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A series of Fe/zeolites (ZSM-35, ZSM-5, beta, and mordenite) samples with Fe/Al molar ratios of
0.33 were prepared using a solid-state ion-exchange method. A combination of ultraviolet-visible
diffuse reflectance, in-situ Fourier-transform infrared, and in-situ visible Raman spectroscopic
techniques, with a transient response method, was used to investigate the influence of the zeolite
framework on the catalytic properties of the Fe/zeolites in N2O decomposition. The results show
that the catalytic activity of the Fe/zeolites-HT (HT denotes high-temperature treatment) samples is
in the order Fe/ZSM-35-HT > Fe/beta-HT > Fe/ZSM-5-HT > Fe/mordenite-HT. There is a linear
relationship between the rate of N2O decomposition and the concentration of binuclear iron sites.
This indicates that binuclear iron sites are the active sites for N.O decomposition. A correlation
between the formation of binuclear iron sites and Fe ion distribution among the cationic sites is
proposed. Two Fe(Il) cations located in two adjacent six-membered rings in a 10-membered ring
channel (a sites) or in two neighboring six-membered rings in an eight-membered ring channel (8
sites) of Fe/ZSM-35 are favorable for the formation of active binuclear iron sites. Similar structure
can also be formed in two adjacent six-membered rings in polymorphs A and B of beta zeolite or in
the six-membered rings at the intersection of the straight and sinusoidal channels of the ZSM-5
framework. For the Fe/mordenite-HT sample, most of the iron species are present as isolated iron
cations, so it has the lowest activity in N2O decomposition.
© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

of the active sites in Fe/ZSM-5 catalysts [3-6]. Far fewer stud-
ies have investigated the decomposition of N20 over other

Iron-containing zeolites are known to be excellent catalysts
for the decomposition of harmful N20 to nitrogen and oxygen
[1,2]. Since the early work performed in Panov’s laboratory,
Fe/ZSM-5 has been extensively studied experimentally and
theoretically [3-6]. The experimental and theoretical studies
have concentrated on the influence of the preparation method
and the mode of pretreatment on the structure and properties

Fe/zeolite samples [7-13].

@ygarden et al. [7] found that the activity of commercial
BEA zeolite in direct N20 decomposition was higher than those
of FER and MFTI; all have iron impurities. This is probably a re-
sult of the displacement of Fe and Al from the lattice, resulting
in the formation of active bi- and oligo-nuclear iron sites.
Kaucky et al. [8] reported that the shorter Fe-Fe distances in
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Fe/FER cause higher activity in N20 decomposition compared
with that of Fe/beta. On the basis of spectroscopic techniques
and density functional theory calculations, Jisa et al. [9,10] pro-
vided evidence that two Fe(Il) cations accommodated in two
adjacent six-membered rings in the eight-membered ring
channel of Fe/ferrierite were probably responsible for its su-
perior activity compared with Fe/beta and Fe/MFI in N20 de-
composition. An advantage of Fe/FER over Fe/BEA, Fe/ZSM-5,
and Fe/FAU was found by Pantu et al. [11] and was ascribed to
the smaller pores and slightly stronger adsorption properties of
N20 on FER zeolite. In a comparison of Fe/MFI and Fe/BEA
with similar iron species, Pérez-Ramirez et al. [12] claimed that
the microporous matrix does not play a decisive role in direct
N20 decomposition. Melian Cabrera et al. [13] reported that the
activity of Fe/FER was better than those of Fe/MFI and Fe/BEA
in the simulated tail gas of nitric acid plants; this probably
originated from the generation and stabilization of active iron
sites in Fe/FER. However, little information is available on the
effect of zeolite structure on the catalytic performance of
Fe/zeolites in N20 abatement.

It has been reported that isolated cationic iron species, di-
and oligo-meric iron species, oligonuclear Fe-O-Al mixed ox-
ides, and large iron oxide nanoparticles on the external surface
of the zeolite are all potentially active sites for N2O decomposi-
tion [14]. The structure of the active sites is related to the spe-
cific synthesis and activation procedures and/or to a particular
confinement of the iron species imposed by the microporous
structure of the zeolite. Wicherlova’s group [15-19] suggested
that Co(II) ions mainly occupy three main cationic sites, a, £,
and v, in high-silica pentasil ring zeolites (FER, MFI, BEA, and
MOR), based on Fourier-transform infrared (FT-IR) and ultra-
violet-visible (UV-Vis) diffuse reflectance spectroscopy using
Co(II) ions as a probe. The suggested locations of the Co(II) ions
in a, 3, and vy sites in high-silica pentasil ring zeolites are further
supported by the identification of Cu(Il) ions at a cationic
framework sites in mordenite [20] and of Ni(Il) ions at 8 cati-
onic framework sites in Ni-ferrierite [21]; these results were
obtained using single-crystal X-ray diffraction and synchrotron
powered X-ray diffraction, respectively. The spatial arrange-
ment of divalent transition-metal ions in pentasil ring zeolites
is therefore universal.

The structures of the active iron sites in Fe/zeolites, partic-
ularly Fe/ZSM-5 and Fe/ZSM-35, have been studied by Li’s
Group [22,23]. It is found that binuclear iron sites are the active
sites for N20 decomposition in Fe/ZSM-5 and Fe/ZSM-35. In
this work, a combination of various spectroscopic techniques
was used to investigate the catalytic properties of
Fe-containing zeolites with different structures in N20 decom-
position.

2. Experimental
2.1. Catalyst preparation
Fe/zeolites samples with Fe/Al molar ratios of 0.33 were

prepared using a solid-state ion-exchange method.
NHa*/zeolite (2 g) was calcined at 823 K for 2 h in flowing he-

lium. The reactor was then cooled to room temperature, sealed,
and placed in a glove box. The reactor was opened in the glove
box, and the resulting H/zeolite was removed and ground with
an appropriate amount of anhydrous FeCls (Sigma-Aldrich, AR)
in a mortar. The mixture was returned to the reactor, and the
reactor was resealed and removed from the glove box. The
reactor was heated to 598 K and kept at this temperature for 2
h. The resulting solid was treated in a flow of 0.5% H20 in he-
lium from room temperature to 498 K to hydrolyze the Fe-Cl
bonds. Finally, the sample was calcined at 823 K for 2 h in a
flow of oxygen; the sample was denoted Fe/zeolite-C, where C
refers to calcination in Oz. A fraction of Fe/zeolite was further
treated at 1173 K for 2 h in flowing helium to obtain
Fe/zeolite-HT, where HT denotes high-temperature treatment.
NHa*/ZSM-5 (SiO2/Al203 = 25), NHa*/beta (SiO2/Al203 = 26),
NH4*/ZSM-35 (SiO2/Al203 = 21), and NHs*/mordenite
(Si02/Al203 = 23) were used.

