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The catalytic activities for N2O decomposition and selective
reduction with methane were studied on Fe-MCM-41 prepared
by direct hydrothermal synthesis (DHT) and template ion
exchange (TIE) methods. Fe-MCM-41-DHT showed higher
activity than those prepared by TIE and impregnation methods.
The high activity of Fe-MCM-41-DHT is caused by the forma-
tion of highly isolated and tetrahedrally coordinated iron-oxo
species.

Nitrous oxide (N2O) is a strong greenhouse-effect gas with a
global warming potential (GWP) per molecule of about 300
times stronger than that of carbon dioxide, and it also affect
the destruction of the stratospheric ozone layer.1 For the catalytic
removal of N2O, decomposition and selective reduction (SCR)
with reductants have been proposed as effective methods. Many
iron-containing catalysts such as ferrisilicate, Fe-ZSM-5, Fe-�,
Fe/Al2O3, etc. have been reported to catalyze both N2O decom-
position and SCR.2–4 Particularly, numerous investigations have
focused on Fe ion-exchanged zeolites since the first report of
Segawa et al. on the high performance of Fe-ZSM-5 for N2O
SCR with C3H6 in the presence of H2O and O2.

5,6 Many re-
searchers have pointed out that Fe binuclear species are active
sites for N2O decomposition and SCR.2,3,7–9 On the other hand,
mononuclear iron-oxo species have been also proposed as active
sites for N2O SCR.5,6,10 Shimokawabe et al. reported that tetra-
hedrally coordinated Fe3þ in ion-exchanged Fe-ZSM-5 showed
higher activity in N2O SCR than small Fe2O3 cluster in ZSM-
5 prepared by impregnation method.11 Moreover, Joyner and
Stockenhuber reported that Fe in Fe/ZSM-5 prepared with dif-
ferent ion-exchange methods was stabilized in different forms,
ranging from isolated metal ions to large oxide clusters.12 They
concluded that iron-oxo nanoclusters are most active in the NOx

SCR. Thus, the coordination environments of active iron species
for the removal of N2O are still under discussion. Metal ion-
containing mesoporous silicates such as M41S and SBA-15,
which possess uniform nano-order mesopores and high concen-
tration of isolated active sites, has attracted much attention as a
new type of catalyst. In order to introduce active metal centers
to mesoporous silicates, several kinds of methods such as direct
hydrothermal, impregnation, grafting, template ion exchange
methods,13 etc. have been proposed. It can be expected that
the metal cations with different environments would result in
various catalytic properties. Indeed, we recently reported that
Fe-MCM-41 prepared by the DHT method is more active
than those prepared by TIE and impregnation methods for the
epoxidation of styrene with H2O2.

14 In the present report, we
introduce iron species into MCM-41 by DHT and TIE methods.

The catalytic performances of Fe-MCM-41 thus prepared were
tested in N2O decomposition and SCR with CH4 and the effects
of the coordination environments of iron-oxo species on the
catalytic performance are discussed.

Fe-MCM-41 catalysts were prepared by DHT and TIE
methods according to the previous report.14 Fe2O3/Cab–O–Sil
catalyst was also prepared by impregnation method. Cab–O–
Sil (Acros Organics Co.) is SiO2, which has no pore structure.
The content of iron in each sample was determined by ICP.
The catalytic test was carried out using fixed-bed flow reactor.
The products were analyzed by on-line TCD gas chromato-
graphs.

