500 2000 1500 1000
#H fom™! WeHL fem™
5 80 °C NO NO+O, (‘a. MnO,(400) b. Fe(0.3) MnO,(400) FeO,(400) ( Insert) )

Fig.5 DRIFT spectra of different catalysts exposed to NO and NO + O, for various times at 80 °C ( a. MnO,(400) b. Fe( 0.3) -MnO,(400) and
FeO,(400) ( Insert) )

3.5.3 SCR 1751 em™" 1560 cm ™'
NH, NO 1751 em ™! —( NO)
SCR ( Apostolescu et al 1997; Machida et al. 2000) 1560
. NH, NH, NO cm™! ( Huang et al. 2001;
0, NH, . 6 . 2010) . NH,
MnO,  Fe(0.3)MnO, L NH, .
(400) NH, NO + Fe(0.3) -MnO, (400) ( 6b)
0, L 5.( NH,) 15 min 1201
NH, 3.( NH;) : em™' NO 3650 cm ™!
NO 1620 cm ™! H,0 ( Qi
NO NO + 0, et al. 2004; Wu et al. 2007) .
[ 2 1450 1300 b 1201
| 0.05 ‘ 0.05
EEEMVEAN 5 | 3650
BN e
A o
P 1 |q/|\/ ] 1 L 1 1 1 1
3500 2000 1500 1000 3500 2000 1500 1000
e fom™! e fem ™!
6 80 °C NH, +0, NO +0, (a.MnO, b.Fe(0.3) MnO,(400))
Fig.6 DRIFT specira of different catalysts preadsorbed with NH; + 0, and then with NO + O, for various times at 80 °C( a. MnO, b. Fe(0.3) MnO,
(400))
NO NH, NO  NH, 3400 ~

7 . 3100 em ! N—H
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1994; Qi et al. 2004; Ramis et al. 1997; Wu et al.
2007) Fe(0.3) -MnO_( 400)
Fe( 0.3) MnO_(400) NO,

10 : Fe MnO, SCR
NH, . MnO, NH, + O,
( 7a) NH, +0, NO (120l em™) NH,+0, 5 min
15 min 1694 cm ™' NH,* . NH, 16141450 1034
1560 ¢cm ™' NH, ) MnO, em™! 1694, 1550.1453 1190
NO NH, cm ™! NH,
NH, NO 3650 em ™' 1620 c¢m ™! H,0
Fe(0.3) -MnO, ( 400) ( 7b)
[ 1so 30 o 1190
| 0.05 005
1694 1550
z s ERNS GO
-1 1034 RN
_§ 35 min _§
g M g N~ 15 min \,
< N\//& < MU~ 1450
. 1614 aa 1034
W L 5 min I
/\/\/\/I\ Sample wlith NO+O, #I\A | ) Salmple \;vith N?+Oz | |
3500 2000 1500 1000 3500 2000 1500 1000
%L fom™! W% /om™L
7 80 °C NO +0, NH, +0, (a. MnO,; b. Fe( 0.3) -MnO,( 400) )
Fig.7 DRIFT spectra of different catalysts preadsorbed with NO + O, and then with NH; + O, for various times at 80 °C( a. MnO,; b. Fe( 0.3) -MnO,
(400))
NH, NH;(g) — NH;(a)
MnO,  Fe(0.3) -MnO, (400) 1/20,(g) + 2¢ — 07
NH,* NH, NH,(a) + 0" >NH,(a) + OH(a) + e
NO +0, NH, NH,(a) + NO(g) — NH,NO( a)
NH, NO +0, B B
NO(g) + e"— NO
MnO, NO
' ( 6a) NO™ + NH;(a) — NH,NO(a) + H" +2e"
a
NH, ( 7a) . MnO, NH,NO(a) — N,(g) + H,0(g)
NH, 0, NO™ + 1/20,—NO,
NO NH, NO NO, + H"— HNO,( a)
N, H,0 HNO,(a) + NH;(a) — NH,NO,(a) —
Fe( 0.3) MnO,(400) NH,NO(a) + H,0 — N,(g) + 2H,0(¢g)
NH, NO + 0, .
4 ( Conclusions)
( 6b)
NO +0, NH, + O, ( 1) Fe MnO,
7b) NH,-SCR Fe( 0. 3) MnO,
Fe( 0.3) MnO_(400) (400) 80 C NO, 93%
MnO, ( Kapteijn et al. N, 100% .
Fe

2) MnO Fe(0.3) MnO. ( 400)
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NH,
NH, NO
NH,NO N, H,0; NO
SCR
H* HNO, NH,
NO,
( )
70
20 . E-mail: cedqye@ scut. edu. cn.
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