2.2. Catalyst characterization

The chemical compositions of the catalysts were deter-
mined using inductively coupled plasma-atomic emission spec-
trometry.

X-ray diffraction (XRD) data were collected using a Rigaku
D/MAX 2500 diffractometer (40 kV, 200 mA, Cu K. radiation).
The step size was 0.02° and the scan speed was 5°/min.

UV-Vis diffuse reflectance spectra were collected at room
temperature using a JASCO V-550 UV-visible spectrometer
(BaSOs+ was used as a reference). Deconvolution of the
UV-visible absorbance bands into Gaussian sub-bands, followed
by multiplying the percentage of sub-bands with respect to the
total area of the experimental spectrum with the total iron
content, gives the percentage of different Fe species in the
Fe/zeolites-C samples [12]. This quantification method does
not account for the dependences of the extinction coefficients
of various iron species on the wavelength but nevertheless
provides a semi-quantitative estimation of the distributions of
the various Fe species.

FT-IR spectra were recorded using a Nicolet Impact FT-IR
spectrometer with a mercury cadmium telluride detector in
transmission mode at a resolution of 4 cm-1. The Fe/zeolites
samples were pressed into self-supporting wafers (ca. 10
mg/m2) and placed in a quartz IR cell with two CaF2 windows.
The Fe/zeolites-C samples were pretreated at 623 K for 1 h in
flowing Oz, and the Fe/zeolites-HT samples were pretreated in
a helium flow for 1 h. A reference spectrum was recorded. The
samples were then cooled to room temperature in the same gas
flow. The in-situ pretreated samples were exposed to 1.0%
NO/He and then purged with helium. The gas flow rate was 60
ml/min. The intensity of each IR spectrum was normalized at
the overtones of the zeolite lattice (1500-2000 cm-1).

Visible Raman spectra were recorded in situ on a laborato-
ry-made triple-stage Raman spectrometer with an excitation
laser line at 532 nm emitted from a semiconductor laser. The
sample was pressed into a self-supporting wafer and placed in
an in-situ quartz cell. The sample was first calcined in 02 at 823
K for 1 h, followed by treatment in helium at 1173 K for 1 h. A
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flow of 5.0% N20/He was then introduced into the quartz cell.
After each treatment, the sample was cooled to room tempera-
ture to record the Raman spectrum.

A transient response method was used to measure the con-
centrations of active iron sites. The Fe/zeolites-C samples were
pretreated in Oz at 823 K for 1 h, and the Fe/zeolites-HT sam-
ples were pretreated in helium at 1173 K for 1 h. The sample
was then cooled in flowing helium to the temperature of the
transient response experiment. The tail gas was continuously
monitored in the reactor outlet after switching from a helium
flow to a 5.0% N20/He flow. The quantity of active Fe(II) sites
was calculated by integration of the N2 evolved.

2.3.  Activity measurements

Catalytic decomposition of N20 over the Fe/zeolites-C/HT
catalysts was carried out in a U-shaped quartz reactor with an
inner diameter of 4 mm. About 50 mg of catalyst were placed
between two quartz-wool plugs; the gas mixture was 5.0%
N20/He at a gas head space velocity of 24 000 h-1. An on-line
mass spectrometer (Gam 200, Pfeiffer Vacuum) was used for
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Fig. 1. XRD patterns of H/zeolites (a), Fe/zeolites-C (b), and
Fe/zeolites-HT (c) samples. (1) H(Fe)/mordenite; (2) H(Fe)/beta; (3)
H(Fe)/ZSM-35; (4) H(Fe)/ZSM-5.

quantitative analysis of tail gas compositions.
3. Results and discussion
3.1. Characterization of H(Fe)/zeolites

Figure 1(a) presents the XRD patterns of the H/mordenite,
H/beta, H/ZSM-35, and H/ZSM-5 zeolites. The expected dif-
fraction patterns for the various zeolite structures and good
crystallinities are observed for all the H/zeolites. For the
Fe/zeolites-C/HT samples, only XRD reflections assigned to
zeolite frameworks are observed, and no XRD patterns as-
cribed to iron oxide nanoparticles appear (Fig. 1(a) and (c)).
This indicates that the long-range order of the zeolite frame-
works is not affected, and high dispersion of iron species on the
zeolites is obtained.

3.2.  UV-visible diffuse reflectance spectra of Fe/zeolites

The coordination environments of various Fe species in
Fe/zeolites-C/HT samples were characterized using UV-Vis
diffuse reflectance spectroscopy. Figure 2(a) displays the
UV-Vis diffuse reflectance spectra of Fe/zeolites-C samples. The
UV-Vis diffuse reflectance spectrum of Fe/mordenite-C shows
three intense Fe(Ill) « O charge-transfer (CT) bands at 240,
275, and 360 nm, as well as a very weak shoulder at 540 nm.
For the Fe/beta-C and Fe/ZSM-5-C samples, two intense lig-
and-to-metal CT bands at 240 and 360 nm and a smaller con-
tribution at 540 nm appear. The Fe/ZSM-35-C sample also ex-
hibits absorption bands at 240, 275, 360, and 540 nm, and the
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Fig. 2. UV-Vis diffuse reflectance spectra of Fe/zeolites-C (a) and
Fe/zeolites-HT (b) samples. (1) Fe/mordenite; (2) Fe/beta; (3)
Fe/ZSM-35; (4) Fe/ZSM-5.
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Table 1

Percentage of the area of sub-bands (/1 at A < 300 nm, Iz at 300 <1 < 400
nm, /3 at A > 400 nm) of UV-visible diffuse reflectance spectra (Fig. 2(a))
and corresponding Fe mass percentage derived from total Fe content in
Fe/zeolites-C.

Catalyst Fea Feb Fec Fed

Aays w% 5L w/% L w/% L w/%
Fe/mordenite-C 1.0 54 055 33 033 13 0.13
Fe/ZSM-5-C 1.1 32 038 64 077 4 0.05
Fe/beta-C 1.1 23 0.28 65 0.78 12 0.14

Fe/ZSM-35-C 1.5 49 074 24 036 27 0.40
aDetermined by ICP. P Isolated Fe ions in tetrahedral and octahedral
coordination. ¢ Oligo-nuclear FexOy clusters (x = 2). 4 Bulk Fe oxides.

intensity of the absorption band at 540 nm is significantly
higher than those of the other three Fe/zeolites-C samples.
Figure 2(b) presents the UV-Vis diffuse reflectance spectra of
the Fe/zeolites-HT samples. The intensity of the CT band at 275
nm is higher, whereas those of the absorption bands centered
at about 240, 360, and 540 nm are lower than those in the
Fe/zeolites-C samples, indicating that high-temperature treat-
ment induces significant changes in iron speciation in all the
Fe/zeolites samples.