Figure 1 represents the temperature dependence of N2O con-
version in the decomposition (A) and SCR with CH4 under an
excess of oxygen (B), respectively. N2, CO2, and trace amount
of CO were detected in N2O reduction with CH4. BET surface
area, iron content, and TOF values for N2O decomposition and
SCR are shown in Table 1. Although both reactions proceeded
over iron-free MCM-41 and Cab–O–Sil above 973K (not
shown), the addition of iron caused an enhancement of N2O con-
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Figure 1. Catalytic decomposition of N2O (A) and selective
reduction of N2O with methane under an excess of oxygen (B), De-
composition: N2O 1250 ppm, He balance, W/F = 0.1 g smL�1,
SCR with CH4: N2O 1250 ppm, CH4 1250 ppm, O2 2 vol%, He bal-
ance, W/F = 0.1 g smL�1; ( ) Fe-MCM-41-DHT, ( ) Fe-MCM-
41-TIE, ( ) Fe2O3/Cab–O–Sil.
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version at low temperatures. Among the catalyst tested, Fe-
MCM-41-DHT clearly showed the highest N2O conversion in
both reactions over the temperature range of 673 to 1073K.
Fe2O3/Cab–O–Sil showed the lowest N2O conversion in both
reactions. In the case of SCR under excess of oxygen over
Fe2O3/Cab–O–Sil, CH4 conversion was much higher than
N2O conversion, indicating that combustion of CH4 prominently
proceeded. TOF values for N2O decomposition at 773K and
SCR with CH4 at 723K over Fe-MCM-41-DHT were 6:7�
10�4 and 6:2� 10�4 s�1 and these values are ca. 2.4 and 4.8
times larger than those over Fe-MCM-41-TIE, respectively.
These results strongly suggest that the coordination environment
of iron was crucial for both N2O decomposition and SCR with
methane. The XRD patterns showed that the Fe-MCM-41-
DHT and TIE had hexagonal regularity and their pore diameters
determined by N2 adsorption were around 2.7 nm. Both Fe-
MCM-41-DHT and TIE preserved this hexagonal regularity
even after the reaction at 1073K. Figure 2 shows the diffuse re-
flectance UV–vis spectra of Fe-MCM-41 along with Fe2O3/
Cab–O–Sil. In the case of Fe-MCM-41-DHT, a sharp peak at
265 nm was obtained. This band was similar to that for ferrisili-
cate containing tetrahedrally coordinated iron species and could
be assigned to the d�–p� charge transfer between the Fe and O
atoms in the framework of Fe–O–Si in the zeolite.15 On the con-
trary, in the cases of Fe-MCM-41-TIE and Fe2O3/Cab–O–Sil,
bands at ca. 385 and 510 nm were mainly observed. �-Fe2O3 al-
so shows these bands4 suggesting the formation of Fe2O3 cluster
over Fe-MCM-41-TIE and Fe2O3/Cab–O–Sil. The pre-peak in-
tensity in XANES spectrum of the Fe-MCM-41-DHT was al-
most similar to that of ferrisilicate, whereas higher than those
of Fe-MCM-41-TIE and �-Fe2O3. This result suggests that the
iron species in Fe- MCM-41-DHT and TIE exist in tetrahedrally

and octahedrally coordinated environments, respectively. The
curve-fitting analysis of FeK-edge EXAFS are summarized in
Table 2. As for the Fe-MCM-41-DHT, the incorporation of the
majority of Fe3þ into the framework of MCM-41 with a tetrahe-
dral coordination structure is inferred, since both the Fe–O dis-
tance (1.85 Å) and the coordination number (4.2) of Fe-MCM-
41 were similar to those of the ferrisilicate.16 On the other hand,
two kinds of Fe–O shells with the coordination numbers of 3.2
and 3.2, respectively, were obtained in Fe-MCM-41-TIE. The
iron in �-Fe2O3 possessed two kinds of Fe–O shells with the co-
ordination numbers of 3.0 and 2.9, respectively. The coordina-
tion number of Fe–Fe shell in Fe-MCM-41-TIE (2.1) was much
smaller than that in �-Fe2O3 (7.0).17 These results suggest that
iron in Fe-MCM-41-DHT is highly dispersed and mainly incor-
porated into the framework of MCM-41. On the other hand, Fe-
MCM-41-TIE mainly contains iron oxide clusters, which have
octahedrally coordinated Fe species. Fe2O3/Cab–O–Sil, which
was prepared by impregnation method, also contains iron oxide
clusters. Therefore, the tetrahedrally coordinated iron-oxo spe-
cies in Fe-MCM-41-DHT showed high activity in both N2O de-
composition and reduction with methane, whereas the iron oxide
clusters in Fe-MCM-41-TIE showed low activity. Moreover, the
Fe-MCM-41-DHT showed no decreasing in the activity for N2O
reduction by methane under an excess of oxygen during the re-
action for 24 h, suggesting that the tetrahedrally coordinated
iron-oxo species in MCM-41 has high stability.
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Table 1. Properties and TOF values of iron containing catalysts

Fe
SBET TOF/�104 s�1b

Catalysts content Si/Fe

/wt%a /m2 g�1

Decomp. SCR

DHT 1.69 54 1020 6.7 6.2
TIE 1.37 67 738 2.8 1.3

Fe2O3/Cab–O–Sil 1.55 59 198 1.5 0.0
MCM-41 — — 1048 — —

aDetermined by ICP analysis. bReaction temp.; Decomposition:
773K, SCR with CH4: 723K.
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Figure 2. UV–vis spectra of iron-containing catalysts, iron-free
MCM-41 and Cab–O–Sil. (a) Fe-MCM-41-DHT, (b) Fe-MCM-41-
TIE, (c) Fe2O3/Cab–O–Sil, (d) MCM-41, and (e) Cab–O–Sil.

Table 2. Curve-fitting analysis of Fe-MCM-41 and reference com-
pounds

Samples Scatter C.N.a R/Åb DW/�103 Å2 c

Ferrisilicate O 3.9 1.85 �0.71

DHT O 4.2 1.85 0.73
TIE O 3.2 1.85 �0.73

O 3.2 1.99 �0.86
Fe 2.1 3.06 8.93

�-Fe2O3 O 3.0 1.91 0.70
O 2.9 2.04 2.30

aC.N.: coordination number, bR: distance, cThe difference between
the Debye–Waller factors of the samples and reference compounds.
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