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Abstract—Fe-substituted mordenites were synthesized hydrothermally, partially substituting iron atoms for the frame-
work aluminum of mordenite. XRD, SEM, IR, UV-VIS DRS, ESR, XAS, and catalytic activity studies provided the
evidence of Fe’* present in the zeolite framework. The framework IR bands were shifted to lower frequencies as Fe*'
ions incorporated into the lattice, and a new Si-O-Fe bond vibration was located near 668 cm™. The presence of a signal
at g=4.3 in the ESR spectra was assigned to Fe’* isomorphously substituted in the tetrahedral position. EXAFS at the
Fe K-edge revealed that the Fe*' ions were present in the zeolite framework in a four-fold coordination with an average
Fe-O distance of 1.86 A. In the UV-vis spectra, an absorption was observed at 375.7 nm which was assigned to the
presence of Fe’' in the zeolite framework. A toluene alkylation study reflected that the acidity strength of mordenite

is weakened due to the presence of lattice iron species.
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INTRODUCTION

The framework substitution of Si*" and/or A" by various transi-
tion metal ions into the framework of different zeolites has stimu-
lated considerable interest in the utilization of zeolites as catalysts.
Isomorphous substitution of Fe* into the framework of zeolites in-
duces changes in acidity and modification in morphology, as well
as pore expansion caused by introducing an Fe-O bond (1.84 A) in
the place of a Si-O bond (1.60 A), which can affect the product se-
lectivity. Dong et al. [1] incorporated Fe’ into the mordenite frame-
work and found that the iron-substituted mordenite had higher se-
lectivity of isobutene than Al-mordenite for the dehydration of zert-
butanol. Trace amounts of non-framework iron formed in the zeo-
lites have also been shown to contribute to the overall catalytic activity
[2].

Due to their interesting properties, zeolites isomorphously sub-
stituted with iron have been studied extensively [3-21]. Szostak and
Thomas [3] were the first who deliberately synthesized a sodalite
with significant quantities of Fe* in the framework (SiO,/Fe,0,=
6-30). Over the years, a wide range of iron analogues such as SOD
[4], MFI [5,6], MOR [8,9], MTT [10], MTW [11], LTL [12], IFR
[13], BEA [14], VFI [15], ATS [16] and mesoporous silica molec-
ular sieves [16-20] have been reported, and various characteriza-
tion techniques employed to demonstrate the structural incorporated
iron in these molecular sieves.

Synthetic mordenites are used extensively as catalysts and adsor-
bents. The replacement of A" by Fe** ions in the mordenite frame-
work may give rise to novel materials with interesting applications.
Iron can be substituted into the tetrahedral framework sites of a mole-
cular sieve structure during synthesis [3,22-24]; however, the amount
of F&’" incorporated and the purity of the resulting zeolites depend
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on the conditions of synthesis [22]. Extra-framework iron species
may be present in the as-synthesized materials; therefore care must
be taken to avoid the formation of insoluble brown-colored ferric
hydroxides [25].

Though synthesis methods of iron-substituted mordenites have
been reported [7-9], further investigation concerning the synthesis
of iron-substituted mordenites with extensive characterization and
catalytic evaluation would contribute towards a better understand-
ing of the system. In this work, we present the details of the syn-
thesis procedure and characterization studies involving XRD, SEM,
IR, EPR, UV-VIS DRS, and XAS for the zeolites having the MOR
structure with associated iron species. Catalytic runs for toluene
alkylation are also applied as a probe reaction to evaluate the prop-

erty change.
EXPERIMENTAL

1. Synthesis

The reagents used in preparing the substrate were fumed silica
(Cab-0-Sil, 97% Si0,), sodium hydroxide (Junsei Co., 95%), sodium
aluminate (Junsei Co., 32.6% Na,O, 35.7% Al,O;), ferric nitrate
nanohydrate (Shinyo Co., 98%), and deionized water. The Al- and
Fe-substituted mordenite samples were synthesized from substrates
having the following compositions: 7 Na,0O-x Fe,05-(1—x) ALO;-
25 Si0,-700 H,O, where x=0, 0.15 and 0.30.