In the literature, the CT bands between 200 and 300 nm are
typically assigned to isolated Fe species with tetrahedral or
higher coordinations [24-27], the broad bands between 300
and 450 nm are assigned to small oligomeric Fe.Oy clusters, and
the bands above 450 nm are assigned to large iron oxide ag-
gregates [28]. We therefore ascribe the absorption bands at
240 and 275 nm to Fe(IIl) < O CT of tetrahedrally coordinated
Fe ions and octahedrally coordinated Fe ions, respectively. The
band at 360 nm is related to oligonuclear Fe species, and the
band at about 540 nm arises from bulky iron oxide nanoparti-
cles. On high-temperature activation, the amount of isolated
iron species in octahedral coordination increases, and the
quantity of oligomeric iron clusters and large Fe.Oy particles
decreases. The relative amounts of different iron species are
listed in Table 1. The relative quantities of isolated and oligo-
meric Fe species in the Fe/zeolites-C samples are in the order
Fe/ZSM-35-C > Fe/ZSM-5-C > Fe/beta-C > Fe/mordenite-C,
suggesting that iron species are present mainly as isolated and
oligonuclear cationic species in the zeolite micropores or on the
external surface of the zeolite.

3.3. IR spectra of NO adsorption on Fe/zeolites samples

Figure 3(a) and (b) shows the IR spectra in the region
1500-1900 cm-1! after exposure of the Fe/zeolites-C/HT sam-
ples to NO for 30 min and then purging in a flow of helium. An
IR band at 1626 cm-! with shoulder bands at 1610 and 1580
cm-! can be observed for the Fe/zeolites-C samples. Significant
changes take place in the IR spectra of the catalysts treated in
helium at 1173 K. Besides the IR band at 1626 cm-! with a
shoulder band at 1580 cm-1, a new characteristic IR band at
1874 cm-! appears. For the Fe/ZSM-5-HT catalyst, another IR
band at 1892 cm-1 is observed. Based on the literature data, the
bands at 1580, 1610, and 1626 cm-! are assigned to monoden-
tate/bidentate nitro or nitrate species adsorbed on iron oxide
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Fig. 3. FT-IR spectra of adsorbed NO on Fe/zeolites-C (a) and
Fe/zeolites-HT (b) samples. (1) Fe/mordenite; (2) Fe/beta; (3)
Fe/ZSM-35; (4) Fe/ZSM-5.

species [29-31]. One explanation for the appearance of the
nitro and nitrate species could be that some oxidation of NO by
residual oxygen or extra-framework oxygen to N204, NO2, NO3-,
or NO2- occurs, or very small amounts of NOz are present in the
NO probe gas. The strong IR band at 1874 cm-1 arises from NO
adsorbed on Fe cations of the extra-framework Fe-0-Al oxide
clusters [22], and the shoulder band at 1892 cm-! is ascribed to
mononitrosyl species formed on isolated or oligonuclear iron
species [32]. These two IR bands correspond to the adsorption
of NO on Fe(II) sites, not on Fe(IlI) sites [33]. From the results
presented above, it appears that the cationic iron species that
initially compensate for the negative framework charge of the
Al-occupied oxygen tetrahedra are partially transformed into
extra-framework Fe-0-Al oxide clusters upon high tempera-
ture treatment; this is very important for N2O decomposition
[22].

3.4. Visible Raman spectra of Fe/zeolites samples

Visible resonance Raman spectroscopy has proven to be a
very powerful tool for the identification of the active oxygen
species in Fe/zeolites, such as Fez(p-1,2-02) species in
Fe/ZSM-5 and Fez(p-0)z species in Fe/ZSM-35 [23,34]. Tuning
a laser near or into the characteristic absorption feature of the
sample leads to in-resonance or resonance enhancement of
Raman bands associated only with this chromophore, the in-
tensity of which can be increased as much as 104-10¢ fold
compared with normal Raman scattering [35,36]. Figure 4(a)
shows the visible Raman spectra, excited at 532 nm, of the
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Fig. 4. Visible Raman spectra recorded in situ of Fe/zeolites-HT sam-
ples (a) and after exposure of (a) to 5.0% N20/He at 523 K (b). (1)
Fe/mordenite-HT; (2) Fe/beta-HT; (3) Fe/ZSM-35-HT; (4) Fe/ZSM-5
-HT. The excitation laser line: 532 nm.

Fe/zeolites-HT = samples. The Raman spectrum of
Fe/mordenite-HT has bands centered at 402, 465, 800, and 830
cm-1, which are the characteristic bands of the MOR structure
[37-39]. The Raman spectrum of the Fe/beta-HT presents new
bands at 320, 410, 470, 613, 700, and 830 cm-1. The Raman
bands at 320, 410, and 470 cm-! are assigned to bending modes
of five-membered, six-membered, and four-membered rings,
respectively [40]. The band at 830 cm-! is often associated with
symmetric stretching vibrations of Si-O bonds [41]. The bands
at 613 and 700 cm-! probably correspond to some iron oxides
and oxyhydroxides [42], or to the Si-O bonds of a
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non-crystalline Si-O matrix surrounding the domains of the
BEA structure [43,44]. The spectrum of Fe/ZSM-35-HT has
bands at 325, 425, 800, and 830 cm-1, which are characteristic
of the ZSM-35 framework [43,45-48]. For Fe/ZSM-5-HT, in
addition to the characteristic bands of the MFI structure at 295,
380, 460, and 800 cm-1, a new band at 526 cm-! is observed.
This band is attributed to symmetric stretching vibrations of an
Fe-0O-Fe cluster of low nuclearity [22,49]. After exposure of the
Fe/zeolites-HT samples to 5.0% N20/He at 523 K,
Fe/mordenite-HT, Fe/beta-HT, and Fe/ZSM-5-HT exhibit a new
Raman band at 867 cm-!, and Fe/ZSM-35-HT shows a new
Raman band at 730 cm-! (Fig. 4(b)). The Raman bands at 867
and 730 cm-! are attributed to peroxide species bridging binu-
clear Fe sites [34] and symmetric stretching vibrations of binu-
clear Fez(p-0) sites, respectively [23]. Almost no Raman band
corresponding to binuclear Fe sites can be observed in the
spectrum of Fe/mordenite-HT.

