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Abstract: A series of novel Fe-Mn mixed-oxide catalysts were prepared by a sol-gel method. X-ray diffraction
(XRD) was used to characterize the active phase and the effects of the n(Fe)/(n(Fe)+n(Mn) molar ratio as well as the
calcination temperature on the catalytic properties were investigated. This catalytic system had good selective catalytic
reduction (SCR) properties for NO, by ammonia at low temperatures (80-220 C). We achieved 90.6% conversion of
NO, with 100% selectivity of N, on an Fe(0.4)-MnO, mixed oxide (the molar ratio of n(Fe)/(n(Fe)+n(Mn))=0.4 and
calcined at 500 C) at 80 C with a space velocity of 30000 h~. XRD characterization results showed that a new
Fe;Mn,O; phase was generated for Fe-MnO,. The oxidation activity of NO to NO, by O, on these Fe-MnO, catalysts
suggested that the existence of Fe;Mn;Og3 was beneficial for an increased oxidation rate of NO to NO,, which improved
the activity of low-temperature SCR.
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Selective catalytic reduction (SCR)!" plays a very important
role in eliminating NO, (nitrogen oxides, including NO, NO,, and
N,O) emissions from stationary source (e.g. power plants). For
instance, SCR of NO with NH; was used as a mature and high
efficient technology for flue gas denitrification in power plants®9.

The general reaction and main side reaction are as follows:
4NH;+4NO+O,—4N,+6H,0 1)
4NH+4NO+30,—4N,0+6H,0 )
Typical commercialized catalysts for SCR of NO are V,0s

WO;(MoO;)/TiO,™ which are the most studied and widely used
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commercial catalysts, and these kinds of catalysts should be op-
erated optimally at about 350 C. Commercial SCR system was
divided into two main categories, one was the SCR device
placed in the upstream of dust controllers, the other was in the
downstream of dust controllers and before the desulfurization u-
nits where catalysts could work at the best temperature range.
But in this section the catalysts were susceptible to deactivation
from high concentrations of SO, and dust (e.g., K,O, CaO, and
As,0;), which shortened the service life of the catalyst. Another
new one was placed downstream of dust controllers and desulfu-
rization units to avoid above problems. Simultaneously, the tem-
perature of flue gas dropped to below 200 C after the desulphur-
ization unit, then a large heat transfer unit need to be installed so
that the flue gas temperature could adapt to traditional catalysts.
Thus, developing highly active catalysts for low-temperature
SCR (<200 ) has obvious superiority and it becomes a research
focus.

Many researches showed that elemental manganese played an
important part at low temperature SCR process and some of its
mixed-oxide catalysts had relatively higher activity, such as
MnO,”, MnO/TiO,"%, Fe-Mn/Ti0,"""3, CuO,-MnO,™, and MnO,-
CeO,™. Although results obtained are significant for further screen-
ing of catalysts, their optimal active temperature is relatively
high above 150 C, the selectivity, sulfur and water tolerance
should be improved intensively as well. Qi et al.' prepared 10%
Fe-10% Mn/TiO, (w, mass fraction) catalyst by impregnation
method and 78% of NO conversion was obtained at 80 C
(0.1% NO(¢p, volume fraction, the same behind), 0.1% NH; and
gas hourly space velocity (GHSV)=15000 h™'); Long and his
coworkers!™ reported that the conversion of NO on Fe-Mn cata-
lyst prepared by coprecipitation method was 74% at 80 C (0.1%
NO, 0.1% NH; and GHSV=15000 h™). In the presence of SO,
and water, the NO conversion activity decreased significantly. In
this communication, various Fe-Mn mixed-oxide catalysts were
prepared by sol-gel method and applied for low temperature NO
reduction with NH;. The effect of molar ratio n(Fe)/(n(Fe)+n(Mn))
and calcination temperature on NO, conversions and the struc
tures of phase were studied.