In a typical synthesis experiment, the reaction mixture was pre-
pared by dissolving a desirable amount of ferric nitrate in deion-
ized water to have solution A. Solution B was prepared by dissolv-
ing sodium hydroxide and sodium aluminate in deionized water.
The required amount of fumed silica was added slowly to solution
B with stirring until it was homogeneous. To this gel mixture solu-
tion A was slowly added with vigorous stirring until the homoge-
neous gel was obtained. The pH of the gel mixture was adjusted by
the addition of dilute sulfuric acid aqueous solution to the desirable
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value (pH = 10.5). The resulting pale yellow gel formed was fur-
ther stirred for 1 h intensively. The reaction mixture was transferred
to a 100 ml teflon-lined stainless steel autoclave and maintained in
an air oven at 443 K under unstirred conditions. Autoclaves were
removed at different time intervals from the oven and were quenched
immediately in cold water for phase identification. After the solid
products were suction-filtrated, excess alkali was washed out with
deionized water and the products were dried in an air oven at 393 K
for 12 h.
2. Characterization

X-Ray diffraction patterns of the different crystalline samples
were determined by Philips, PW-1700 diffractometer using Ni-fil-
tered monochromatic CuK ¢ radiation, 40 kV, 25 mA with a scan-
ning rate of 6° min™' (26). The crystallite size and morphology of
the crystalline phase were examined with a scanning electron mi-
croscope (Hitachi, X-650) after coating with a Au-Pd evaporated
film. Framework IR spectra of the samples were recorded in air at
room temperature on a Perkin Elmer 221 spectrometer (in the range
of 400-4,000 cm™") with wafers of zeolites mixed with dry KBr. Elec-
tron spin resonance spectra were measured with a Bruker E-2000
spectrometer in the temperature range of 100 K-300 K. Diffuse re-
flectance UV-vis spectra were recorded with a Varian CARY 3E
spectrometer equipped with an integrating sphere and dehydrated
MgO as a reference in the range of 190-900 nm. The XAS spectra
were measured above the Fe K-edge at beamline 10B, Photon Fac-
tory of National Laboratory for High Energy Physics in Tsukuba,
Japan. EXAFS data were analyzed by using the UWXAFS2 pro-
gram package [26]. The EXAFS oscillation ((k)) was multiplied
by the wave vector cube (k) after background removal and nor-
malization. The background was removed with R-space technique
[27,28], which minimized low R components in its Fourier trans-
form compared with the standard generated from FEFFS5 code [29].
This procedure is described in detail elsewhere [27-30].
3. Catalytic Reaction Study

The H-forms of zeolites were obtained by ion-exchanging the
zeolites prepared three times by the conventional procedure with
1 M ammonium nitrate aqueous solution at 368 K for 19 h, washed
until no NO; was detected, dried at 373 K overnight and calcined
at 773 K for 3 h. Toluene alkylation with ethanol on the zeolites in
their H"-forms was carried out at atmospheric pressure at 623 K by
using a conventional fixed bed microreactor with 0.1 g catalyst pre-
treated in a hydrogen stream for 2 h at 773 K. The liquid mixture
(2 : 1 mole ratio) of toluene/ethanol was fed to the evaporator by a
syringe pump, and the hydrogen carrier then transported the reac-
tant to the microreactor. The reaction products were analyzed by
on-line GC using a 4.5 m column packed with 5% Bentone-34 and
5% diisodecyl phthalate on Uniport B.