3.5.  Concentrations of active Fe sites in Fe/zeolites samples

The concentrations of active Fe sites were determined using
a transient response method. Fig. 5(a) shows the product-time
profiles in the reactor outlet after switching from a helium flow
to a 5.0% N20/He flow for the Fe/ZSM-5-HT sample. Only N2
and N20 appear in the outlet, indicating the formation of sur-
face oxygen atoms during N20 decomposition at low tempera-
ture. Similar experiments using the Fe/zeolites-C samples re-
vealed that the amount of N2 evolved was negligible, suggesting
that high-temperature activation is a prerequisite for the for-
mation of active Fe sites [22]. The concentration of active Fe
sites per gram of a Fe/zeolite-HT sample can be obtained by
integrating the peak of the Nz released; the results are listed in
Table 2. The concentrations of active Fe sites in the
Fe/zeolites-HT samples are in the order Fe/ZSM-35-HT >
Fe/beta-HT > Fe/ZSM-5-HT > Fe/mordenite-HT; this is in
agreement with the FT-IR spectra. The intensity of the IR band
at 1874 cm-! has a proportional linear relation with the con-
centration of active iron sites (Fig. 5(b)). The FT-IR and visible
Raman spectra, combined with the transient response experi-
mental results, indicate that binuclear iron sites stabilized by
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Fig. 5. (a) Product-time profiles in the reactor outlet after a step change from He flow to 5.0% N.0/He flow at 523 K on Fe/ZSM-5-HT sample; (b)
Dependence of the integrated 1874 cm-! band intensity on the concentration of active Fe sites determined by the transient response method for

Fe/zeolites-HT samples.
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Table 2

Concentration of active Fe sites determined by the transient response
method and the reaction rate of N:0 decomposition over
Fe/zeolites-C/HT samples.

N20 decomposition

a b
Catalyst [active Fe sites] (mRrr(E;;)()g-{l)) (le’flI:)Ii/o()g'{l))
(10"/g)
Fe/mordenite 0.9 0.7 1.1b
Fe/ZSM-5 7.3 10.4 15.0°
Fe/beta 10.0 6.6 17.6>
Fe/ZSM-35 11.6 15.4 19.1¢

aRate of N20 decomposition at 733 K for Fe/zeolites-C samples.

bRate of N0 decomposition at 713 K for Fe/mordenite-HT, Fe/beta-HT,
and Fe/ZSM-5-HT samples.

cRate of N.0 decomposition at 673 K for Fe/ZSM-35-HT sample.

extra-framework Al in Fe/ZSM-35-HT, Fe/ZSM-5-HT, and
Fe/beta-HT samples are the active sites in N20 decomposition.
Only a very small amount of N2 was released in the transient
response experiments, suggesting that almost no binuclear Fe
sites are formed in the Fe/mordenite-HT sample.

3.6. Catalytic activities of Fe/zeolites in N20 decomposition

Figure 6(a) shows the N20 conversion versus temperature
curves in N20 decomposition for the Fe/zeolites-C catalysts.
For the Fe/ZSM-35-C, Fe/ZSM-5-C, and Fe/beta-C catalysts,
N20 conversion starts at 700 K and is complete at about 773 K.
For the Fe/mordenite-C catalyst, the reaction takes place at 743
K and finishes at 853 K. The rates of N20 decomposition at 733
K for the Fe/zeolites-C catalysts are in the order Fe/ZSM-35-C >
Fe/ZSM-5-C > Fe/beta-C > Fe/mordenite-C (Table 2). Clearly,
the rate of N20 decomposition increases linearly with the total
quantity of isolated and oligonuclear Fe species (Fig. 7(a)), in-
dicating that various types of Fe species, except large iron oxide
nanoparticles, contribute to direct N2O decomposition.

The catalytic activities of all the Fe/zeolites catalysts in N20
decomposition increased significantly upon high-temperature
treatment. The required temperature for 50% N20 conversion
over the Fe/zeolites-HT samples was reduced by 80 K for
Fe/ZSM-35-HT, 50 K for Fe/beta-HT, 40 K for Fe/ZSM-5-HT,
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Fig. 6. N0 conversion versus temperature over Fe/zeolites-C (a) and
Fe/zeolites-HT (b) samples. (1) Fe/mordenite; (2) Fe/ZSM-5; (3)
Fe/beta; (4) Fe/ZSM-35. Reaction conditions: 5.0% N.0/He.

and 30 K for Fe/mordenite-HT compared with their corre-
sponding calcined counterparts (Fig. 6). The N20 conversions at
713 K for the Fe/zeolites-HT catalysts are in the order
Fe/ZSM-35-HT >  Fe/beta-HT >  Fe/ZSM-5-HT >
Fe/mordenite-HT. Moreover, the rate of N20 decomposition at
713 K for the Fe/zeolites-HT catalysts is directly proportional
to the concentration of active binuclear Fe sites, suggesting that
the active binuclear Fe sites bound to extra-framework Al are
responsible for direct N20 decomposition (Fig. 7(b)). The cata-
lytic properties of the Fe/mordenite-C and Fe/mordenite-HT
catalysts in N20 decomposition are very similar, indicating a
low concentration of active binuclear Fe sites.

R
20 - Fe/ZSM-35-HT

15 1 Fe/ZSM-5-HT, Fe/beta-HT

10 -

R(N,O)/(mmol/(g-h))
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Fig. 7. (a) Dependence of the rate of N2O decomposition at 733 K on the total amount of isolated iron ions, bi-nuclear, and oligo-nuclear iron clusters
estimated from the UV-Vis diffuse reflectance spectra of Fe/zeolites-C samples; (b) Dependence of the rate of N2O decomposition at 713 K on the
concentration of Fe(II) sites determined by the transient response method for Fe/zeolites-HT samples. For the Fe/ZSM-35-HT sample, the rate of N.0

decomposition was calculated at 673 K.
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Fig. 8. The o, 3-, and y-type cationic sites in mordenite, beta, ZSM-35, and ZSM-5 zeolites.