1 Experimental
1.1 Catalyst preparation

2 mol-L™ citric acid (99.5%) aqueous solution acting as com-
plexion agent was added to the mixture (98.5%) of ferric nitrate
and manganese acetate (99.0%) salt with equal molar ratio of cit
ric acid to metal (the total mole of elemental iron and man-
ganese). The above mixture was stirred at room temperature for
1.0 h and then dried at 120 °C for 12 h, the resulting porous foam-
like solid was then calcined at 600 C for 5.0 h under atmosphere
in muffle furnace. Finally, the samples were crushed and sieved
to 60—100 mesh. So prepared catalyst is denoted as Fe(y)-MnO,
(T), where y represents the molar ratio n(Fe)/(n(Fe)+n(Mn)) and
T denotes the calcinations temperature (C), e.g., Fe(0.4)-MnO,
(500). Pure iron oxides (FeO,) and manganese oxides (MnO,)
were prepared by the same procedure; mechanically mixed cata-

lyst, FeO,-MnO,, was prepared by the mixture of pure FeO, and
MnO, with equal molar ratio of Fe to Mn and then calcined at
600 C for 5.0 h.
1.2 Catalytic activity test

The SCR activity measurement was carried out in a fixed bed
quartz reactor. About 2.7 g catalyst was used in each run. The
typical reactant gas composition was as follows: 0.1% NO, 0.1%
NH;, 3% O,, and balance N, or He (used for selectivity experiments).
The total flow rate was 860 mL-min™ (under ambient conditions),
thus, a very high GHSV referred to powder catalyst was obtained
(30000 h™). The compositions of the feed gases and the effluent
streams were monitored continuously using on-line sensors with
emission monitors: gas analysis (SWG-300, MRU, Germany) for
NO, NO,, and O,. Data were obtained with the average value in
10 min after the catalytic process was hold 30 min in steady
state. The effluent streams were also analyzed by a gas chro-
matograph (4890D, HP, USA) at 60 ‘C with 0.5 nm molecular
sieve column for N, and Porapak Q column for N,O. From the
concentration of the gases at steady state, the NO, conversion (6
(NO,))) and N, selectivity (S(NO,)) are calculated according to the
following equations:

8(NOX)=5°—¢—(N(2;)(“_ (NOue 51 00% 3)
SNOY=—— 8™ 1004 4
O e NDure 00, % @

e(NO,)=¢(NO)+¢p(NO,), and the subscripts in and out indicated
the inlet concentration and outlet concentration at steady state,
respectively. The experiment of NO oxidation to NO, was per-
formed in the fixed-bed quartz reactor. The reactant gas compo-
sition was as follows: 0.1% NO, 3% O,, and balance N,; the total
flow rate was 860 mL-min™ (ambient conditions). About 2.7 g
sample were used each run. NO conversion to NO, (6(NO)) was
calculated by using the following equation:
_¢(NO)—¢(NO),,

6(NO%%XIOO% )
1.3 Characterization of catalysts

X-ray diffraction (XRD) patterns were obtained using a Auto
X-ray diffractometer Rigaku (D/MAX-3A, Rigaku, Japan) with
Cu K, radiation (A=0.15418 nm). Intensity data were collected
over a 26 range of 5°-85° with a 0.05° step size and a counting
time of 1.0 s per point. The XRD phases were identified by com-
parison with the reference data from International Center for
Diffraction Data (ICDD) files.

2 Results and discussion
2.1 Activities of different catalysts and their X-ray
diffraction analyses

The performances of pure FeO,, MnO, oxides, Fe(0.5)-MnO,
mixed-oxide catalysts and mechanically mixed FeO,-MnO, mix-
ture catalyst for selective catalytic reduction of NO, with NH; in
the presence of excess oxygen are shown in Fig.1. Pure MnO,
catalyst owned a certain catalytic activity of 45.2% NO, conver-
sion under the temperature of 80 C which accorded well with
previous report', while pure FeO, with negligible activity(5.4%).
Under relatively high gas hourly space velocity (GHSV=30000
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Fig.1 Catalytic reduction conversion of NO, on FeO,, MnO,,
Fe0,-MnO,, and Fe(0.5)-MnO, catalysts calcined at various
temperatures
reaction conditions: @(NO)=¢(NH3)=0.1%, ¢(0,)=3%, GHSV=30000 h™'

h™), Fe(0,5)-MnO,(600) catalyst showed very high NO, conver-
sion, i.e. 67.1% conversion of NO, with 100% selectivity of N, at
80 C, which implied that the mixed oxides prepared by sol-gel
technique were able to improve the activity of low temperature
SCR significantly. Fig.2 shows the XRD patterns of the above
catalysts. FeO, and MnO, samples give sharp XRD peaks repre-
senting Fe,O; (ICDD PDF #72-0469 26=33.1°, 35.6°, and 54.0°)
and Mn;O, (ICDD PDF #89-4837 26=36.1°, 59.9°, and 32.3°),
respectively. The activity of FeO,-MnO, mixture at low tempera-
ture SCR was lower than that of MnO, at the same reaction con-
ditions. XRD pattern of FeO,-MnO, is attributed to the mixture
of Fe,O; and Mn,O; (ICDD PDF #89-4836 26= 32.9°, 55.1°, and
65.8°), no new crystalline phase generated. For Fe (0.5)-MnO,
(600) catalyst (Fig.2f), a brand new phase, Fe;Mn;Oz (ICDD PDF
#75-0034 260=35.0°, 56.2°, and 61.7°) become the dominated