RESULTS AND DISCUSSION

The X-ray diffraction patterns of the crystals are shown in Fig. 1.
Closely matching diffractograms of mordenite were obtained irre-
spective of the iron content of the sample. While the crystallization
time was kept at 24 h for the iron free mordenite, that for the Fe-
substituted mordenite samples was kept at 34 to 40 h in order to
obtain the same level of crystallinity, as the iron content increased.
No detectable iron oxide peaks were observed.
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Fig. 1. X-ray diffraction patterns of Al- and Fe-substituted morden-
ite samples. (a) x=0.00, (b) x=0.15, and (c) x=0.30.
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Fig. 2. Crystallization curves for Al- and Fe-substitution morden-
ite samples. Substrate composition: 7 Na,O-x Fe,0;-(1-x)
AL O;-25 Si0,-700 H,0. Synthesis temp.: 443 K.

The crystallization kinetics for the Al- and Fe-substituted morden-
ite samples are shown in Fig. 2. The percent crystallinity of the sam-
ple was determined by comparing the peak intensities at 26=9.79,
13.55, 22.37, 25.76, 26.39 and 27.81° to those of the most crystal-
line zeolite sample obtained. All the curves exhibit a typical sig-
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(a) (b)

Fig. 3. SEM photographs of the (a) Al- and (b) Fe-substituted mor-
denite crystals.

moidal nature, characteristic of both the sequential processes of nu-
cleation and crystal growth. The overall crystallization rates at con-
stant gel composition and temperature decreased with increasing
iron content of the synthesis gel. The increase in iron content in the
synthesis gel was found to cause a decrease in the rate of nucle-
ation (longer induction period) and to extend the crystallization period
needed to obtain fully crystalline sample.

Fig. 3 shows the SEM photograph of the as-synthesized Al- and
Fe-substituted mordenite crystals. These samples appear under the
scanning microscope as uniform oval or discus-shaped crystals of
size about 10 and 11 pum, respectively. No distinct change in mor-
phology was observed on increasing the iron content.

IR spectra of normal Al- and partially Fe-substituted mordenite
are shown in Fig. 4. The IR spectrum for mordenite closely matches
that reported in the literature [31]. Partially Fe-substituted morden-
ite showed a pattern similar to the one corresponding to normal Al-
mordenite. In these spectra, the absorption bands originating from
iron hydroxides and iron oxides were not observed. Upon intro-
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Fig. 4. IR spectra of (a) Al- and (b) Fe-substituted mordenite.
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ducing Fe in the zeolite framework, IR absorption bands shifted
towards the lower frequency region compared with those of the iron
free mordenite. The bands at 1,227 and 810 cm™', due to asymmet-
ric and symmetric stretching vibrations of Si-O-T (T=Al), were
shifted to 1,200 and 788 cm™' on isomorphous substitution of Al
by Fe atoms in the lattice framework. The shift to lower frequency
in the spectra is due to increases in the unit cell parameters caused
by Fe'* existing on tetrahedral sites, and similar results for other
ferrisilicates were reported earlier [32,33].

In zeolites, the closeness in mass between Si and Al does not give
rise to distinct contributions from the -(Si-O-Si),- and -(Si-O-Al),-
vibrations [34]. However, in the ferrisilicate, silicon and iron are
sufficiently different in atomic weight to change the reduced mass
of the harmonic oscillator when iron is substituted for silicon. This
difference can be sufficient to produce separate bands [35]. Accord-
ingly, in the partially Fe-substituted mordenite, a new Si-O-Fe bond
vibration could be found near 668 cm™', which is absent in the IR
spectrum of normal mordenite. Szostak and Thomas [3,36] have
found that the Si-O-Fe symmetric stretching vibration occurs at 679
and 656 cm ™' in the sodalite and ZSM-5 system, respectively. We
also reported similar results previously that the absorption originat-
ing from the vibration of Fe-O-Si is observed at 668 cmi™' in the spec-
tra of ferrisilicate LTL [37].