The differences among the catalytic activities of the
Fe/zeolites-HT samples are associated with differences in the
concentrations of active binuclear Fe sites. Furthermore, the
formation of active binuclear Fe sites correlates well with the
zeolite framework type. For Fe/zeolites catalysts prepared
using an ion-exchange method, three main cationic positions, o,
B3, and y, are populated by divalent cations in high-silica zeolites
[9]. Figure 8 displays the a-, 3-, and y-type cationic sites in FER,
MFI, BEA, and MOR structures. The a-type site is a
six-membered ring composed of two five-membered rings
(5-MR) and located in the main channels of the MOR, FER, and
MFI frameworks or in the cages of polymorph C of the BEA
framework. The B-type site is a twisted eight-membered ring
(8-MR) in the MOR cavity, or a deformed six-membered ring
(6-MR) located in the FER cavity, whereas in the ZSM-5 and
beta zeolites, the [-type site is related to a deformed
six-membered ring at the intersection of the straight and sinus-
oidal channels of ZSM-5 or inside the cages of polymorphs A
and B of beta zeolite. The y-type site corresponds to a
boat-shaped site in the FER, MFI, and MOR frameworks, or a
position inside the cages of polymorphs A and B of the beta
zeolite.

The different frameworks have an impact on the accessibil-
ity of Co(Il) ions located in the individual sites of zeolites.
Dédecek et al. [50,51] reported that only Co(II) cations accom-
modated in the a and f sites of zeolites are accessible to reac-
tants and can play a role as reaction centers, whereas y-type
Co(II) cations are not accessible to reactants in Co/zeolite sam-
ples. Moreover, it is generally accepted that Oz desorption is the
rate-determining step for N20 decomposition [25]. Short dis-
tances between the active Fe sites might therefore increase the
probability of combination and desorption of adsorbed oxygen
atoms. The distances between the two closest cationic sites
represent the distances between the two closest cations. Dif-
ferent zeolite structures result in different distances of the two
Fe(II) cations accommodated in two adjacent collaborating a or
B sites in ZSM-35, beta, ZSM-5, and mordenite. The distances
between the neighboring o and f sites in FER are 0.54 and 0.61
nm, respectively, and those between two adjacent f sites in
beta, ZSM-5, and mordenite are 0.75, 0.45, and 0.7 nm, respec-
tively [50]. The distance between two neighboring a sites in
ZSM-5 is 0.75 nm, but the sites do not face each other, indicat-
ing that they are possibly not favorable for N20 decomposition.
The distance between two neighboring § sites is 0.75 nm, and
their appropriate arrangement is beneficial for the formation of

the transition state in N20 decomposition [8,10]. Two adjacent
collaborating o or f sites in the main channel of the ZSM-35
zeolite, two neighboring (8 sites inside the cages of polymorphs
A and B of the beta zeolite, and two f3 sites at the intersection of
the straight and sinusoidal channels of the ZSM-5 structure are
therefore appropriate for the formation of active binuclear Fe
sites favorable for N20 decomposition.

Other important parameters controlling the formation of
active Fe sites are the distributions and concentrations of Al
pairs in specific cationic sites of high-silica zeolites; these have
been shown to control the structures and concentrations of Fe
ions in these zeolites [10,52]. The formation of binuclear Fe
sites requires the presence of two Al atoms in each of the two
cooperating cationic sites. The upper limit of the probability of
the presence of an Al pair in each ring of the specific cationic
sites can be estimated using bare Co(II) ions as a probe, ana-
lyzed by UV-visible diffuse reflectance absorbance spectrosco-
py [15-19].

Sklenak et al. [10] showed that the maximum loading of
bare Co(II) ions is Co/Al = 0.31 in ZSM-35 zeolite. Thus, 62% of
all framework Al atoms are accommodated as pairs in the
six-membered rings of a and B sites. The Si/Al ratio of the
ZSM-35 sample is 10.5, meaning that the concentration of Al
atoms is 7.9 x 10-4 mol/g. The Fe exchange at Fe/Al = 0.33 cor-
responds to 4.9 x 10-4 mol of Al atoms per gram of Fe/ZSM-35
sample (7.9 x 10-4 x 0.62). According to the literature, about
5% and 85% of Fe(II) cations are located at a- and f-type cati-
onic sites, respectively [18]. The concentration of Fe(II) ions
located in two adjacent collaborating o and f3 sites that are able
to form binuclear Fe sites is therefore 2.5 x 10-* mol/g. The
maximum Co/Al ratio reached for Co(II) ions exchanged to beta
(Si/Al = 13) was 0.45, showing that 90% of framework Al at-
oms are located in 6-MR as Al pairs. Among these, 55% of the
Co(II) ions are located at 8 sites [17]. The Fe/Al ratio of 0.33 of
the Fe/beta catalyst means that the concentration of Al pairs at
[ sites is 3.2 x 10-* mol/g and the concentration of binuclear Fe
sites is 1.6 x 10-4 mol/g. For the ZSM-5 sample investigated, the
maximum Co/Al ratio was 0.4, suggesting that 80% of the
framework Al atoms are distributed in 6-MR as Al-0-Si-0-Al
pairs, of which 50% occupy B-type cationic sites [53]. This in-
dicates that 40% of the framework Al atoms are accommodated
in the six-membered rings of cationic 3 sites. The highest at-
tainable loading of Fe(II) ions at cationic {3 sites (Fe/Al = 0.33)
in ZSM-5 (Si/Al = 12.5) is therefore 1.3 x 10-4 mol/g. In sum-
mary, the concentrations of active binuclear Fe sites in the
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Fe/ZSM-35-HT, Fe/beta-HT, and Fe/ZSM-5-HT samples are in
the order Fe/ZSM-35-HT > Fe/beta-HT > Fe/ZSM-5-HT. This is
in agreement with the catalytic performance of the
Fe/zeolites-HT samples in direct N20 decomposition.

4. Conclusions

The effect of zeolite structure on the catalytic performance
of Fe/zeolites-HT samples in N20 decomposition was investi-
gated using UV-visible diffuse reflectance, in-situ FT-IR, and
in-situ visible Raman spectroscopic techniques in combination
with a transient response method. The catalytic activities of the
Fe/zeolites-HT samples were in the order Fe/ZSM-35-HT >
Fe/beta-HT > Fe/ZSM-5-HT > Fe/mordenite-HT. A good rela-
tionship was found between the rate of N2O decomposition and
the concentration of binuclear Fe sites, indicating that the binu-
clear Fe sites are the active sites for N20 decomposition. It was
shown that two Fe(II) cations located in two adjacent collabo-
rating six-membered rings in a 10-membered ring channel («
sites) or in two adjacent six-membered rings in an
eight-membered ring channel (B sites) in the ZSM-35 frame-
work can form active binuclear iron sites. Similar structures
can also be formed in two adjacent six-membered rings in
polymorphs A and B of the beta zeolite or in two neighboring
six-membered rings at the intersection of straight and sinusoi-
dal channels of the ZSM-5 zeolite.
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IRUF I ERTE, I L FeM PR I b o0 T 3 1.
3.2. FelzeoliteREMmAYESN-7] I8 ST i