O Fe;Mn;Oy @ MnOs
¥ Mn;Oy ® Te,0;

o

f
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Fig.2 XRD patterns of FeO,, MnO,, Fe0,-MnO, and Fe(0.5)-
MnO, catalysts calcined at various temperatures

(a) Fe0,(600), (b) MnO,(600), (c) FeO,-Mn0O.(600), (d) Fe(0.5)-MnO.(400),
(e) Fe(0.5)-Mn0O,(500), (f) Fe(0.5)-MnO.(600)

phase. Above results showed that the mixed oxides have gener-
ated new Fe;Mn;0; phase after the addition of iron and Fe;sMn;Og
might be the main active center in the mixed-oxide catalysts.

For the mixed oxides, the calcination temperature was an im-
portant factor to affect the formation of crystalline phase!"”. Fig.2
(d—f) shows the XRD patterns of Fe(0.5)-MnO, with equal molar
ratio of Fe to Mn that accords with the stoichiometry of
Fe;Mn;0; calcined at different temperatures. It was clear that the
XRD peaks of all catalysts calcined at different temperature
could be attributed to FesMn;Og. With the increasing of calcina-
tion temperature, the strength of the XRD peaks of Fe;Mn;0; be-
came evident and sharp, which was explicit that the crystalline
of mixed oxides was improved. Fig.1 (V, 4, []) shows the effect
of calcination temperature on the activities of Fe(0.5)-MnO, cat-
alysts. NO, conversions reached nearly 100% on every catalyst
above 140 C. Catalyst calcined at 500 ‘C had the optimum ac
tivity at declined temperature (85.4% NO, conversion at 80 C),
and catalyst calcined at 600 C with much more perfect lattice
displayed relatively low activity. According to the above discus-
sion, Fe;Mn;0; was the active center of mixed oxide catalysts at
low temperature SCR reaction. Hence, it was thought that the
possible existence of some lattice defects that could not be de-
tected by XRD might play an important role in this low tempera-
ture SCR process.

2.2 Effect of the molar ratio of Fe to Mn on catalytic
activities

The molar ratio of Fe to Mn was 1 for the above Fe (0.5)-
MnO, catalyst, which was accorded with the stoichiometry of
Fe;Mn;0; mixed oxide. Thus, a series of Fe-MnO, catalysts with
different molar ratios of n(Fe)/(n(Fe)+n(Mn)) were prepared, cal-
cined at 500 C. Their catalytic performances were investigated
(Fig.3). Experiments showed that NO, conversion reached nearly
100% above 120 C for each Fe-MnO; catalyst except for Fe(0.1)-
MnO,. But, there were evident differences of activities between
these catalysts under 100 C, their catalytic activities enhanced
with the increasing of Fe molar ratio and the optimum catalytic
activity emerged while the molar ratio of Fe to Mn reached 2:3
for Fe(0.4)-MnO.,. 90.6% and 99.3% conversions of NO, were

100
90

80

70 —a—TFe(0.1)-MnO,

—o—Fe(0.2)-MnO,
—a—TFe(0.3)-Mn0,
—o—Fe(0.4)-MnO,
—e— Fe(0.5)-MnO,

60 -

5(NO.) (%)

50 |

40+

L L L 1 I 1 L

80 100 120 140 160 180 200 220
T/°C

30

Fig.3 Effects of Fe content in Fe-MnO, catalysts on NO,
conversion
All catalysts were calcined at 500 C in air. reaction conditions:
¢(NO)=¢(NH;)=0.1%, ¢(0:)=3%, and GHSV=30000 h™
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Fig.4 XRD patterns of various Fe-MnO, catalysts calcined
at 500 °C with different Fe contents
(a) Fe(0.1)-MnO,, (b) Fe(0.2)-MnO,, (c) Fe(0.3)-MnO,, (d) Fe(0.4)-MnO,,
(e) Fe(0.5)-MnO,

achieved at 80 and 100 C, respectively, with 100% N, selectivi-
ty under the space velocity of 30000 h~" on the Fe (0.4)-MnO,
catalyst. Then, further increasing the Fe content resulted in the
decline of the activities.