The use of ESR spectroscopy as a technique for detecting the
presence of framework Fe** has been discussed by several authors
[13,14,38,39], although the detailed interpretation of the ESR spec-
tra is still a matter of debate [40]. Fig. 5 shows ESR spectra of the
as-synthesized partially Fe-substituted mordenite. The ESR spectra
of the sample reveal two signals: a sharp signal at g=4.3 assignable
to tetrahedral Fe(IlII) [41] and a broad signal at g=2.0 assignable to
octahedrally coordinated Fe* in non-framework positions. The en-
hanced intensity of the g=4.3 signal at lower temperature as well
as its relative insensitivity to oxidation-reduction treatments sug-
gests that it arises from Fe** ions in tetrahedral lattice positions rather
than non-framework positions. Just about every work [38-42] deal-
ing with Fe-substitution in molecular sieves shows both g=4.3 and
2=2.0 signals in the ESR spectra even when completely isomor-
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Fig. 5. ESR spectra of Fe-substituted mordenite at (a) 297 K and
(b) 100 K.
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Fig. 6. UV-vis diffuse reflectance spectra of the as-synthesized Fe-
substituted mordenite samples. (a) x=0.00, (b) x=0.15, (c)
x=0.30, and (d) Fe,O; powder.

phous substitution is claimed, and their relative size and variation
with the iron concentration also vary depending on the zeolite sys-
tem. ESR is predominantly used to check the g=4.3 signal in order
to confirm the tetrahedral substitution. The signal at g=2.0 is known
to be strongly affected by the water vapor content, and Park and
Chon [41] reported that it diminishes with water vapor for FAPO-
5, whereas it grows with water vapor for Fe-ZSM-5 [36].

The UV-vis spectra of the as-synthesized Fe-substituted morden-
ite samples with different iron content are shown in Fig. 6. A strong
absorption band in the range of 200-300 nm is due to the charge
transfer from ligand to isolated framework Fe* ions, while weak
bands in the range of 370-450 nm are attributed to d—d transitions
of Fe** ions [43,44]. In the spectra, absorption which was not ob-
served in the UV spectra of normal Al-mordenite was observed at
375.7 nm, and the strength of this absorption band increases with
increasing iron content of the sample. This absorption band is sig-
nificantly different from the band pattern of Fe,O; powder. Inui et
al. [45] have reported that the absorptions in UV spectra appeared
at 370, 405, and 435 nm for pentasil-type Fe-silicates. The results
of UV obtained further confirm the isomorphous substitution of
Fe** in the mordenite framework.

X-ray absorption spectroscopy (XAS) at the Fe K-edge was per-
formed to collect information on the chemical state and the envi-
ronment of Fe™ in the partially Fe-substituted mordenite framework.
XANES spectra of Fe-substituted mordenite samples above the Fe
K-edge are shown in Fig. 7 after the normalization. Below the ab-
sorption edge, a pre-edge peak was found near 7,112 eV. It corre-
sponds to transitions from 1s to 3d-like levels [44]. In an octahe-
dral environment, this peak is weak due to the presence of an in-
version center [20] and two components are generally observed. In
a tetrahedral environment, the pre-edge peak intensity is higher and
only one single peak was found for Fe-containing glasses [46]. The
qualitative information deduced from the XANES has been com-
plemented by the EXAFS study. Fig. 8 shows the Fourier transfor-
mation (FT), which was performed from the region of 30<k<120
nm’' using the Hanning window function. The curve fitting result
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Fig. 7. XANES spectra of (a) Fe foil, (b) Fe,O;, (c) Fe-substituted

mordenite (x=0.15), and (d) Fe-substituted mordenite (x=
0.30).