K FHUV-Visilt 4L 1 Felzeolite i v 5 Fft 2k 47
FIBCAZ A, B 2(a) NFelzeolite-CHE i 1) 48 4h- 1T W8 [
S . i &AW, Fe/mordenite-CHE i 7£ 240, 275411
360 nm Ak HY B Wi g, H 7 540 nmAT — AN 55 18 04 ;
Fe/beta-CflIFe/ZSM-5-C{£ 2401360 nm4b H E1L B 5 i1
WU, 7E540 nm it I — AN 55 1) . % T Fe/ZSM-35-C
1M &5, 240, 275, 36071540 nm Ab I AL 04 ff 568 75 bE H e =
Tl Fe/zeolite-CFF i B 25 . %] 2(b) /& Fe/zeolite-HT F: i
(58 Ah- 1] LI S SR 1 Pl T U Y, e i A B s B
1275 nm A ) R A e 5 2 B 8 OK T 240, 360 #1540
nm Ak (1 W A UG 5 FE B O 59 . IX 3R B v IR AL BE A
Fe/zeoliteFf i b (IR FP e ) AR T B AR 1k,

Tt 5T 2 B, 200~300 nm ik A ic U 5 DY FC A7 555 v i
A7 (R FIST Aol ) Fi 4 e B BT AT 92427, 300~450 nm
ABAR TE (W SOV U1 T 7S TG AT B S SR kP B, 450 nm
DA I f R VAT e ) S 5 /0 f S A Ak A oK R PO
24071275 nmAb W Wi 53 5l 5 43 0 B S v DU G A7 19 2k
PRl 537 0 1 4R A0 S EC AL 2R 0 R it O—Fe (1) F L 1

FERSIRAT A 6 ; 36081540 nm A W iz i T 43 53] ok [ 55 58
(0 o R AH 0 S AR G R SO, pl U mT L, il Ak
S HORE i RN BCAL AR Ak R B B 22 [ I B 5
P A ot R S84 ik 0 K SR ) B B 3 k. R AT
DRSO E TE B i AN [ R R i 5 f 51 T3k 1. AT LG
i, Fe/zeolite-CHF iy Bk F 3= L LAAIST R 52 R (1 T 2
71, BATM S & & K/ v FelZSM-35-C >
Fe/ZSM-5-C > Fe/beta-C > Fe/mordenite-C. iX % B 5] A
(I P Fh 3 22 DA ey 43 B 7 2K G 3 7E 40 1 0 ¥ FLIE
HER AR L.
3.3. FelzeoliteA EIFT-IRiE

3(a) Al (b) 7 B N E I B 1.0%NO 7
Fe/zeolite-C/HT A it MR AR AN, P22 He Wk 43 Ji5 1) J5L A
FT-IRi. 1 &7 W, Felzeolite-CHE i 43 %1 #£ 1626, 1610
F11580 cm 4k HY B Ui, 221173 K N Hebt AL B, B
1626411580 cm AW IS I 4h, I 7EL1874 e b B T —
ANFTHI I, 7EFe/ZSM-5-HT 43 1 e i b3l i 3 —
AN F-1892 em Ak IR YU 1580, 161011626 cm ik
WAL U U1 J8 -4k AR 42 TR Bf FrJ—N O i1/ —NO, 5 [4]
(1 VR WAL % 0 29731 5 T i S v 1 01 5 2 T W PR )
NO-5 Js WA, Hh 4% 7 AR 1 e O, B 3 1 0 2 THT ) S 0 o
AL, A OB A FRINLO,, NO2, NO3 BUNO, T 2.
1874 1 1892 cm™ &b WY Wi 0 JU) 43 i X R T 42 A
Fe—O-AIYF P2 I ST 58 55 5 14k 20k NO I
PR B B2 33 g A 0 206t 5 F NOFE Fe(1) B 1 11 A /2
Fe(I1)B T Mgt B30 &5 B aydn, m i b Bt A v 1
240 BRI A7 o 5 A ) S0 e 497 5 PH S T A IR A
SEEAMEE R S T R R R 2R A Fe-O-ARR & L, JE
HAENLO 5 i 2 3 P b 5 o 2 1) 1 22,
3.4. Felzeolite¥ MBI T ILHI 2SI

RN AL P34 [t 7o 2 0, AT RS B e i mT
DA SR T e 5 P M 4 5 k) T O P TS PR SR AR,
tt 4 Fe/ZSM-5 43 - ¥ 1 1) Fey(u-1,2-0,) 4 Fit
Fe/ZSM-357) 1~ fii  F) Feo(u-O) Wl IEHRF 2 25N i
T 4R 0 SO A %6 5 450 0 43 1 (R 3R A o 7 IR A 0
B AR, X — 2 T 3B UANRRIE Hr 2 il 7 0
A LUIA B 1E 5 Fr 2384 10 LAE H 210710045 B3, &5
TEH B2 A b, LR 2 e 7 A R RS A
P RO B PRI R R R EEEA. Ea@ N
Fe/zeolite-HT # i /9 7] WL f7 = Ot % . B B #] WL,
Fe/mordenite-HT 73 1 T+ 402, 465, 800 #1830 cm 4k i
LY AN 54 U6 ¥4 %6 B2 T mordenite [ B 42 4% 2 B30



WANG Junying et al. / Chinese Journal of Catalysis 34 (2013) 876-888 887

Fe/beta-HT ) 19 {£320, 410, 470, 613, 700411830 cm 4t
I NAMERE G, 320, 41081470 cm b AR I 43
VR T/ Te3h s FICHRIY SE R R 4R 5510 830 cm™
REHEAE VTSR 1 43107 B 48 vh Si-O i 4 3R 5 MY; 613
F1700 em ™ 4b (5 AIE I TT AE SR 1 4 Ak Ak Bl AU AU L Bk
Fe—O [t 11 47 1% 5 14 B 3% beta 7y 1 07 i 44 8 BB G o€ T2
SiO, 1 Si—O% {1 {45 4z 25 34, ZSM-3543 1 i B 42 4k
) (1 45 i 0 H I 7E 325, 425, 800 1830 cmt b [4345-48);
Fe/ZSM-5-HT 43 T §ifi 4 T 7 295, 380, 460 F1800 cm™* 4k
H B & T MFIS5 R (B R AIE 06 LA A, I8 76526 em™ 4b H
BURFAE I, 7T U5 & T 2R (1 FeO, /N % 1 Fe—O—Fe [l X ik
iRzl 2241,