Fig.4 shows the XRD patterns of the above Fe-MnO, catalysts
calcined at 500 C. Fe(0.1)-MnO, could be considered as mixed
oxides of Mn;O, (majority) and Fe,O; (minority). With increas-
ing the Fe content, the XRD peak of Fe;Mn;O;z phase enhanced
regularly and the peak of Mn;0O, and Fe,O; weakened gradually.
For Fe(0.4)-MnO,, the Fe;Mn;0; phase is dominant except one
very weak diffraction peak of the Mn;0,. Fe (0.5)-MnO, catalyst
in which molar ratio of Fe to Mn accord with the stoichiometry
of Fe;Mn;0O; gave sharp XRD peaks contributing to Fe;Mn;Og
phase and the manganese oxides had been transfered to Fe;Mn,0y
by and large. But the low temperature SCR activity of Fe(0.5)-
MnO, was lower than Fe(0.4)-MnO, obviously (Fig.5). This was
similar to the activity result of Fe-MnO, mixed oxides calcined
at different temperatures (Fig.1) in which the activity of Fe(0.5)-
MnO,(600) with good crystallinity was lower than that of Fe(0.5)
-MnO, (400) with poor crystallinity. So it is implied that the spe-
cial structure of Fe—O—Mn or Fe;Mn;04 phase with lattice de-
fects in mixed oxides might be the catalytic reduction active
center, and the existence of Fe could make mixed oxides better
catalytic properties by modulating the electronic structure of Mn
in Fe;Mn;0y.

2.3 Oxidation activity of NO to NO,

The oxidation activities of NO to NO, on catalysts doped with
various ratio of n(Fe)/(n(Fe)+n(Mn)) from 80 to 160 C are shown
in Fig.5. With the increasing of iron content doped in Fe-MnO,
catalysts, the NO oxidation activity improved significantly and
peaked on Fe(0.4)-MnO, catalyst. It is concluded that the oxida-
tion activity of NO to NO, at low temperature could be im-
proved on Fe(0.4)-MnO, catalyst dominated by Fe;Mn;O; phase.
It is well known that ammonium nitrite decomposes quickly into
N, (majority) and NO (minority) below 100 C!"¥, the formation
of NH,NO, from NO, O,, and NH; requires the oxidation of NO
to NO, by O,. Thus, the ability of NO conversion to NO, on cat-
alysts is the key of increasing activity of low-temperature SCR.

18} —=—Fe(0.1)-MnO,
16 - —e—Fe(0.2)-MnO,
14 + —a—Fc(0.3)-MnO,
12+ ——Te(0.4)-MnO,
—&— Fe(0.5)-MnO,

S(NO) (%)

1 1 1 1
80 100 120 140 160

T/°C
Fig.5 Oxidation activity of NO to NO, on Fe-MnO, catalysts

calcined at 500 °C
reaction conditions: ¢(NO)=0.1%, ¢(0)=3%, and GHSV=30000 h™

Koebel™ and Long™ et al. had reported that a high activity for
NO oxidation to NO, at low temperature should lead to enhance
SCR activities. Hence, it is thought that the formation of
Fe;Mn;O; could have the oxidation activity of NO to NO, im-
proved, thereby enhanced the SCR activity.

The catalyst is usually deactivated mainly by SO, and water
vapor in the combusion gases, so we will study the effects of
SO, and H,O on the SCR activities of the Fe(0.4)-MnO, catalyst
at 100 C later.

3 Conclusions

In conclusion, a series of Fe-Mn mixed-oxide catalysts pre-
pared by sol-gel method and the effects of Fe and Mn molar ra-
tios and their calcination temperatures on catalytic reduction ac-
tivities were investigated. The results showed that about 90.6%
of NO, conversion and 100% of N, selectivity at 80 ‘C under the
condition of GHSV=30000 h~' were obtained on the Fe (0.4)-
MnO,(500) catalyst. According to the results of XRD, the forma-
tion of Fe;Mn;0Oz phase which contained the Fe—O—Mn bond
was determined to be the active center for low temperature
catalytic reduction process. Simultaneously, the oxidation activi-
ty of NO to NO, by O, on Fe-MnO, catalysts suggested that the
existence of Fe;Mn;O; was beneficial to increase the rate of the
oxidation of NO to NO,. Further characterization and catalytic
reaction mechanism of these novel Fe-Mn mixed-oxide catalysts
would be reported systematically later.
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