FT Intensity
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Fig. 8. Fourier transform of Fe-substituted mordenite. The best
fitted theoretical EXAFS function is shown as the dotted
line.

is shown as a dotted curve in Fig. 8. According to the XAS, the Fe-
O distance and Fe-O coordination number for Fe-substituted morden-
ite (x=0.15) were 1.86 A and 4.1, respectively. We have taken the
data using a transmission mode in relatively short time, and its signal
to noise ratio was sufficient enough to conduct the 1st shell calcu-
lations to estimate the Fe-O coordination number and its interatomic
distance. Certainly, the Fe-O-Si(Al) coordination number and its
distance would provide a more definite supporting evidence of the
isomorphous Fe-substitution, but this type of calculation demands
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Table 1. Activity for the alkylation of toluene with ethanol
H-Mordenite H-Fe-substituted

Catalyst (x=0.00)  Mordenite (x=0.30)
Conversion (mol%) 9.6 5.0
Product distribution (mol%)
Benzene+C, 2.2 4.7
Ethylbenzene 1.5 2.0
Xylene 10.3 10.0
Ethyltoluene 64.7 74.2
Trimethyltoluene 15.8 4.1
Diethyltoluene 5.5 5.0
Ethyltoluene isomer selectivity (mol%)
Ortho 31.7 55.9
Meta 48.5 40.2
Para 19.8 3.9

Reaction condition: temp.: 623 K, WHSV=10, toluene/ethanol=2,
TOS 2 h.

more efforts involving molecular modeling and it is necessary to
take the data in a fluorescence mode, which requires substantially
longer synchrotron radiation beam time. The XAS results overall
indicate that the majority of the iron was substituted into the morden-
ite framework.

Finally, the toluene alkylation reaction with ethanol at 623 K under
atmospheric pressure was conducted as a probe reaction. The cat-
alytic activity and selectivity data of the Al- and Fe-substituted mor-
denite samples for toluene alkylation are presented in Table 1. The
activity in terms of toluene conversion with Fe-substituted morden-
ite was lower compared with that of the normal Al-mordenite, as
expected from the decreased acid strength of the former [47]. In
this case, the large reduction in conversion may also be a conse-
quence of Fe** released from the zeolite structure blocking the uni-
dimensional pores at high calcination/pretreatment temperature (773
K). Further investigations are in progress. For the Fe-substituted
mordenite, the ethyltoluene selectivity in product distribution seems
enhanced, whereas the xylene selectivity is almost similar for both
the samples. In this probe reaction study, however, a comparison of
selectivity was not conducted at the same conversion level. It can be
speculated that the modification of mordenite through isomorphous
Fe** substitution resulted in substantial reduction of acid strength, and
consequently the alkylation was promoted at the weakened acid
sites. Disproportionation of toluene, which requires strong acid sites,
cannot proceed due to weak acidity.

CONCLUSIONS

Isomorphous substitution of Fe** into mordenite was success-
fully carried out hydrothermally from the substrates in the compo-
sition range:

7 Na,0-x Fe,05-(1-x) Al,0,-25 SiO,-700 H,0,
where x=0, 0.15 and 0.3.
The overall crystallization rates at constant gel composition and

temperature decreased with increasing iron content of the synthesis
gel. The mid range IR spectra show a band shift to lower frequen-

November, 2008

cies as the Fe** ions into the lattice incorporate, and a new Si-O-Fe
bond vibration is located near 668 cm™'. The ESR spectra show a
signal at g=4.3, which can be assigned to Fe™ isomorphously sub-
stituted in the tetrahedral positions. EXAFS at the Fe K-edge re-
vealed that the Fe™ ions were present in the zeolite framework in a
four-fold coordination with an average Fe-O distance of 1.86 A. In
the UV-vis spectra, the absorption at 375.7 nm was observed only
for the Fe-substituted mordenite samples. A toluene alkylation probe
reaction study indicated that lattice iron species in mordenite weak-
ened the acid strength and the ethyltoluene selectivity was enhanced
as a result.

Therefore, it is believed that isomorphous substitution of Fe’*
for A" in the crystalline lattice of mordenite has been satisfactorily
demonstrated.
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