¥ Felzeolite-HTHE: 5 7£523 K T % 5% 7£5.0% N,O/He
SRR 2 )5, FelZSM-5-HT Fll Fe/beta-HT 43 -1 i 1 867
cm 4k, Fe/lZSM-35-HT 43 1§t £ 730 cm 4k tH LT 1) 4
fIEH7 2 1% 06 (D0 ¥ 4(b)), BT 43 A & T XU ks
Sl T (OO 11 X R A 45 41 211 R XUA% Feo(-0), 4%
Tt v (O—Fe—O) X #1145 9 51 1. Fe/mordenite-HT 73
T LIRSS B XU R T K.
35. ERIEMAIAVIKE

KW B2 77558 T Felzeolite-C/HTHE i -8k
TEPEAL R EE . IS NFe/ZSM-5-HT#E i £1173 K N He
AL ERL ), U 55.0% NLO/Helst 1 7= 4 - it [i] )3
Fize, LA, £ RS REIE] 7 NAINO, % B
N,OTE523 K73 fiff Ji A= B ) S8 M A i AE T Felzeolite A i
=100 L. Fel/zeolite-CH¥ gt 47 Ik 45 o7 2 556 ) 1L°F-
RSN 38 N 1) A2 15z, 356 I v Ak 8 K v 1 o7 A Bl ) —
AN P25 B A BN A AR 4 T B AT DL 7S 3
B i 5 Felzeolite B in H AR TS TR AL IR FE, 45 SR L3 2.
A LU Hi, Felzeolite-HT A i b8k 3% 14 A7 1 R 52 vy {1t
¥ N FelZSM-35-HT > Fe/beta-HT > Fe/ZSM-5-HT >
Fe/mordenite-HT. iX 5FT-IR%% 5 — %, #1874 cm 4t
2T A UG 1) 558 155 I 5 3 e S 34 B ) 988 Jon o 2 44 348
(LIE5(b)). 454 JEALFT-IREE, BT W47 2 itk K 5 245 B
2SI R 45 B AT A, 7F Fe/lZSM-35-HT, Fe/ZSM-5-HT Al
Felbeta-HT FE b v, B 22 AN EE i 1 BURZ A 4 b 2 MG
N,O 4 fift 0 35 P b ol . TE WF & N & L %,
Fe/mordenite-HT = K 4 /b 8 Ny A= i, X i3F — 25 AIE B 7
Fe/mordenite-HT 771 b J L A EAR TR HI Bk Fl.
3.6. FelzeolitekE SR L 14 BE

k16(a) ~yFelzeolite-C/HT A it £ N,O 73 i S B HHN,O
Al 2 BE R AR 4. B B AT L, X T Fe/ZSM-35-C,

Fe/ZSM-5-C il Fe/beta-C ff 4, 75 £ &, N;OTE 700 KA
HHHE A, 2773 KB 584240 f##. Fe/mordenite-CH¥:
it _ENLO 43 i SN 743 KT 4R, 311853 K52 . N,OTE
TT3 K I 43 fif 3 & (1) K /N 5 O~ FelZSM-35-C >
Fe/ZSM-5-C > Fe/beta-C > Fe/mordenite-C ( .3 2), # H.
N, O /) fift 1% & 6 % Fe/zeolitetf i ST 5 58 Rk i
R B IS o 2R P 8 (0L 7(a)). X K B TE
Fe/zeolite-CHf it 1, BRI 1 AL BR G OK RO A1 1) 25 Fh
BRADFRER I NLO 7 ift S S A BT iR,

T i A B BT A5 Felzeolite B 5 1 18 4k 375 14 5 2% 72
=, 45 L E6(D). N,OFs 4k 2 1A £1|50% I BT 7 I % 5
Fe/zeolite-C # & b #H Lt |, Fe/ZSM-35, Fe/beta, Fe/ZSM-5
A1 Fe/mordenite £ & I 73 71l F# X 180, 50, 40 A1 30K.
Fe/zeolite-HT ¥ i 7 713 K I N,O 73 i 3 12 i /> 9 :
Fe/ZSM-35-HT > Fe/beta-HT > Fe/ZSM-5-HT > Fe/mor-
denite-HT, H.N, O 73 fiff i3 22 8 XURZ B Ak 2 1y 164
M 2 P 385 (O P 7 (b)), 3 it BH B 48 AR AR 1 U 2k
V) Fft 7 FelZSM-35-HT, Fe/ZSM-5-HT Al Fe/beta-HT {1k,
I FASNLO /> i & YE A L. BT Fe/mordenite-HT )
T AR ME TR RGO PR ok 225 460 PR SURZ Bk P o, i DA o5
T AL BT 5 PEN O3 fiff S S Hh P A 12 B AH 22 6 J .

Fe/zeolite-HTHFE it 7EN,O 73 i S5 S 14 1 22 531 5
KRR TR BE AR 0%, T U R R (R 15 431 Vi
(R SCB VIR OGBS A vk ) 4% 1) 43 1 TR RE e
AR I < P S T VR AE Sy 1R R R o, BTy Y B
B B K8 FER, MFI, BEARIMORYS: T tia, B
Ry BIRHES T4, Ho oA T A FCHTE BRI 7S 6 3R
B2 T MOR, FERM ZSM-573 1~ i -+ JG ¥ B 7L 38 BE
- PL K BEAG 14 43 1 i (1) 2 AR C R BALAL T MORJE
L)\ e . FEREE TS oA . MFIZS
¥ 53 ELALTE AN Z B FLIE A8 AL 7S o T LA BEA
SER 5y 10 22 TR AR AFIB IR 75 0% 58 v B~ T A1 R 7S
T v A7 FFER, MFLFIMOR H () 1 B4 437 v ATBEA
HEF Y10 22 AR ARIBIR 7S IA T 6 .

Dédecek i ZH PO 1 7t % B, #£ Colzeolitesfi fk 71
tkZ o, B EEHIBA_ERICo()E A RES 5 ),
WAEYAL B Co(IN B F AR S 5 M. i b FE i)
Fe/zeolite ¥ it _F ¥ B I XURZ AL i (R A B2 Fe(11), T
ASAEFe(IN), I H A0 i U 4 & BH 25 775 ke 43 1 0 o
vEAL B A EE Y. BhAh, — A, OB BB A2 N,O %>
AR S T ) st 215 9B P29, ARLAT O AN o7 2 T e O B
B R TR IA M I 45 & 5 ikt 5, Fe/zeolite
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T it KR A0S P AN 3 AT 2 T ) B B A T
VIAHDE. 4370 op AR AR P AN oosr B AT 95 A B AL i B 8 ]
LA AARER T AR L i AN Fe(I) B FRIBE B, A TH
3 -5 R A T AN oo S AT 7 S BAST 1) B 5 A A [ 1.
ZSM-35 H AH AT PR A oo A1 A AT P AN BAL 14 PR 2 43l o2
0.54 nmA110.61 nm B0, ZSM-5 r1 +H 4T 19 4> oo 14 8 18 2
0.75 nm, {HBATIAS 22 [HIA [HIA77E 1Y, EH G TR 1 ) 00 2k
BLAST T N,O 73 ik S LT HEAT . FH AT P A~ BAE I P 15 42
0.45 nmf HEATAR/E B FLIE 5 Z 8 FLIE 1 28 XAk, A 7
TNLOF it B2 v e S A AN = o i 0. Beta sy 10
HEEZ TARC T of EHIFe(Il) & T A RES 5 K.
Beta 31~ 1 w AH 48 99 AN BAZ 1A B B9 42 0.75 nm, B A6 T
Z T AR ARIB H 75 1T 78 (67 TH L M 1) 7S G 3R oy,
FIFNLOJ3 fift 2 N H ok 245 B T 1, BT LA R B e T TE 2
TR ARIB FARAR AN BAL_E (S Fe(1) B 1 B,

ZE LAl s, Y515 ZSM-35%> 1 i -+ S0 38 B FLIE A
AP oz b AN Fe() 5 7 A1\ 63 FL1E A AR
ANBAE b BB AN Fe(Il) 25 T &5 75 25 T ROSUZ Bk AL 5 ¥ 7E
beta sy -1 % JE AR ARIBH 7S 2 T8 58 HHAH AR P ANBAL L 11
PIANFe(11) B8 125 5 TE UL KA ; ¥ AEZSM-54) 1T -+
TG B LIE 5 Z B L A8 XA AE A0 A BAL A
Fe(11) B 1-25 5y T FROVUZ BR3P AL

Ty Ab— A~ e A ) A 23 O R B T T B R
TN E A B L _E o AR R 43 AR TS, TR A A% ik
T AT 1R TR RS 7 B AE A S A AT BH B AL b A B B RS
T HE AR P AN R T, BT DLRORT R R 23 A e g ) o
T 0 PR A b 5 F R R 105 Dedecek 2 15 )
Co(I) B 1 AHREr, B S Ah-1T W38 KA ekl e 1 5
O R S B S A RO AR AR R K R

ZSM-35 %y 1 i 1, Co(Il) B 1 1) B K A8 e & 2
Co/Al = 0.31, AT i ZEAIE T K £162% 2 LLRXT (1)
& R 2 A5 AE o 1B A7 19 /N 78 3 B9 SijAL = 10.5 (1
ZSM-35 %) T fifi v, A7 B AL P 7.9 x 1077
mol/g AR T-. Fe/Al = 0.330F, BA7 i i AL 7] b £
4.9 x 107" mol/g I AlE 7 UL % sRAFAE T o b F AL
17N TCH (7.9 x 107 % 0.62). Fe/ZSM-35%) 1, K
214 5% H185% [ Fe(I1) B 73 5l & 1E 43+ i ) afor FB AL
OB 3 FLARAR A oS R AR AN AT = #5 7T LAE J

k. DRk, B i Ak 5T o 8 A5 2.5 x 107
mol/g ) 8k &5 1 0] DL BCXURZ BR A, XF T SilAl = 131
betay 171 &, it K ColAlLL N0.45 (K Z14790% 1)1 42
AL B A7 AE T 75 T6 ), 55% ) Co (1) B 7%
fEBHL . FelAl = 0.330F, #A7 i B AL 3.2 x
107" mol/g FIAIR T Lot i A7 78 Az b, Ty
A7) AT DU BROSURZ kA7 ¥ Fe (1) B8 1 1) 5 1.6 %
10~ mol/g. ZSM-5 5 K 1 Co/Al Lt 0.4, [ 11:80% )
HZEAE - LR (7% AR E TN 763 B, Hr50% (1)
AIEFERAE | B3t & U, % 2 45 40% [ 3L Al 7
PAEBLLII N TTHA_E. SiAl = 12.5()ZSM-5%) 1~ rf, #
A7 R B AL 77t 456.7 x 107 mol/g (1) AL 1+ ; FelAl =
0.33MF, PN & AL 7 2.7 x 107 mol/g AR T
LR 6 RAFAE T B AL L, D) By o B i Ak 70 b ] BA
T A% Bk A7 A Fe(I) 5 7 1) 9 1.3 x 107 mol/g. &
2., TEFe/ZSM-35-HT, Fe/beta-HT F1Fe/ZSM-5-HT 4} 1-fii
OB R% Bk E VR A IR BE I P & Fe/ZSM-35-HT >
Fe/beta-HT > Fe/ZSM-5-HT, 5 ‘& A 14t N,O 73 it 1 i
P —3K.

4, ZEig

KA -FT I8 SO . JRAL LT AN B R L
P & 45 A WA B T IR LT AR Felzeolite
i 7E NoO 7 fift Je B0 w1 A PR BB . 4 SR R B,
Fe/zeolite-HT ¥ i 78 NoO 43 fift i J82 w1 3% 14 L 7
Fe/ZSM-35-HT > Fe/beta-HT > Fe/ZSM-5-HT > Fe/mor-
denite-HT, 58 22 4MERS 2 1 SUZ B P IR e I 2 28 1
XK A& . X U W Fe/ZSM-35-HT, Fe/beta-HT Al Fe/
ZSM-5-HT {4k 751 T 3% PR RUAZ B A7 A2 N O 3 il 14D %
iy, Fe/mordenite-HT Hf () Fe) b 32 5 LA ST 2k B 1 1
TEAFAE, DRI FLAE NO 3 A S5 S HH 1R A A4 37 1 AR AT
TSR R P R B 43 i R R 28 S 5 D) A O
(1. 45 R R W], Fe/ZSM-35%) 19 -+ J0 ¥1 L8 Hh AH 48
Aoz A1\ TR FLIE AR 20 P A BAL AR e A2 T 1> Fe(Il)
BT T R BE 15 2000 N O I SUZ Bk vi5 4 L. Felbeta
HIFe/ZSM-5%) 1 i h R A ¥ AEAH B AN AL _E P4
Fe(1) 3 T4 RETE i 2 15 NLO 43 At 1) v 17k 1 1) Uk v 1k
s,



